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Abstract

Mitochondria are essential organelles for all cell types, especially for neurons,
which possess extremely long axons that require the support of mitochondria from cell
bodies at great distances. Numerous neurodegenerative diseases are associated with
mitochondrial dysfunction, and yet how a neuron maintains a pool of properly sized,
functionally sound mitochondria at the correct density throughout large stretches of axons
in vivo remains enigmatic. Given that many molecules known for mitochondrial regulation
were discovered in non-neuronal cells in an in vitro setting, whether these molecules can
translate into in vivo mitochondrial regulation is an open and important question. In this
thesis, [ utilized the power of Drosophila melanogaster and its extensive toolbox developed
by the fruit fly community to study how axonal mitochondria are regulated in vivo. 1
performed a high-throughput, unbiased and in vivo forward genetic screen to identify new
modifiers of axonal mitochondria. After screening >6,000 genomes, four candidates were
identified, with one fully characterized and studied, the tumor susceptibility gene 101
(TSG101). I found that neurons in TSG101-mutant flies exhibited elevated mitochondrial
numbers and shortened mitochondrial sizes in axons, and the mutant neurons underwent
spontaneous degeneration at late stages. TSG101 is best known as a gene in the endosomal
pathway, but how it regulates mitochondria was not yet studied.

I dedicate the majority of this thesis to unraveling the mechanism by which TSG101
regulates mitochondria. First, I investigated and found that loss of most other ESCRT
components had no effect on mitochondrial morphology, suggesting that TSG101 regulates
mitochondrial biology in a non-canonical manner. Next, I tested whether TSG101

modulates mitochondrial turnover such that lack of TSG101 causes blocked mitophagy,



which can be mediated by Parkin/PINK1 or macroautophagy, or both. However, I
discovered that blocking Parkin/PINK1-dependent mitophagy and macroautophagy was
not to blame for the TSG101 phenotype. I also provided evidence to support the notion that
mitophagy and macroautophagy, two major pathways turning over mitochondria in other
cells, are dispensable in axons. Interestingly, TSG101 mitochondrial phenotypes were
instead caused by activation of PGC-1a/Nrf2-dependent mitochondrial biogenesis, which
was mTOR-independent, TFEB-dependent, and required the mitochondrial fission-fusion
machinery. Lastly, I attempted to genetically dissect the cause of spontaneous
neurodegeneration upon TSG101 ablation. TSG101 has been associated with spongiform
neurodegeneration, but the detailed mechanism behind it is unknown. Interestingly, my
data suggest that this neurodegeneration occurs through an unknown mechanism
independent of mitochondria and of Wallerian and apoptotic signaling pathways. Despite
many open questions left to be answered, this work not only provides a glimpse into how
neurodegeneration occurs upon the loss of an ESCRT component, but also identifies a new
role for TSG101 in inhibiting mitochondrial biogenesis, which is essential for maintenance

of mitochondrial numbers and sizes in the axonal compartment.
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Chapter 1: Introduction

Introduction 1.1: Mitochondria and neurodegenerative diseases

The mitochondrion is a vital organelle for eukaryotic cells that is thought to
originate from alpha-proteobacteria, which were internalized into eukaryotic progenitors
via endosymbiosis. Similar to their bacterial ancestor, mitochondria have outer (OMs) and
inner membranes (IMs) that separate and form the intermembrane space (the space between
the two membranes) and the matrix (the space encapsulated by the inner membrane), in
which a small circular mitochondrial genome (mtDNA) is stored. Although the
mitochondrion contains its own genome, mtDNA encodes only 13 mitochondrial genes, a
tiny fraction of the over 1,500 mitochondrial genes that have been implicated in studies
using approaches such as proteomics, genomics, and bioinformatics (Gaston et al., 2009;
Mootha et al., 2003; Pagliarini et al., 2008; Sickmann et al., 2003). In other words,
mitochondria rely heavily on the nuclear genome of the host cell for support.

The fact that the host cell dedicates such considerable resources to maintain
mitochondria underscores the importance to the cell of mitochondrial functions. In the
1930’s and 40’s, mitochondria were discovered to undergo oxidative phosphorylation
(OXPHOS) to efficiently convert products of glycolysis, such as pyruvate and reduced
nicotinamide adenine dinucleotide (NADH), to large amounts of the energy molecules
adenosine triphosphates (ATP); hence, mitochondria have earned the name “the
powerhouse of cells”. In addition, more recent research has revealed that mitochondria are
also involved in numerous cellular functions besides energy conversion and production,

including phospholipid biosynthesis, iron-sulfur cluster biogenesis, -oxidation of fatty



acids, metabolite exchange/buffering, pyrimidine biosynthesis/storage, production of
reactive oxygen species (ROS), and release of apoptotic factors (reviewed in Nunnari and
Suomalainen, 2012). Since mitochondria are involved in many biological processes, it is
not surprising to find that mitochondrial dysfunction has been associated with an
increasingly large number of diseases, including cardiomyopathies, metabolic syndromes,
cancer, and, last but not least, neurodegenerative disorders (Hewitt and Whitworth, 2017;
Jodeiri Farshbaf and Ghaedi, 2017; Nunnari and Suomalainen, 2012; Park et al., 2018;
Salvadores et al., 2017).

Mitochondrial functions are strictly linked to their dynamics. Alteration of
mitochondrial dynamics can lead to neurodegenerative disorders. For example, Charcot-
Marie-Tooth disease type 2A (CMT2A) and Optic Atrophy 1 are, respectively, caused by
loss-of-function mutations of mitofusin 2 (MFN2) and optic atrophy gene 1 (OPAI), the
GTPases that mediate mitochondrial fusion. Alzheimer’s Amyloid B (AB) oligomerization
and mutant huntingtin (H77) accumulation can change mitochondrial fission activity via
another GTPase, dynamin-related protein 1 (DRPI), leading to the fragmentation of
mitochondria that further stymies the mitochondrion’s ability to sustain neuronal health
and physiology (Cho et al., 2010). Failure in the mitochondrial turnover pathway that
involves PTEN-induced kinase 1 (PINK1) and Parkin has been strongly suggested to play
a role in Parkinson’s Disease (PD), and several mutations in PINK 1 and Parkin have been
identified to cause familial early-onset PD (Kitada et al., 1998; Valente, 2004). Mutations
in optineurin (OPTN), a receptor for mitochondrial clearance pathway mitophagy, is linked
to glaucoma and amyotrophic lateral sclerosis (ALS) (Wong and Holzbaur, 2015). Lastly,

the activities of motor proteins that transport mitochondria back and forth along the axons



can be altered by disease factors such as AP, mutant H77, mutant SOD1 and TDP43 over-
expression (SODI and TDP43 are associated with ALS) (Magrané et al., 2014). Despite
the tight association between mitochondria and neuronal health, how a neuron maintains a
pool of functional mitochondria in sufficient density and location throughout large
stretches of the axon in vivo remains enigmatic. Unravelling the relationship between axons
and the mitochondria is of paramount importance to defining the basic cell biological
principles of axonal maintenance, and it is likely that such insights will shed light on

mechanisms that drive neurodegeneration.

Introduction 1.2: Mitochondrial functions—fission and fusion

Since mitochondria are so intricately linked to many cellular functions, it is
important to keep a functional pool of mitochondria according to the needs of the cell. Cells
regulate mitochondria through five key processes: fission, fusion, mobility, turnover, and
mitochondrial biogenesis. Fission and fusion are the most prominent forces governing
mitochondrial dynamics, not only determining the number and size of mitochondria, but
also serving as a rheostat for adjustment of mitochondrial function. High fission activity
promotes mitochondrial fragmentation, which may lead to high ROS production (Yu et al.,
2006), high mitochondrial mobility (Saxton and Hollenbeck, 2012), induction of
mitochondrial turnover (Frank et al., 2012), and activation of apoptosis (Youle and
Karbowski, 2005). Fusion functions in the opposite way of fission, and that may lead to
low mitochondrial mobility (Saxton and Hollenbeck, 2012), maximized activity of ATP

synthesis (Mishra et al., 2014), and enhancement of Ca?* buffering (Maltecca et al., 2012).



The fission-fusion equilibrium is achieved through the activity of many GTPases, including
Drpl for fission and mitofusin MFN1/2 (Marf in flies) and OPA1 for fusion.

Fission is a process that requires Drpl to scissor mitochondria (Fig. 1.1A). Drpl is
a cytosolic protein that belongs to the dynamin family, which possesses membrane-shaping
ability. It polymerizes and forms a collar around the tubular mitochondria, and the diameter
of this collar is smaller than those of mitochondria. GTP hydrolysis by the GTPase activity
of Drpl further constricts the collar and eventually leads to fission. However, since the
poly- Drpl ring is smaller than the mitochondria, pre-constriction of mitochondria is
required. During fission, the endoplasmic reticulum (ER) initiates pre-constriction by
extending a tube of ER to physically wrap around the mitochondria. This initiation event
provides a site for mitochondrial receptors for Drpl, such as mitochondrial fission factor
(Mff) and mitochondrial dynamics proteins (MiDs), to recruit Drpl to the ER-
mitochondrial contact site, further triggering Drpl assembly and the subsequent execution
of membrane scissoring (Elgass et al., 2015; Friedman et al., 2011; Lee and Yoon, 2016).

Mitochondrial fusion, on the other hand, is less well-understood. Fusion of
mitochondria is mediated by MFN (either MFN1 or MFN2) on the OMs and OPA1 on the
IMs of mitochondria (Koshiba, 2004) (Fig. 1.1B). The full protein structure of MFN is not
known, and therefore the detailed molecular mechanism of fusion by MFN is not fully
understood, but MFN is thought to tether the OMs of mitochondria at the fusion site and
bind to the MFN on the opposing mitochondria. Upon GTP hydrolysis, MFN would
undergo conformational change to bring the opposing mitochondrial membranes to
proximity, and the GDP release may eventually lead to membrane fusion (Brandt et al.,

2016; Lee and Yoon, 2016; Low and Lowe, 2006). Similar to MFN, the detailed protein



structure of OPALI is also obscure. OPA1 was identified from a human disease, Optic
Atrophy 1, and it is a homolog of yeast Mgm1, which localizes on the IMs of mitochondria
and mediates mitochondrial fusion. OPA1 has also been shown to regulate the cristae
structure of mitochondria. OPA1 can be cleaved by the metalloproteases OMA1 and
YmelL. As a consequence, cells contain both the long form (L-OPA1) and the short,
cleaved form of OPA1 (S-OPA1). The predicted structure of S-OPA1 is similar to that of
Drpl. The general consensus now is that L-OPA1 mediates fusion and S-OPA1 fission,
although this is still debatable due to conflicting experiments in the field (reviewed in Lee
and Yoon, 2016). Overall, more detailed structural information of Mfn and OPAI is
required for a full picture of how mitochondrial fusion works, and additional factors for

both fission and fusion are waiting to be explored.

Introduction 1.3: Mitochondrial functions—mobility

In addition to fission and fusion, mitochondrial mobility is another way to regulate
mitochondria. In both in vitro and in vivo settings, two distinct populations of mitochondria
have been observed: motile and stationary. The motile mitochondria that move along on
microtubules may pause temporarily but tend to keep moving and rarely change their
overall direction. Anterograde movement is mediated by the kinesin motors, and
dynein/dynactin drives retrograde mobility. Besides kinesin and dynein, a motor adapter
complex that constitutes membrane-anchored Miro and motor-binding Milton is also
required (Plucinska and Misgeld, 2016; Saxton and Hollenbeck, 2012; Schwarz, 2013) (Fig.
1.1C). This adapter complex is present on both the motile and stationary mitochondria and

is susceptible to high Ca?* levels. Mitochondria can be stopped by high levels of local Ca?*,



by post-translational modification of microtubules that mitochondria travel on, or by the
presence of anchoring proteins such as Syntaphilin (SNPH) (Sheng, 2014). Mobilization
of mitochondria by knocking out SNPH elevates ATP levels and, in neuronal contexts,
increases presynaptic variability, revealing an intriguing relationship between
mitochondrial movement and synaptic plasticity (Sun et al., 2013).

The connection between mitochondrial mobility and mitochondrial fission and
fusion is an interesting one. One can envision that the larger the size of the mitochondria,
the harder it is for them to move. Indeed, manipulations that result in unusually large
mitochondria hinder mitochondrial trafficking (Chang and Reynolds, 2006; Fukumitsu et
al., 2016). Moving mitochondria are also found more likely to fuse (Liu et al., 2009; Twig
et al,, 2010). Even more intriguingly, Drpl can facilitate bidirectional mitochondrial
transport via interacting with either kinesin-1 (Giovarelli et al., 2020) or the dynein-
dynactin complex (Drerup et al., 2017). MFN2, a CMT2A-associated protein well-known
for mitochondrial fusion, can form a complex with Miro and facilitate mitochondrial
transport (Baloh et al., 2007; Misko et al., 2010). The evidence for the functional
connection between mitochondrial mobility and fission-fusion is still growing. We shall

undoubtedly see more evidence that provides new perspectives in the future.

Introduction 1.4: Mitochondrial functions—mitochondrial turnover

Cells maintain a constant level of functional mitochondrial proteins by reaching a
balance between mitochondrial turnover and mitochondrial biogenesis. Four pathways
have been identified to turn over mitochondria or the proteins therein (Fig. 1.2). The first

pathway uses AAA+ proteases that reside within the mitochondrial matrix and IMs (facing



both the matrix and the intermembrane space) to degrade individual proteins (Glynn, 2017)
(Fig 1.2A). This pathway is presumed to exist in all mitochondria regardless of where the
mitochondria reside, and thus is considered the first-line defense of mitochondrial protein
quality control.

The second pathway removes small portions of mitochondria via mitochondria-
derived vesicles (MDV), which is mostly studied in non-neuronal settings (Roberts et al.,
2016; Shlevkov and Schwarz, 2014) (Fig. 1.2B). MDVs are single- or double-membraned
vesicles that bud off from mitochondria and that can be targeted to lysosomes, peroxisomes,
or exosomes (Matheoud et al., 2016; Neuspiel et al., 2008; Soubannier et al., 2012). How
MDVs form and what triggers the formation is largely unknown, but some types of MDVs
are found to depend on mitophagy proteins Parkin and PINK1 (more about Parkin and
PINK in the next paragraph) and the fission protein Drpl; some Drpl-independent MDVs
rely on Rab9 and sorting nexin SNX-9 instead (Matheoud et al., 2016; McLelland et al.,
2014; Misgeld and Schwarz, 2017; Soubannier et al., 2012).

Both the third and fourth pathways require autophagy machinery, but the detailed
mechanisms are different. The third pathway is mitophagy, a mitochondria-targeted
autophagy that requires receptors such as Parkin, PINK1 and OPTN for autophagosomes
to recognize and wrap individual mitochondria (Fig. 1.2C). Mitophagy was first identified
in non-neuronal cells; although Parkin/PINK 1-mediated mitophagy does occur in axons of
cultured neurons (Ashrafi et al., 2014), whether it also mediates axonal mitochondrial
turnover in physiological conditions in vivo is not clear. When mitochondria become
dysfunctional, either by losing membrane potential or by the presence of misfolded or

unfolded proteins, PINK 1 accumulates on the mitochondrial membrane and recruits Parkin



to initiate mitophagy, wherein Parkin ubiquitylates proteins on the mitochondrial surface
in order for OPTN to recognize the doomed mitochondria and further recruit the autophagy
machinery for lysosome-dependent degradation (Chen and Dorn, 2013; Evans and
Holzbaur, 2020; Narendra et al., 2008, 2010; Stavoe and Holzbaur, 2019; Sung et al., 2016).
This Parkin/PINK1/OPTN-mediated mitophagy demands high levels of ATP; low ATP
levels halts the mitophagic process (Cai et al., 2012; Van Laar et al., 2011). There are also
alternative mitophagy pathways that are either Parkin-, PINKI-, or even autophagy-
independent (Roberts et al., 2016). The relationships among all these alternatives remain
elusive.

Lastly, the fourth pathway utilizes macroautophagy that engulfs a portion of the
cytoplasm that contains mitochondria (Fig. 1.2D). This pathway requires no special
receptors such as Parkin or PINK1, and it arises predominantly from distal axonal regions,
including growth cones and synaptic terminals (Maday and Holzbaur, 2014; Misgeld and
Schwarz, 2017; Stavoe and Holzbaur, 2019). All four pathways regulate the quality control
of mitochondria, but which one contributes the most to maintain a functional pool of

mitochondria in different compartments of the neuron remains to be studied.

Introduction 1.5: Mitochondrial functions—mitochondrial biogenesis

As mentioned, mitochondria rely on the nuclear genome to provide 99% of the
proteins, and therefore nucleus-based gene expression by transcriptional co-activators and
transcription factors is required. To grow and sustain a proper number of functional
mitochondria, mitochondria undergo fission, which produces new mitochondria from

existing ones. In addition, the master transcriptional co-activator PGC-1a/p and its binding



partner transcription factors, such as NRF1/2 (nuclear respiratory factors), ERRs (estrogen-
related receptors), and YY1, are also required to express mitochondrial genes to keep newly
generated mitochondria refreshed with functional proteins. By facilitating the activities of
the transcription factors, the PGC-1 family is sufficient to increase mitochondrial mass as
well as increase the production of ROS-scavenging enzymes, components in OXPHOS
chain, and proteins involved in fission-fusion and mitochondrial protein import. Many
signaling molecules or pathways can potentiate PGC-1a, in turn activating mitochondrial
biogenesis, including AMP activating protein kinase (AMPK), cAMP pathway, and the
mTOR pathway (reviewed in Dominy and Puigserver, 2013). Despite the knowledge of the
molecules and pathways involved, the full picture of how mitochondria are rejuvenated in
different compartments of the neuron is unclear, and how mitochondrial biogenesis
coordinates with other regulatory processes such as fission-fusion and mitophagy in the

context of a neuron is still a mystery.

Introduction 1.6: Mitochondrial maintenance in axons

All the aforementioned key processes closely crosstalk to achieve sound
mitochondrial regulation. Defects in any of the processes can lead to neurological disorders
(as mentioned in Introduction 1.1). While many molecules have been found to be involved
in regulating individual mitochondria, the detailed mechanisms for maintaining a
functional pool of mitochondria at the scale of a neuron in vivo are not known. Many of
these molecules were discovered in non-neuronal cells in an in vitro setting, but the highly
polarized architecture of in vivo neurons presents a unique challenge in distributing these

organelles to support cellular physiology. For instance, the axons of the glutamatergic



sensory neurons in the Drosophila L1 wing can reach up to 100 times the length of the
soma, whereas in sciatic nerve motor neurons the ratio is 20,000:1 and other animals such
as whales have even higher soma-to-axon length ratios (Smith, 2009). These neurons, like
all cells, are constrained by molecular and cellular limitations. Most proteins have turnover
rates of days to weeks, but the lifespans of neurons in living organisms can be months to
decades. No matter how far from the nucleus, the axonal mitochondria still rely on the cell
body to supply 99% of the mitochondrial proteins. Moreover, 60-90% of the mitochondria
in axons are stationary, and the ones that move have a measured speed so slow that the
time it requires for a mitochondrion to travel from a cell body to a synaptic terminal can be
longer than the estimated lifespans of mitochondrial proteins in species with large neurons
(Misgeld and Schwarz, 2017). These observations raise several questions regarding cellular

logistics. Does a soma of <100um in size have the protein synthesis capacity to support all

the mitochondria in the axons that can be meters long? If not, what are the other sources of

protein supply? How are mitochondrial proteins turned over in axons? How are axonal

mitochondrial number and size regulated? What determines mitochondrial localities in

axonal arbors? How many mitochondria should be generated according to either the

geometry of the neuron or the peripheral local demands such as synaptic plasticity? In short,

all neurons in different shapes and sizes need functional mitochondria in order to support

axonal physiology, and vet how the large pool of axonal mitochondria is maintained still

largely evades our comprehension. To address these questions, we designed a forward

genetic screen utilizing the power of Drosophila genetics, aiming at unravelling novel

molecules or mechanisms for mitochondrial modulation in axons iz vivo.
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Introduction 1.7: Thesis overview

This thesis describes the forward genetic screen of >6,000 genomes, utilizing
glutamatergic sensory neurons in the Drosophila wing to search for modulators of axonal
mitochondrial dynamics. Chapter 2 presents the details of the screen, in which I randomly
mutagenized nuclear genes in flies and screened for candidates that exhibited changes in
axonal mitochondrial dynamics and/or morphology. Descriptions of the four mutation lines
that have been isolated from the screen are presented in Chapter 2 as well. Tumor
susceptibility gene 101 (TSG101) is revealed as a new mitochondrial regulator, and is the
most investigated in this thesis; axons that are mutant for TSG101 exhibit the phenotype
of elevated mitochondrial number, reduced mitochondrial length, and spontaneous
neurodegeneration in the late stage of adulthood. Chapter 3-5 are dedicated to identifying
the mechanisms by which TSG101 regulates axonal mitochondria, and Chapter 6 attempts
the elucidation of the basis of the neurodegeneration induced by loss of TSG101.

As TSGI101 is best known as a component of the endosomal sorting complexes
required for transport (ESCRT) machinery in the endosomal pathway, I investigate in
Chapter 3 the role of other ESCRT genes in regulating mitochondria. Chapter 4 further
investigates whether the observed mitochondrial phenotype is the outcome of blocked
mitophagy or mitochondrial clearance. Chapter 4 also reveals, however, that blocking
either PINK1/Parkin-mediated mitophagy or macroautophagy exerts no significant
detrimental effect on mitochondrial numbers and axonal health, suggesting mitophagy and
autophagy are dispensable in the axons. After careful examination of this process in
Chapter 5, the results instead suggest that the mutant mitochondrial phenotype is caused

by activated mitochondrial biogenesis, indicating a constant suppression of mitochondrial

11



biogenesis by TSG101 in normal physiological conditions. Lastly, Chapter 6 presents
evidence to support the notion that the neurodegeneration caused by TSG101 ablation is
independent of mitochondria and other known neuronal death signaling pathways, and
therefore the mechanism of this TSG101-dependent degeneration is still unresolved.
Overall, I argue that TSG101 is a critical and novel regulator of axonal mitochondrial
populations, and that canonical PINK1/Parkin and autophagy-dependent mechanisms for

mitochondrial turnover do not predominate in the axonal compartment in vivo.
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Figures

Fig. 1.1: Mechanisms that regulate mitochondrial dynamics.

A Fission B Fusion Mobility
- _ m ero - . )
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Drpl Kif5B Dynein/Dynactin

Fig 1.1:

This figure is adapted from the review (Misgeld and Schwarz, 2017). (A) Fission of both
inner and outer mitochondrial membrane requires initial wrapping of the endoplasmic
reticulum (ER) and the subsequent polymerization of Drpl around the mitochondria. (B)
Full fusion of mitochondrial outer and inner membrane requires mitofusin and OPAI,
respectively. Fusion is initiated by the interaction of mitofusins on opposing mitochondria,
leading to outer membrane fusion. The inner membrane undergoes fusion that is mediated
by OPAL. (C) Mitochondria acquire their mobility by attaching to the motors (kinesin
(Kif5B) for the anterograde direction and dynein/dynactin for the retrograde) via the

adaptor complex (Miro + Milton).
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Fig. 1.2: Mechanisms of mitochondrial turnover.

?)/\ Misfolded Protein === |nner Mitochondrial Membrane Phospho-ubiquitin
[>) Quter Mitochondrial Membrane
~— Mitochondrial Protease m— |ys0s0Me
~ s Autophagosome
Fig. 1.2:

This figure is adapted from the review (Misgeld and Schwarz, 2017). Mitochondrial
quality control comprises four mechanisms (A) Individual misfolded or damaged proteins
can be degraded by the AAA+ protease residing on the mitochondrial inner membrane.
(B) Small portions of mitochondria can be shed off via MDVs that either contains only
the outer membrane or also the inner membrane and the matrix. (C) Mitophagy is
initiated by Parkin and PINK 1 adding phospho-ubiquitin to the surface of mitochondria.
The ubiquitylated mitochondria will be recognized by the autophagy machinery and
induce autophagosomal membrane formation. (D) Marcoautophagy in growth cones
engulfs mitochondria along with other cytoplasmic components. The formed

autophagosome travels retrogradely to fuse with lysosomes in axons for degradation.
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Chapter 2: Mutagenesis screen for changes in mitochondrial
morphology and identification of TSG101 as a new

mitochondrial regulator

Results

I set out to look for novel genes or mechanisms in axonal mitochondrial regulation
by performing an in vivo forward genetic screen. Together with a former post-doctoral
fellow, Gaynor A. Smith, we designed and performed the following screen that utilized the
genetic toolbox of the clonal system, or mosaic analysis with a repressible cell marker
(MARCM) system (Fig. 2.1A-C) (Lee and Luo, 1999; Smith and Lin et al., 2019). In the
MARCM-based approach, PO male flies are mutagenized with ethyl methanesulfonate
(EMS), and homozygous mutant glutamatergic neurons in the L1 wing vein of Drosophila
melanogaster are sparsely generated and labeled (with myr::td-Tomato labeling the
neuronal membrane and mito::EGFP labeling the mitochondria) in the heterozygous
background of the F1 generation (Fig. 2.1A-C). This approach not only allows for single
axon resolution using fluorescent microscopy, but also allows us to discover genes that
would otherwise be homozygous lethal, by looking only at homozygous mutations in a
subset of neurons. Potential new mitochondrial-regulating molecules were identified based
on changes in mitochondrial morphology, number or distribution in either the axon or the
cell body, or both.

After screening ~8,000 mutants, Gaynor identified Gfzf as a glutathione transferase

(GST) that negatively regulates mitochondrial fusion. Axons that are Gfzf mutant

15



contained unusually long mitochondria. gfzf'is a Drosophila gene that possesses a zinc-
finger domain in addition to the GST one, but it is the GST activity that regulates axonal
mitochondrial homeostasis. Gfzf is functionally as conserved and important as other GSTs,
including dGSTO!1 in Drosophila and hGSTT1 in humans; in fact, homozygous mutation
of gfzf led to lethality of the animal. By utilizing both Drosophila and mouse cortical
neuronal culture, we found that loss of GSTs in the glutathione pathway led to high levels
of oxidized glutathione, or glutathione disulfate GSSG, that in turn activated mitofusin and
hence mitochondrial fusion; however, genetic manipulations that reduced GSSG levels
rescued this phenotype. Therefore, we discovered the role of Gfzf in maintaining the
balance between glutathione and oxidized glutathione (GSH:GSSG) in order to suppress
excessive mitochondrial fusion that is redox-mediated and mitofusin-dependent in axons
(see Appendix). This work revealed a new role of GSTs in the regulation of mitochondrial
morphology, providing a molecular insight into how redox state can change fission-fusion
equilibrium. I worked intensively on this project with Gaynor, and was a co-first author on
this study when we published it (Smith and Lin et al., 2019).

I contributed to the screen by screening 2,432 mutants on the second chromosome
(1,039 on 2L and 1,393 on 2R) and 3,848 on the third (1,712 on 3L and 2,136 on 3R) (see
genotypes and cross schemes for each chromosome in Fig 2.1B, C), and identified four
mutant lines—2L.409, 2L.306, 3R.1054 and 3L.387 (Fig. 2.1D). 2L.409 was the least
characterized due to its phenotype. It was homozygous lethal and the lethality co-
segregated genetically with the mutant phenotype. It exhibited a mild mitochondrial
phenotype and a pronounced neuronal one. The mutant cell bodies were ballooned and

filled with a great number of vesicular structures that were myr::td-Tomato positive (Fig.
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2.1Dii); moreover, a small portion of the mutant neurons started degenerating at 7 days
post eclosion (7 dpe) (data not shown). As the neuronal phenotype was stronger than the
mitochondrial one before neuronal health deteriorated, I suspected mitochondrial defects
were secondary to neuronal dysfunction, and so turned my attention to the other mutants.
2L.316 mutants contained exceedingly long mitochondria in both the axons and the
cell body (Fig. 2.1Diii). My 1%-round outcrossing result suggested that 2L.316’s
homozygous lethality was associated with the mutant phenotype. Both deficiency mapping
and next-generation whole genome sequencing revealed many candidate genes, but Drpl,
well-known for its role in mitochondrial fission, was the only one that both techniques
found. 2L.316 contains a Proline-to-Leucine amino acid change (P498L), a mutation in a
very conserved dynamin stalk domain of Drpl. However, although both of the alleles that
are publicly available (Drp1! and DrpI?) caused increased mitochondrial length (Smith et
al., 2019), their causal lesions are unknown; moreover, both Drpl! and Drpl? are
homozygous viable, possibly due to their weak allelic nature compared to 2L.316; therefore,
complementation testing was not feasible. The best way for further characterization of
2L.316 was to generate a transgenic fly that contains the P498L mutation in the dynamin
stalk domain of Drp1 by using the CRISPR-Cas9 genome-editing technique. However, due
to the extensive existing knowledge of Drpl function, I decided to turn my attention to
3L.387 below, that affected a novel mitochondrial regulator that will be described in length.
3R.1054 exhibited a phenotype of elevated mitochondrial number and massive cell
body size (Fig. 2.1Div). After outcrossing, 3R./054 was homozygous lethal, and the
lethality was always associated with the mutant phenotype. Deficiency mapping revealed

many candidate genes, but only the null allele of Tscl, Tsc1//#°, failed to complement with
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3R.1054. Both knockout of Tsc1 using T'sc1?/#’ and knockdown of Tscl via RNAI in later
experiments (Fig. 5.3D-F) showed a similar phenotype, further indicating that the causal
mutation is in Tsc1. Tscl is a well-known inhibitor of the mTOR pathway, which has been
confirmed in studies to activate mitochondrial biogenesis and cell growth (Cunningham et
al., 2007; Dominy and Puigserver, 2013). In addition, loss of Tscl is sufficient to activate
mitochondrial biogenesis (Chen et al., 2008). As with Drpl, there is an extensive body of
knowledge on the role of Tscl in regulating mitochondrial biogenesis. I therefore stopped
characterizing 3R.1054; however, my identification of both Drpl and Tscl in my screen
validates the efficiency of my screening approach in identifying important in vivo
regulators of mitochondrial biology.

For the remainder of my thesis, I will focus on 3L.387. 3L.387 was homozygous
lethal, and the lethality also always genetically co-segregated with the mutant phenotype.
Axons in 3L.387 showed elevated mitochondrial number and shortened mitochondrial
length (Fig. 2.1Dv). Whole genome sequencing revealed a C-to-T substitution that
generated a Q269term mutation in the region encoding the coiled-coil domain of TSG101
(Fig. 2.2B). 3L.387 failed to complement not only with zsg/01°#’, a known loss-of-function
allele of TSG101, but also with all the available deficiencies that uncover TSG101 in the

1°#> mutant or knocked down

complementation tests (Fig. 2.2A). Neurons that were #sg/0
for TSG101 with RNAI in the later experiment (Fig. 5.5A-C) exhibited similar phenotype
as in 3L.387; in addition, re-expression of TSG101 via genomic bacterial artificial
chromosome duplication construct (gDNA BAC) suppressed the mutant phenotype (Fig.

2.2), supporting the notion that 3L.387 is a loss-of-function allele of TSG101. Therefore, I

later named it £sg/01°%”. As mutations in TSG101 caused early larval lethality, all mutant
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phenotypes were studied in neuronal clones. At 14 dpe, while controls averaged 9.4
mitochondria per 90 um of an axon, zsg /074" mutant neurons contained 21.8 mitochondria
(Fig. 2.2C). Although the mitochondrial size was reduced by over 30% in zsg101°%” mutants
(Fig. 2.2D), the overall axonal occupation by mitochondria increased by almost 40% (Fig.
2.2E). This change in mitochondrial morphology manifested as early as 1 dpe, and
phenotypic differences widened as time elapsed (Fig. 2.3A-C). In addition to the
mitochondrial phenotype, I also observed a neuronal one, in which the cell bodies of the
mutant neurons were consistently larger than controls (Fig. 2.3D), and neurons underwent
spontaneous neurodegeneration at 30 dpe (Fig. 2.3A). Lastly, I found a dramatic increase
in endolysosomes (labeled with Lamp1::GFP) in both the axons and the cell bodies of the
mutant neurons, and the mutant axons exhibited more stationary endolysosomes in
proximity to the mitochondria than the controls did (Fig. 2.4), indicating the importance of
TSG101 for maintaining mitochondrial morphology, neuronal integrity, and
endolysosomal homeostasis.

Among all the phenotypes caused by TSG101 loss, the change in mitochondrial
number and size is the most intriguing. TSG101 has been implicated in neurodegeneration
(Jiao et al., 2009) and endolysosomal trafficking (Babst et al., 2000; Kim et al., 2007), but
it has not been linked to mitochondrial regulation whatsoever. The following chapters are
therefore dedicated to unravelling the mechanisms by which TSG101 alters mitochondrial
numbers and sizes, and whether the alteration in mitochondrial morphology is the culprit

behind TSG101-dependent neurodegeneration.
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Materials & Methods

Mutagenesis screen

Induction of MARCM clones in Drosophila wings was described in our previous
work (Smith et al., 2019), which is adapted from an axon destruction screen (Neukomm et
al., 2014). The screen started off by starving the PO males (Fig. 2.1) for 8 hours followed
by feeding with 25 mM ethyl methanesulfonate (Sigma-Aldrich, Cat#¥M0880) in 1%
sucrose for 12 hours. The mutagenized males were transferred to fresh vials for 12 hours
before mating with the PO virgin females (Fig. 2.1). The F1 progeny, grown in 25°C, were
checked at 7 days post eclosion (7 dpe) by clipping off the wings and mounting them in
Halocarbon Oil 27 (Sigma-Aldrich, Cat#H8773) on a microscopy slide with a coverslip on
top, and immediately examining them under a microscope. Flies with alterations in
mitochondrial morphology or dynamics in the axons of the L1 vein were saved, bred,
outcrossed, and made into stocks for further characterization, including deficiency

mapping and whole-genome sequencing.

Whole-genome sequencing

The nature of gene mutations responsible for mitochondrial phenotypes were
identified by next-gen whole-genome sequencing. Genomic DNA was extracted from more
than 200 heterozygous adult flies, then sequenced via a HiSeq2000 sequencing system
(Illumina). Further analysis to identify mutations and variants was carried out at the Center

for Genome Technology, University of Miami.

Microscopy and data analysis
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Images were acquired from a Zeiss spinning disc confocal microscope with its
proprietary Zen Blue software. Image processing was done with Zen Blue and Fiji (version
2.1.0) (Schindelin et al., 2012). Fiji was used to quantify mitochondrial number and length.
All statistical analyses were conducted by using Graph Pad Prism 8. Data in Fig 2.2 were
analyzed via one-way ANOVA, with at least 20 wings (one wing/animal) examined for
each genotype (N>20). Data withing the same time point in Fig 2.3 were analyzed via
unpaired student t-test, with st least 15 wings (one wing/animal) examined for each
genotype (N>15). Around 10 wings (one wing/animal) were examined in each genotype in

Fig 2.4 (N=10), and were analyzed via unpaired student t-test.

Drosophila strains

Detailed genotypes and the cross scheme for the forward genetic screen is described
in Fig. 2.1. Drosophila strains for Chromosome III mutagenesis and MARCM clone
generation  were:  OK371-Gal4  (BDSC:26160),  [10xUAS-1VS-myr::td-Tomato
(BDSC:32222), 5xUAS-mito.::EGFP (BDSC:8442), asense-FLPZ2e (lab stock), tub-Gal80
(BDSC:5190, BDSC:5135), FRT2A (left arm, BDSC:1997), and FRT82B (right arm,
BDSC:2035). Fly lines used for Chromosome II mutagenesis and MARCM clone
generation were: nSyb-Gal4 (BDSC:51635), FRT40A4 (left arm, BDSC:1646), FRTG13
(right arm, BDSC:1956), asense-FLP3b (1ab stock), tub-Gal80 (BDSC:5192, BDSC:5140),
10xUAS-1VS-myr::td-Tomato (BDSC:32221), and 5xUAS-mito::GFP (BDSC:8443). Fly
strains for live-imaging of endolysosomes were: OK371-Gal4, 5xUAS-Lampl::EGFP
(BDSC:42714), 5xUAS-mito::td-Tomato (lab stock, Smith et al., 2019), asense-FLP2e;

tub-Gal80, FRT2A, and FRTS82B. All the autosome deficiencies for deficiency mapping
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were from the Bloomington Drosophila Stock Center (BDSC). Other flies used for
TSG101 characterization are: tsgl07°# (BDSC:63105) and BACcu32-97815 (covering

tsg101, GenetiVision; Stock ID:P9-D10).
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Figures

Fig. 2.1: The MARCM-based mutagenesis screen and candidates of mitochondrial

modulators.
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Fig. 2.1:

(A) A diagram of Drosophila melanogaster and the neurons used for the mutagenesis
forward genetic screen, in which homozygous mutant neurons are generated with the
MARCM technique and labeled with myr::td-Tomato (red) and mitochondria mito::EGFP
(green). (B, C) Cross schemes of the MARCM-based screen for the third-chromosome (B)
and the second-chromosome (C). In both setups, PO males were fed with the mutagen ethyl
methanesulfonate (EMS) and crossed to PO virgin females that contained the genetic
elements for the MARCM clone induction. FRT2A was used for the left arm of the third
chromosome (3L), FRT82B the right arm of the third (3R), FRT40A 2L, and FRTG13 2R.
The F1 progenies with all the required genetic elements and possible mutation (mut*) were
checked under the fluorescence microscope at 7 dpe. (D) Mutation lines isolated from the
screen. 2L.409 and 2L.306 were identified from the 2L screen, 3R.1054 from the 3R, and

3L.387 from the 3L, with no candidate identified in 2R. Scale bar: 10 um.
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Fig. 2.2: Characterization of 3L.387/tsg101°%’.
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Fig. 2.2:

(A) Complementation tests were performed among two alleles of TSG101 (zsg01°%” and
tsgl01°#’) and deficiencies, or genomic deletions that uncover tsg/0l such as
Df(3L)Exe19002. Other deficiencies including Df(3L)ED4674, Df(3L)ED223,
Df(3L)Exe19003, Df(3L)Exe19004 were also used in the complementation tests and all
failed to complement with zsg/0/ mutant alleles. (B) A diagram of the nature of different
TSG101 alleles. TSG1013%7 was the allele identified in the screen; it contains a premature
stop in the coiled-coil domain (CC) (red arrowhead). TSG101°#? is a publicly available null
allele that has an amino-acid change in the Ubiquitin E2 variant domain (UEV) (black
arrowhead). (C-F) Homozygous mutant glutamatergic neurons were generated as in the
previous figure. The flies were grown at 25°C and the cell bodies and the axons of the
neurons were examined by fluorescence microscopy at 14 days post eclosion (dpe). Scale
bar: 10 um. zsg/01°%” exhibited elevated mitochondrial number, decreased mitochondrial
size and hence increased overall axonal occupation by the mitochondria, and this
phenotype could be suppressed by re-expressing TSG101 using genomic DNA BAC;
tsgl01°# showed a similar but slightly weaker phenotype. At least 20 wings (one
wing/animal) were examined for each genotype (N>20). Every individual data point
represents one animal. All data were analyzed via one-way ANOVA. **p<0.01. ns: not

significant. Error bar: SEM.
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Fig. 2.3: Age-dependent TSG101-mutant phenotypes.
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Fig. 2.3:

(A-D) Mutant neurons were generated and labeled the same way as in Fig 2.1. Axonal
mitochondria (B, C) and cell body size (D) of the mutant neurons were examined and
quantified at 1dpe, 7dpe and 14dpe. Mitochondria at 30 dpe were not quantified due to
spontaneous neurodegeneration at 30dpe. Data within the same time point were analyzed
via unpaired student t-test. At least 15 wings (one wing/animal) were examined for each

genotype (N>15). **p<0.01. Error bar: SEM. Scale bar: 10 pm.
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Fig. 2.4: The accumulation of endolysosomes and their impeded mobility in TSG101-

mutant neurons
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Fig. 2.4

(A-C) The neurons were labeled, with mitochondria labeled in red and endolysosomes
labeled in green (Lampl-GFP), and live-imaged for 2.5 minutes. Single frames of the
recorded videos of the neurons were shown in (A). Boxed areas were further used to make
kymographs to show vesicle movements (B). Scale bar: 10 um. The percentage of the
mitochondria with stationary endolysosomes in close proximity (within 1 pm range) was
calculated and shown in (C). Dozens of mitochondria were counted in each animal, with
about 10 wings (one wing/animal) used in each genotype (N=10). Data were analyzed via

unpaired student t-test. **p<0.01. Error bar: SEM.
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Chapter 3: Investigating the molecular mechanisms by which
TSG101 regulates axonal mitochondria—the canonical ESCRT

pathway is not required for mitochondrial regulation in axons

Results

TSG101 is best known as a component of the ESCRT-I complex, one of several
ESCRT complexes (ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-III and the accessory
ESCRT complex) that drive the functional maturation of endosomes into multi-vesicular
bodies (MVBs). To initiate the canonical ESCRT pathway, ESCRT-0 recognizes
ubiquitylated membrane-bound proteins and recruits ESCRT-I. The ESCRT-I recognizes
ESCRT-0 and the ubiquitylated proteins; TSG101 in ESCRT-I is the most instrumental in
this recognition. ESCRT-I then recruits ESCRT-II and subsequently ESCRT-III, which
drives the budding of the membrane toward the inside of the endosome. The accessory
ESCRT complex, as the last step, remodels ESCRT-III and scissors the membrane to form
vesicles inside the endosome—hence the MVB. MVBs can either fuse with the plasma
membrane to release the vesicles formed by the ESCRT machinery, a process called
exocytosis, or merge with lysosomes to degrade the content inside the MVB (Jiao et al.,
2009; Raiborg and Stenmark, 2009; Vaccari et al., 2009).

To determine whether other ESCRT genes also regulate axonal mitochondria, I
knocked down most components of all ESCRT complexes by RNAis in the glutamatergic
sensory neurons in the Drosophila wing. Surprisingly, none of the knockdowns

phenocopied either the increased mitochondrial number or the decreased mitochondrial
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length, as observed in the zsg/0] mutant, except Shrb knockdown (Table 3.1). Shrb is a
homolog of vps32/snf7 in the ESCRT-III complex. Knockdown of Shrb fully phenocopied
mitochondrial phenotypes in tsg/01] loss-of-function mutants (Fig. 3.1A-C). However, I
was unable to generate clones for analysis of adult axons, as Shrb-mutant glutamatergic
neurons underwent cell death by 1 dpe. To further test the involvement of other ESCRT
genes in mitochondrial regulation, I used more rigorous loss-of-function genetic methods.
I generated MARCM clones using tested and published null alleles of at least one
component of each major ESCRT complex, and I found that knockout of Lsn (ESCRT-II),
Vps2 (ESCRT-III), or ALiX and Mop (accessory complex) also failed to recapitulate the
tsg101°%” mitochondrial phenotype (Fig. 3.1D-F). Based on the evidence presented above,
I concluded that TSG101 does not regulate axonal mitochondria through canonical ESCRT
signaling. As little is known about non-canonical ESCRT pathways, whether TSG101 and
Shrb regulate mitochondria via the same mechanism remains unclear. Based on several of
my preliminary observations, my current hypothesis is that Shrb and TSG101 might work
in parallel. Shrb knockout leads to cell death by 1 dpe, much earlier than the
neurodegeneration at 30 dpe upon TSG101 knockout, suggesting that Shrb might be
involved in maintaining neuronal health more than TSG101. Moreover, knockdown of
Shrb in TSG101-mutant background led to axon degeneration faster than in either TSG101-
knockout or Shrb-knockdown background alone (Fig. 3.1A), an additive effect that
suggests that TSG101 and Shrb might be genetically parallel. More rigorous experiments
are needed to support this hypothesis. Meanwhile, how TSG101 or Shrb functions non-

canonically remains an interesting topic to be studied.
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Material & Methods

Drosophila strains

The following null mutant alleles and commercially available RNAi lines were used
in the knockout or knockdown experiments for interrogation of the canonical ESCRT
pathway:, Isn**5 (BDSC:39631), vps2PP (BDSC:39630), alix!L%#* (Kyoto:140993), shrb®
(BDSC:39635), shrb? (BDSC:39623), mop™!? (BDSC:63117), 5xUAS-tsgl(Q1%N4i
(BDSC:35710), 5xUAS-shrb®™4  (BDSC:38305), 5xUAS-stam®™* (BDSC:27487,
BDSC:35016, VDRC:22497, VDRC:330248),  5xUAS-hrs®¥i  (BDSC:28026,
BDSC:33900, BDSC:34086, VDRC:330597), J5xUAS-vps378Ni (BDSC:38304,
VDRC:39885, VDRC:104530, BDSC:44010, BDSC:60416, VDRC:330553), 5xUAS-
vps288N4i (VDRC:31894, VDRC:31895), 5xUAS-vps368Mi (BDSC:38286, VDRC:16846,
VDRC:16847, VDRC:107417),  5xUAS-Isn®™¥4  (BDSC:38289, VDRC:21658,
VDRC:110350), 5xUAS-vps25%¥4i (BDSC:26286, BDSC:54831, VDRC:38821,
VDRC:108105), 5xUAS-vps20f¥4  (BDSC:40894, VDRC:26387, VDRC:26388,
VDRC:103944), 5xUAS-vps20fV4  (BDSC:40894, VDRC:26387, VDRC:26388,
VDRC:103944), 5xUAS-vps2fV4i (BDSC:38995, VDRC:24869), SxUAS-vps4RN4i
(BDSC:31751, VDRC:35125, VDRC:35126, VDRC:105977), 5xUAS-ChmpI®N4i
(BDSC:28906, BDSC:33928, VDRC:1788), 5xUAS-alix® (BDSC:33417, BDSC:50904,
VDRC:32047, VDRC:32049), 5xUAS-usp8™¥4i  (BDSC:38982, BDSC:39022,
VDRC:330131), and 5xUAS-mop®™™i (BDSC:28522, BDSC:32916, BDSC:34085,
VDRC:14173, VDRC:104860). Flies used for MARCM clone generation were: OK371-
Gal4 (BDSC:26160), 10xUAS-1VS-myr::td-Tomato (BDSC:32222), 5xUAS-mito.::EGFP

(BDSC:8442), asense-FLP2e (lab stock); tub-Gal80 (BDSC:5190, BDSC:5135,
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BDSC:5132, BDSC:5191), (BDSC:1997), FRT82B (BDSC:2035), FRT194 (BDSC:1709),

and FRT80B (BDSC:1988).

Microscopy and data analysis

Images were acquired from a Zeiss spinning disc confocal microscope with its
proprietary Zen Blue software. Image processing was done with Zen Blue and Fiji. Fiji was
used to quantify mitochondrial number and length. All statistical analyses were conducted
by using Graph Pad Prism 8. Data in Fig 3.1 were analyzed via one-way ANOVA, with at
least 30 wings (one wing/animal) checked in each genotype in (A-C) (N>30) and at least

20 wings (one wing/animal) examined per genotype in (D-F) (N>20).
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Figures & Tables
Table 3.1: Recapitulation of TSG101-mutant phenotype by knockdown (KD) or knockout

(KO) of ESCRT components.

Gene Name ESCRT complex KD phenocopy? KO phenocopy?

tsgl01/ept I Yes Yes
vps37 I No N/D
vps28 I No N/D

vps20 I No N/D
vps32/shrb I Yes N/D*
vps2 111 No No
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Table 3.1:

Multiple RNAis were used for each gene to knockdown genes of interest (see in Materials
& Methods). Reported null alleles were selected and used in knockout experiments to
recapitulate TSG101-mutant phenotypes (detailed results shown in Fig. 3.1). Multiple
genes were tested in each of the five complexes (ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-
IIT and ESCRT-accessory). Successful phenocopy indicates recapitulation of both neuronal
(increased cell body size) and mitochondrial (both increased number and decreased size)
phenotypes. *early neurodegeneration; **only mitochondrial size was recapitulated;

*#*only neuronal blebbing phenotype was occasionally recapitulated.
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Fig. 3.1: TSG101 functions as a novel regulator of axonal mitochondria in a non-canonical,

ESCRT-independent manner.
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Fig. 3.1:

All neurons were generated and labeled as in Fig. 2.2. (A-C) Knockdown of Shrb (shrb
KD, RNAI line BDSC:38305) of the ESCRT-III showed tsg/0/-mutant-like phenotype.
However, knockdown of Shrb in tsg/07-null conditions caused axon die-back, therefore
no quantification of axonal mitochondria was conducted. At least 30 wings (one
wing/animal) were examined in each genotype (N>30). (D) Null alleles of each gene in
different ESCRT complexes were selected to generate homozygous mutant clones in
Drosophila wings: tsgl101°%” in the ESCRT-I (I), Isn**® in the ESCRT-II (IT), vps2PP% in the
ESCRT-III (II), and alix"t%#** and mop™!? in the Accessory complex (Ac). Mitochondrial
number and length were analyzed and quantified in (E) and (F), respectively. At least 20
wings (one wing/animal) were examined in each genotype (N>20). All data were analyzed

via one-way ANOVA. **p<0.01. Error bar: SEM. Scale bar: 10 pm.
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Chapter 4: Investigating the molecular mechanisms by which
TSG101 regulates axonal mitochondria—PINK1/Parkin-
mediated mitophagy and macroautophagy are dispensable in

axons for mitochondrial regulation

Results

Recent work has identified a link between the ESCRT machinery and mitochondrial
clearance. CHMP2A/Vps2 in ESCRT-III is required during mitophagy for phagophore
closure to form functional autophagosomes (Takahashi et al., 2018; Zhen et al., 2019).
Snf8/Lsn in ESCRT-II and TSG101 in ESCRT-I are involved in autophagy-independent
but Parkin-dependent mitochondrial clearance (Hammerling et al., 2017). Therefore, I
reasoned that the increase in mitochondrial number in axons I observed might be the result
of failed mitochondrial clearance. I first checked whether mitochondrial clearance was
deterred upon TSG101 abolition by using a well-established genetic tool, mito-QC, which
allows for visualization of mitochondrial clearance using a pH-sensitive fluorophore that
alters fluorescence upon mitochondrial entry into acidic vesicles during degradation (Fig.
4.1A) (Lee et al., 2018; McWilliams et al., 2016). In control axons and the cell body, I
detected both normal (yellow) mitochondria and mito-lysosomes (red), which represent
mitochondria undergoing lysosomal degradation, but I observed an absence of mito-
lysosomes in TSG101 mutants, indicating that mitochondrial turnover is largely attenuated

(Fig. 4.1B). As live-cell imaging in Fig 2.4 showed more stationary endolysosomes
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juxtaposing with mitochondria, the loss of mitochondrial turnover may occur due to defects
in endolysosomal trafficking.

I reasoned that TSG101 might be upstream of the mitophagy pathway, in which
Parkin and/or PINK1 may be involved, to turn over axonal mitochondria; a recent study
also showed, in a non-neuronal in vitro setting, that TSG101 plays a role in mitochondrial
clearance that is independent of autophagy but dependent on Parkin (Hammerling et al.,
2017). T thus first checked whether Parkin and PINKI1 were involved in axonal
mitochondrial turnover by over-expressing PINKI1 or Parkin, key components for
mitophagy. However, not only did it fail to rescue TSG101-mutant phenotype, but over-
expressing Parkin even caused neurodegeneration (Fig. 4.1C), suggesting that either
mitophagy was not active in this context or that it was required only at low levels. I further
blocked mitophagy by knocking out Parkin or PINKI to recapitulate TSG101-mutant
phenotype. I found, surprisingly, that neither mutant exerted significant effects on axonal
mitochondrial numbers or size, nor on axon maintenance (Fig. 4.1D-F), suggesting that
Parkin/PINK 1-dependent mitochondrial turnover is dispensable in axons.

Since the TSG101-mutant phenotype cannot be explained by the lack of Parkin or
PINK1, and emerging evidence has shown that basal mitophagy can be Parkin- and PINK1-
independent (Lee et al., 2018; McWilliams et al., 2018), I tried more extreme means—
impeding the entire autophagy process by knocking out azg6 (Beclin-1 homolog) or over-
expressing dominant-negative atg/ (ULK1 homolog)—to block both mitophagy and
macro-autophagy. Neither alteration in mitochondrial number nor the size was seen in these
cases (Fig. 4.2A-C); however, I did find that the cell bodies drastically increased in size

(Fig. 4.2D). Moreover, somal mitochondria changed from linear shapes to more globular
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ones (reflected in lower aspect ratio in zsg/01°%” mutants, Fig. 4.2E), and the mitochondrial
mass significantly increased (Fig. 4.2F), although the increase was proportionate to that in
cell body size, leading to no change in overall mitochondrial coverage (Fig. 4.2G). This
phenotype persisted up to 30 dpe, where the cell body phenotype progressively worsened,
and yet the axonal mitochondria stayed morphologically similar to wildtype, with
occasional blebs present (Fig. 4.2H). As I confirmed that mitochondria no longer go
through lysosomal degradation when autophagy is genetically blocked (Fig. 4.21, J), I
conclude that axonal mitochondrial populations can be maintained at normal levels even
without PINK1, Parkin, or autophagy. This suggests that the TSG101-mediated,
autophagy-independent but Parkin-dependent mitochondrial clearance reported previously
is mechanistically distinct from TSG101-mediated mitochondrial clearance in axons.
Furthermore, these findings support the premise that mitochondrial clearance mechanisms
are compartmentalized in neurons, since we observe changes in mitochondria in cell bodies
with manipulation of autophagy, but not in axons. While the detailed mechanism by which
neurons turn over axonal mitochondria remains to be explored, I conclude that the
TSG101-mutant mitochondrial phenotype is not caused by lack of classical mitophagy or

autophagy.

Material & Methods
Drosophila strains

The UAS-mito-QC fly for visualizing mitochondrial turnover events (i.e., mito-
lysosomes) was a gift from the Whitworth Lab at the University of Cambridge, UK (Lee

et al., 2018). The following flies were used for investigating the role of PINK1/Parkin-
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mediated mitophagy and autophagy in axonal mitochondrial maintenance: parkin4?!

(BDSC:51652), pinkl° (BDSC:51649), UAS-pinkl (BDSC:51648), UAS-parkin
(BDSC:51651) atg64! (Zhao et al., 2018) and UAS-atgl.K38Q (dominant negative; (Berry
and Baehrecke, 2007)). The flies used for MARCM clone induction were OK371-Gal4
(BDSC:26160), 10xUAS-1VS-myr::td-Tomato (BDSC:32222), 5xUAS-mito::EGFP
(BDSC:8442), asense-FLP2e (lab stock); tub-Gal80 (BDSC:5190, BDSC:5135), FRT24

(BDSC:1997), and FRTS82B (BDSC:2035).

Microscopy and data analysis

Images were acquired from a Zeiss spinning disc confocal microscope along with
its proprietary Zen Blue software. Image processing was done with Zen Blue and Fiji. Fiji
was used to quantified mitochondrial number, mitochondrial length, somal mitochondrial
size and shape, and cell body size. All statistical analyses were conducted by using Graph
Pad Prism 8. Data in Fig 4.1 A-B were analyzed via unpaired student t-test, with 10 wings
(one wing/animal) checked; Fig4.1D-F were analyzed by using 2-way ANOVA, with at
least 20 animals examined (N>20). At least 20 wings (one wing/animal) were imaged in in
Fig. 4.2A-G, with data in Fig. 4.2B-C analyzed by one-way ANOVA and in Fig. 4.2D-G
analyzed via unpaired student t-test. Data in Fig4.21-J were generated using at least 14
wings (one wing/animal) in each genotype, and analyzed using unpaired student t-test as

well.
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Figures

Fig. 4.1: Blocking Parkin/PINK1-mediated mitophagy in neurons did not recapitulate the
axonal mitochondrial phenotype of TSG101 mutants.
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Fig. 4.1:

(A, B) mito-QC was utilized to visualize mitochondrial turnover events: normal
mitochondria in yellow (green + red) and lysosome-associated mitochondria in red (mito-
lysosomes, indicated by white arrowheads). Flies were grown in 29°C and checked at 7
dpe. The number of mito-lysosomes per axon in (A) was quantified and shown in (B),
analyzed by unpaired t-test. 10 wings (one wing/animal) were examined for each genotype
(N=10). (C) PINK1 or Parkin was over-expressed to activate mitophagy in an attempt to
rescue the TSGI101-mutant phenotype. However, over-expressing PINKI1 shrunk
mitochondrial size, and over-expressing Parkin led to neurodegeneration (axon stumps
pointed by white arrowheads; blebs indicated by asterisks). Flies were raised in 25°C and
the neurons were checked at 7 dpe. (D-F) Homozygous mutant neurons were sparsely
generated and labeled red and mitochondria in green. Null alleles of PINK1 (pink’) and
Parkin (parkin??') were used to suppress mitophagy. Flies were grown in 25°C and checked
at 14 dpe. Mitochondria were subsequently quantified and analyzed in (E) and (F). At least
20 wings (one wing/animal) were examined in each genotype (N>20). Data were analyzed

via two-way ANOVA. *p<0.05. **p<0.01. Error bar: SEM. Scale bar: 10 um.
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Fig. 4.2: Blockade of autophagy led to phenotypes in the cell body but exerted no effect on

axonal mitochondrial morphology.
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Fig. 4.2:

(A-C) Blocking autophagy by knocking out atg6 (Beclin-1) or over-expressing dominant-
negative atg/ (ULK1) or both. Flies were grown in 25°C and checked at 14 dpe.
Quantification of axonal mitochondria is shown in (B) and (C), analyzed via one-way
ANOVA. (D-G) blocking autophagy also led to an increase in soma size (D), and somal
mitochondria changed shape (E) and increased in mass (F), although total mitochondrial
coverage remained unchanged (G). The same batch of flies used in (A) was used here for
cell body quantification. All data were analyzed via unpaired t-test. At least 20 wings (one
wing/animal) were checked in each genotype (N>20). (H) At 30 dpe, although autophagy
was blocked in the same way as in (A), axonal mitochondria remained morphologically
intact. While most of the time the axons were intact, with occasional blebs visible
(indicated by asterisks), the cell bodies and dendrites were always defective, similar to the
cell bodies in TSG101 mutants. (I, J) mito-QC (also used in Fig. 4.1A) was utilized to
visualize mitophagy events when autophagy was genetically blocked (azg6 knockout).
About 2.5 mitochondria were observed to undergo mitophagy (visualized by the presence
of mito-lysosomes, indicated by white arrowheads), whereas nearly no mito-lysosomes
were detected in azg6-knockout axons, suggesting mitophagy is attenuated upon autophagy
blockade. Quantification is shown in (J). Data were analyzed via unpaired student t-test.
At least 14 wings (one wing/animal) were checked in each genotype (N>14). **p<0.01.

Error bar: SEM. Scale bar: 10 um.
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Chapter 5: Investigating the molecular mechanisms by which
TSG101 regulates axonal mitochondria—mitochondrial

biogenesis is altered in TSG101mutants

Results

Although I ruled out mitophagy and macroautophagy as the pathways that turn over
axonal mitochondria, I have not yet addressed the possibility that TSG101 may be involved
in other types of mitochondrial clearance, such as a type of MDYV that does not require
Parkin, PINK, or autophagy. However, our current understanding of MD Vs is superficial,
and thus the means to manipulate them are limited. If TS101 is involved in mitochondrial
turnover, I would predict that TSG101-mutant neurons would accumulate dysfunctional
mitochondria and potentially have decreased ATP levels. To explore this possibility, I
utilized two different roGFP genetic tools (GSSG-sensing and H>O»-sensing) to measure
redox potential in mitochondria, which is an indicator of overall mitochondrial health—an
increased oxidation state increases the 405 nm/488 nm ratio, and it correlates well with
increased mitochondrial damage and dysfunction (Albrecht et al., 2011). Intriguingly,
mitochondria in TSG101-mutant axons were less oxidized than controls, indicating the
mitochondria were, in contrast to my prediction, healthier than controls. As a further
control for the reliability of the sensor, human mitochondrial uncoupling protein (hUCP2)
was over-expressed to artificially render mitochondria more oxidized, and a >50% increase
in the 405 nm/488 nm ratio was observed (Fig. 5.1A-D). Moreover, by utilizing an ATP-

sensing GFP ATPsnFR (developed by Lobas et al., 2019), I found that neurons lacking
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TSG101 had a significant increase in cytoplasmic ATP levels, and this increase was
abolished when ATP synthesis by OXPHOS was discharged by over-expressing hUCP2
(Fig. 5.1E, F). These data suggest that the mitochondrial phenotype caused by loss of
TSG101 may instead be due to activated mitochondrial biogenesis.

Highly functional mitochondria require constant protein provision from the nuclear
genome, and the master transcription co-activator PGC-1a and its interacting transcription
factors, such as Nrf2, are responsible for activating nuclear-encoded mitochondrial gene
expression. To investigate whether the highly functional mitochondria in TSG101mutants
were the result of activated mitochondrial biogenesis, we knocked down sr/ (PGC-1la
homolog) and cnc (Nrf2 homolog) in both wild-type and TSG101-mutant neurons. With
two different RNAi lines for each gene, knockdown of Srl or Cnc led to smaller
mitochondrial size and normal mitochondrial number, resulting in a decrease in overall
mitochondrial content, which is expected after blocking mitochondrial biogenesis. When
srl or cnc were knocked down in TSG101 mutants, the mitochondrial phenotype was
successfully rescued, suggesting that the increase in mitochondrial number and the
decrease in mitochondrial size in TSG101-mutant axons require mitochondrial biogenesis
mediated by PGC-1a and Nrf2 (Fig. 5.2).

TFEB is a positive regulator of PGC-1a in the context of nutrient deprivation and
exercise (Mansueto et al., 2017; Settembre et al., 2013). Therefore, I investigated the role
of TFEB as a potential link between TSG101 and PGC-1a. Knockdown of Mitf (the
mammalian homolog of TFEB) with two different RNAI lines rescued the TSG101-mutant
mitochondrial phenotype (Fig. 5.3A-C), suggesting that TFEB is also downstream of

TSG101 in controlling mitochondrial biogenesis.

47



The mTOR pathway is also a modulator of mitochondrial biogenesis (Cunningham
et al., 2007; Dominy and Puigserver, 2013) and can control TFEB activation (Martina et
al., 2012; Napolitano et al., 2018). The mTOR inhibitor Tscl was also uncovered in our
forward genetic screen (see Chapter 2). In addition, loss of Tsc1 has been found to activate
mitochondrial biogenesis (Chen et al., 2008). I therefore explored the epistatic relationship
between Tscl and TSG101. When Tscl was knocked down in wild-type clones,
mitochondrial numbers were significantly increased, even higher than in TSG101 mutants
alone, yet no difference in mitochondrial size was detected (Fig. 5.3D-F). Knockdown of
Tscl in TSG101 null clones had no additive effect on the number of mitochondria in axons
(Fig. 5.3E). This finding suggests that TSG101 controls mitochondrial biogenesis in an
mTOR-independent manner, or at least not through Tscl. This result also complements the
previous findings that the mTOR pathway regulates mitochondrial biogenesis via
activating a different transcription factor, YY1, rather than Nrf2 (Cunningham et al., 2007,
Dominy and Puigserver, 2013), further supporting the notion that TSG101 and the mTOR
pathway are parallel to each other in mitochondrial regulation. Our model suggests that
TSG101 and mTOR function in parallel pathways that converge on TFEB to regulate
mitochondrial biogenesis (Fig. 5.3G).

To further investigate how TSG101 controls TFEB, I hypothesized that TFEB-
dependent mitochondrial biogenesis may be triggered by nutrient deprivation, as has been
previously reported (Settembre et al., 2013). I explored this possibility by feeding the flies
with scarce media (see Materials & Methods) from 1 dpe to trigger a nutrient deprivation
response, in an attempt to recapitulate TSG101-dependent mitochondrial biogenesis.

However, when imaged at 14 dpe, whole animal starvation did not lead to an increase in
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mitochondrial number as expected; it instead shortened mitochondrial sizes in both the
control and TSG101 mutants (Fig. 5.4A-C), leading to decreases in overall mitochondrial
content in both genotypes. The starved flies started dying after 14 dpe, therefore no data
from later time points were collected. Though preliminary, this finding suggested that
starvation response was unlikely the upstream factor that activates TFEB in TSG101-
mutant axons. How TFEB is activated in a TSG101-dependednt manner remains to be
determined.

Lastly, new mitochondria are generated by fission from the existing ones, which
can be achieved by activating fission or inhibiting fusion. I thus first checked whether
mitochondrial biogenesis required activated mitochondrial fission. I blocked fission by
knocking out a critical fission gene, drp/, and that rescued both the mitochondrial number
and size in axons caused by TSG101 knockdown, supporting the notion that mitochondrial
fission is downstream of TSG101 as a final step to complete mitochondrial biogenesis (Fig.
5.5A-C). I also checked the effect of mitochondrial fusion by knocking down an essential
fusion gene, marf, to recapitulate the mutant phenotype. Knockdown of Marf in control
clones successfully decreased mitochondrial length to levels indistinguishable from
tsg101°%” mutants at 7 dpe, yet had no effect on number (Fig. 5.5D-F). To our surprise,
marf knockdown rescued mitochondrial number in TSG101mutant axons to near control
levels (Fig. 5.5E). We further investigated the effect of marfknockdown at the earliest time
point, 1 dpe, where the mitochondrial phenotype was not fully manifested, and found that
marf knockdown had little effect (Fig. 5.5G-I). This finding suggests that the age-
dependent increase of mitochondrial number from 1 to 7 days requires Marf and that fusion

is a necessary initial step for biogenesis.
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Material & Methods

Drosophila strains

The redox-sensing GFP (roGFP) transgenic flies used for assessing mitochondrial
health were: SxUAS-mito-Grx1-rorGFP2 (GSSG-sensing; BDSC:67664) and SxUAS-mito-
roGFP2-Orpl (H20:-sensing; BDSC:67667). The UAS-ATPsnFR transgenic fly was made
in this lab with the plasmid provided by the Looger Lab at the Janelia Research Campus.
The following over-expression constructs, RNAi lines and the mutant allele were used for
epistatic analyses or general experiments: UAS-hUCP2 (Fridell et al., 2005), 5xUAS-
tsglOI®N4 (BDSC:35710),  5xUAS-Tsc1®™4  (BDSC:54034),  5xUAS-marf®4i
(BDSC:55189), 5xUAS-srI®¥4i (VDRC:330271), 5xUAS-sri®¥¥ (VDRC:103355), 5xUAS-
enc®¥4i (BDSC:40854), 5xUAS-cnc®™4i (VDRC:37673), 5xUAS-Mitf®¥i (BDSC:44561),
5xUAS-Mitf®¥i (VDRC:109184), and drpl’ (BDSC:24885). Flies used for MARCM clone
induction were OK371-Gal4 (BDSC:26160), nSyb-Gal4 (BDSC:51635), 10xUAS-1VS-
myr::td-Tomato (BDSC:32222, BDSC:32221), 5xUAS-mito::EGFP (BDSC:8442,
BDSC:8443), 5xUAS-mito.:td-Tomato (lab stock, Smith et al., 2019), asense-FLP2e (lab
stock), asense-FLP3b (lab stock), tub-Gal80 (BDSC:5190, BDSC:5192), FRT2A4

(BDSC:1997), FRTS82B (BDSC:2035) FRT404 (BDSC:1646), and FRTG13 (BDSC:1956).

Whole-animal starvation
To induce a starvation response, Drosophila adults were deprived of nutrients for
the entire 14-day adulthood. Animals were raised in standard cornmeal media until the

pupal stage. Pupae were transferred to vials with scarce media composed of 4% (w/v)
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sucrose (Fisher Bioreagents), 1.5% (w/v) agar (Fisher Bioreagents) and 0.5% (w/v)
propionic acid (Sigma-Aldrich). The eclosed adults were kept in the vials with scarce

media until being checked with fluorescence microscopy at 14 dpe.

Microscopy and image analysis

Images were acquired from a Zeiss spinning disc confocal microscope along with
its proprietary Zen Blue software. Image processing was done with Zen Blue and Fiji. Fiji
was used to quantify fluorescence intensities and mitochondrial number and length. All
statistical analyses were conducted by using Graph Pad Prism 8. Data in Fig. 5.1A-D were
analyzed via unpaired t-test, with at least 10 wings (one wing/animal) checked in each
genotype (N>10). At least 14 wings (one wing/animal) were examined in each genotype in
Fig. 5.1E-F, and the data were analyzed via two-way ANOVA. Data in Fig. 5.2 and 5.3
were obtained from examining at least 30 wings per genotype (one wing/animal, N>30)
and analyzed via two-way ANOVA. Data in the rest of the figures were also analyzed using
two-way ANOVA, with at least 20 wings (N>20) in Fig. 5.4 and about 20 wings (one

wing/animal, N=20) in Fig. 5.5 were checked in each genotype.

51



Figures

Fig. 5.1: Mitochondria in TSG101 mutants were less oxidized and generated more ATP

compared to controls.
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Fig. 5.1:

(A-D) Redox-sensing GFPs (roGFPs) were utilized and expressed in mitochondria to
reactive oxygen species. Fluorescence intensities were measured with 405 nm (pseudo-
colored red) and 488 nm (pseudo-colored green) laser excitations. roGFP ratios were
determined by the measured fluorescence intensity from 405 nm divided by that from 488
nm. 405 nm/488 nm ratios were normalized to controls. A higher ratio indicates a more
oxidized mitochondrion. Over-expression of human mitochondrial uncoupling protein
(hUCP2) was used to make mitochondria more oxidized by disrupting mitochondrial
membrane potential to ascertain the reliability of the sensors. Flies were grown in 25°C
and checked at 14 dpe. Data were analyzed via unpaired t-test. At least 10 wings (one
wing/animal were examined in each genotype (N>10). Error bar: SEM. *p<0.05. **p<0.01.
(E-F) ATP-sensing GFP (ATPsnFR, green) was expressed in the cytosol to measure
cytosolic ATP levels. ATPsnFR intensities were normalized to the fluorescence intensity
of mitochondria (mito::td-Tomomato, red), and the normalized ATPsnFR intensities were
then normalized again to that of controls. Flies were raised at 29°C and examined at 7 dpe.
At least 14 wings (one wing/animal) were examined in each genotype (N>14). Data were

analyzed via two-way ANOVA. Error bar: SEM. Scale bar: 10 pm. **p<0.01.
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Fig. 5.2: Loss of TSG101 activates PGC-1a (s7/)/Nrf2 (cnc)-dependent mitochondrial

biogenesis.
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Fig. 5.2:

(A-C) Homozygous mutant neurons were generated and labeled using the same approach
as in Chapter 4. Two independent RNAis were used to knock down PGC-1a (s7/) or Nrf2
(cnc). All four independent RNAis were able to successfully rescue the mitochondrial
phenotype resulting from TSG101 ablation. Quantification of number and length are shown
in (B) and (C) respectively. At least 30 wings (one wing/animal) were examined in each
genotype (N>30). Data were analyzed via two-way ANOVA. Error bar: SEM. **p<0.01.

Scale bar: 10 pm.
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Fig. 5.3: TSG101-dependent mitochondrial regulation is dependent on TFEB and

independent of the mTOR pathway
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Fig. 5.3:

Homozygous mutant neurons were generated and labeled using the same approach as in
the previous figure. (A-C) Two independent RNAis were used to knock down TFEB (Mitf),
and both of them successfully suppressed the TSG101-mutant phenotype. The result is
quantified in (B) and (C). (D-F) Tscl RNAi (BDSC:54034) was used to de-inhibit the
mTOR pathway. Activating the mTOR pathway had no effect on the mitochondrial length
in wildtype, and it even rescued TSG101mutants. However, mTOR activation led to a more
than 3X increase in mitochondrial number in comparison to the control, and it even
elevated the number in TSG101mutants, suggesting that the TSG101 and the mTOR
pathways are parallel. Quantifications are shown in (E) and (F). All data were analyzed via
two-way ANOVA, with at least 30 wings (one wing/animal) examined in each genotype
(N>30). Error bar: SEM. **p<0.01. Scale bar: 10 pum. (G) A schematic model shows the
novel genetic pathway of TSG101-controlled mitochondrial biogenesis and its relation
with the mTOR pathway. In axons mutant for TSG101, TFEB-dependent mitochondrial
biogenesis is activated, which requires PGC-1a and Nrf2. As studies have shown that the
mTOR pathway suppresses TFEB activity and activates mitochondrial biogenesis through
transcription factors other than Nrf2, TSG101-controlled mitochondrial biogenesis is

parallel to the mTOR pathway.
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Fig. 5.4: Whole-animal starvation did not lead to TSG101-mutant mitochondrial

phenotype.
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Fig. 5.4:

(A-C) Homozygous mutant neurons were generated and labeled as in the previous figure.
Flies were raised in 25°C and imaged at 14 dpe. Starved animals were grown in regular fly
food media and then transferred to scarce media once eclosed (0-1 dpe). Quantifications of
mitochondrial number and size are shown in (B) and (C) respectively. At least 20 wings
(one wing/animal) were examined in each genotype (N>20). All data were analyzed via

two-way ANOVA. Error bar: SEM. **p<0.01. Scale bar: 10 um.
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Fig. 5.5: Epistatic analysis of fission-fusion and TSG101.
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Fig. 5.5:

Mutant neurons were generated and labeled as described in Chapter 2. (A-C) Drpl was
knocked out to suppress mitochondrial fission to suppress the TSG101-knockdown
phenotype, which is similar to TSG101 knockout. Both mitochondrial number and length
were rescued by Drpl knockout, demonstrating that mitochondrial fission is the final step
of biogenesis. Flies were grown in 25°C and the neurons were examined at 14 dpe.
Quantification of axonal mitochondria is shown in (B) and (C). (D-I) marf®4 was used to
inhibit mitochondrial fusion in order to recapitulate the TSG101-mutant mitochondrial
phenotype at 7 dpe (D-F) and 1dpe (G-I). To our surprise, Marf knockdown rescued the
number at 7 dpe (E), suggesting Marf is involved in TSG101-dependent mitochondrial
biogenesis. Flies were kept in 29°C and the neurons were examined at 7 dpe and 1 dpe.
Quantification of 7dpe is shown in (E) and (F), and 1dpe in (H) and (I). Data were analyzed
via two-way ANOVA, with about 20 animals examined in each genotype (N=20). *p>0.05.

**p<0.01. Error bar: SEM. Scale bar: 10 um.
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Chapter 6: TSG101 regulates mitochondria and

neurodegeneration through independent pathways

Results

TSG101 depletion leads to spontaneous neurodegeneration as animals age (Fig.
2.3A). How does the lack of TSG101 lead to neurodegeneration? Since mitochondria have
been associated with neurodegeneration, I explored the relationship between
neurodegeneration and mitochondrial phenotype. Given that knockdown of TFEB or Nrf2
restored both mitochondrial numbers and sizes in TSG101 mutants (Fig. 5.2, 5.3), we
explored whether these manipulations also prevented neurodegeneration. However,
knocking down TFEB (Mitf) and Nrf2 (Cnc) had no effect on either neurodegeneration or
axon survival rate, even though TSG10l-muatant mitochondrial phenotypes were
completely suppressed (Fig. 6.1A, B). This finding supports the hypothesis that TSG101
has two roles, one to inhibit biogenesis and another to maintain long-term neuronal
integrity.

To further investigate how loss of TSG101 contributes to neuronal death, I used a
variety of well-established genetic inhibitors of axon degeneration and cell death—W1d®,
p53PN, and p35—to block Wallerian degeneration and apoptotic pathways (Avery et al.,
2012; Hay et al.,, 1994; Ollmann et al., 2000). Interestingly, neither suppression of
Wallerian degeneration signaling nor blockade of apoptotic pathways stopped
neurodegeneration (Fig. 6.1C), indicating that the neurodegeneration caused by lack of
TSG101 occurs through a distinct mechanism. How the loss of TSGI101 triggers

neurodegeneration remains an interesting question. Since TSG101 has been associated
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with spongiform neurodegeneration (He, 2003; Jiao et al., 2009; Kim et al., 2007), future
studies on neurodegeneration that are independent of mitochondria as well as the Wallerian

and apoptotic signaling pathways would greatly advance the understanding of the field.

Material & Methods

Drosophila strains

The following RNAI lines and over-expression constructs were used in an attempt
to rescue TSG101-dependent neurodegeneration: UAS-WId® (lab stock, (Avery et al.,
2009)), UAS-p53.HI59N (dominant negative, BDSC:8420), UAS-p35 (BDSC:5072),
5xUAS-cnc®™4 (BDSC:40854), and 5xUAS-Mit/fN (BDSC:44561). The following flies
were used for MARCM clone generation: OK371-Gal4 (BDSC:26160), 10xUAS-1VS-
myr::td-Tomato (BDSC:32222), 5xUAS-mito::EGFP (BDSC:8442), asense-FLP2e (lab

stock); tub-Gal80 (BDSC:5190), FRT24 (BDSC:1997), and FRTS2B (BDSC:2035).

Microscopy and image analysis

Images were acquired from a Zeiss spinning disc confocal microscope along with
its proprietary Zen Blue software. Image processing was done with Zen Blue. All statistical
analyses were conducted by using Graph Pad Prism 8. Data were analyzed via two-way

ANOVA, with at least 15 wings (one wing/animal) examined in each genotype (N>15).
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Figures
Fig. 6.1: TSG101 knockout led to neurodegeneration in the late stage of adulthood via a

distinct pathway independent of mitochondria, apoptosis, and Wallerian degeneration.
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Fig. 6.1:

Homozygous mutant neurons were generated and labeled as in the previous figure. (A)
Mitf®N4T and cnc®™4i ysed in Fig. 5.2 and 5.3 were able to suppress TSG101-mutant
mitochondrial phenotype, and therefore were applied here to test whether
neurodegeneration could also be prevented. Loss of axon maintenance could be seen in the
forms of blebs (left panel, arrowheads) and debris (right panel, asterisks) in TSG101
mutants at 14 dpe 29°C. Knockdown of Mitf and Cnc in TSG101-mutant clones still
exhibited neurodegeneration, with no change in axon survival rate (B). (B) Given that the
cell bodies of the neurons remained visible long after the axons degenerated, the axon
survival rates were calculated by the number of intact axons divided by the total number
of the cell bodies. Data were analyzed via two-way ANOVA. N>15. **p<0.01. (C) Over-
expression of WId* was used to stop Wallerian axon degeneration. Over-expressing p53°V
or p35 was used to block apoptosis. Neurodegeneration could still be detected in TSG101
mutants (asterisks: blebs; arrowhead: axon stump) at 30 dpe 25°C, even though Wallerian

degeneration or apoptosis was blocked. Scale bar: 10 um.
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Chapter 7: Discussion

All cell types dedicate a great number of resources to maintain an adequate number
of functional mitochondria for a myriad of biological processes—and for neurons, the
remarkable size and morphological complexity of axons, which can be thousands of times
the volume of the cell body, present an enormous challenge. How does the neuron establish
and maintain a healthy population of mitochondria at sufficient density throughout their
axonal arbors? Healthy mitochondrial populations in axons are believed to be maintained
primarily by mitochondrial transport into the axon (i.e. motility), anchoring, and fission-
fusion to fine-tune mitochondrial functions accordingly. Turnover of damaged
mitochondria or their components is mediated by mitochondrial AAA+ proteases, MDVs,
mitophagy, or the general cellular degradative macro-autophagy pathway. Mitochondrial
biogenesis is carried out by the activation of master transcription co-activator PGC-1a and
its binding partner transcription factors, which leads to mitochondrial gene expression from
the nucleus.

Neuronal mitochondrial homeostasis is constantly played out successfully
throughout the animal’s lifespan in order to sustain energetically demanding processes such
as neurotransmission and to maintain neuronal integrity. The importance of neuronal
mitochondrial homeostasis is borne out by the fact that mutations in many genes that
regulate mitochondria lead to devastating neurological disorders and neurodegeneration.
Despite our extensive knowledge of mitochondrial regulation, the full picture of
mitochondrial homeostasis in axons remains incomplete. To begin to fill the gaps in our
understanding, a former postdoctoral fellow Dr. Gaynor Smith and I designed and

performed a forward genetic screen, which is unbiased and high-throughput, for mutants
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that show altered mitochondrial dynamics, morphology, or both, in sensory axons in the
Drosophila adult L1 wing vein in vivo. Gaynor identified Gzfz, a glutathione S-transferase
that maintained GSH:GSSG balance; loss of Gfzf led to increased levels of GSSG,
activation of Marf, and the subsequent mitochondrial fusion. I myself isolated four
mutants—2L.316, 2L.409, 3R.1054 and 3L.387—and among these, 3L.387 was the most
interesting. 1 discovered that 3L.387 exhibited increased mitochondrial number and
decreased mitochondrial size in axons, and spontaneous neurodegeration at the late stages
of adulthood. Further characterization showed that 3L.387 is a new null allele of TSG101,
a well-known component of the ESCRT-I complex. TSG101 has been associated with
neurodegeneration in the literature, but had yet to be identified as required for maintaining
mitochondrial numbers and sizes. Although I found that Shrb, a component of the ESCRT-
IIT complex, was also required for axonal mitochondrial homeostasis, like TSG101, I found
no evidence that the other components of the ESCRT machinery were involved in
regulating mitochondria in axons. This supports the notion that TSG101 and Shrb regulate
mitochondrial numbers and sizes in a non-canonical pathway. After a series of
investigation using genetic approaches, I discovered that the mutant mitochondrial
phenotype was perhaps not caused by the lack of mitochondrial turnover, but by
mitochondrial fission mediated by mitochondria biogenesis that is TFEB-, PGC-1a-, and
Nfr2-dependent. Moreover, although knockdown of TFEB or Nfr2 successfully restored
mitochondrial numbers and sizes in TSG101-mutant background, the TSG101-dependent
neurodegeneration was not suppressed with the same approach, indicating a dissociation

between mitochondria and TSG101-dependent neurodegeneration (Fig. 7.1).
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Two other components of the ESCRT complexes have recently been linked to
mitophagy or autophagy in cultured cells. CHMP2A/Vps2 of ESCRT-III was found to
promote mitophagy by mediating phagophore sealing during autophagy; Snf8/Lsn of
ESCRT-II was discovered to be important in autophagy-independent but endosome-
dependent mitochondrial clearance (Hammerling et al., 2017). However, knockout of
either of these genes (Chapter 3), or full blockade of Parkin/PINK1 mitophagy or
autophagy (Chapter 4), failed to recapitulate the TSG101-mutant phenotype. Although
mitophagy is critical for mitochondrial turnover in many settings, these mechanisms have
been studied primarily in the context of cellular stress (e.g. perturbation of mitochondrial
membrane potential), while I examined the turnover in wild-type axons in vivo, which may
account for some differences in the genetic pathways deployed. Indeed, others have also
found that loss of PINK1 or Parkin do not alter axonal mitochondria significantly in vivo
(Lee et al., 2018; McWilliams et al., 2018). I therefore interpret my data to indicate that at
least one component of the ESCRT complex, TSG101, may function in mitophagy
regulation under chronic stress and yet under normal physiological conditions functions
instead as a negative regulator of mitochondrial biogenesis.

Given the fact that I observed mitochondrial turnover events in axons by using
mito-QC (Chapter 4), turnover of mitochondria appears to happen in the axons of
Drosophila sensory neurons. These may be mediated by MDVs, which are normally shed
in control animals and turned over through lysosomal-dependent mechanisms to maintain
a functional mitochondria pool in axons. The mechanisms by which turnover occurs in
axons is unclear, but they are likely independent of PINK 1, Parkin and autophagy, since

their full blockade did not alter mitochondrial numbers in axons. My data indicate that
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there is likely another lysosome-mediated pathway that selectively targets MDVs for
turnover. Whatever the pathway is, it appears sensitive to loss of TSG101: in TSG101
mutants, we found a near complete blockade of turnover of mitochondrial components
based on the mito-QC results.

Live cell imaging revealed an accumulation of endolysosomes in the axon, which
may occur through a compounded effect of the absence of autophagosome-lysosome fusion
and activated lysosomal biogenesis due to the disinhibition of TFEB. Loss of TSG101
caused an increased proportion of stationary lysosomes in close proximity to mitochondria
without subsequent sequestration, and since mitochondrial turnover was attenuated, this
finding indicates a deficit in trafficking of mitochondria, or possibly MDVs in axons, to
lysosomes. It is also possible that the stationary late endosomes/lysosomes in close
proximity may facilitate mitochondrial biogenesis by serving as translation hubs for
mitochondrial encoded proteins, a phenomenon that has been previously reported (Cioni et
al., 2019).

How TSG101 regulates mitochondrial numbers in axons through regulation of
biogenesis is an interesting question. Loss of TSG101 resulted in increased numbers of
smaller mitochondria, and the measurements of mitochondrial physiology indicate that
these mitochondria had fewer oxidative species and heightened OXPHOS than in controls
(Chapter 5). These features suggest that TSG101 mutant axons shift towards increased
mitochondrial biogenesis, and therefore I argue that TSG10l1 normally functions
constitutively to suppress mitochondrial biogenesis. It would be interesting to see in future
studies if loss of TSG101 also enhances mitochondrial membrane potential. How does

TSG101 control mitochondrial biogenesis? One model is that TSG101 somehow conveys
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signaling back to the nucleus to inhibit activation of the nuclear transcriptional program
mediated by PGC-1a, Nrf2, and TFEB, which are key regulators of nuclear mitochondrial
genes. In addition, previous work has shown that TFEB is held on lysosomes when it is not
active, and it is released and translocates to the nucleus for transcription upon deactivation
of the mTOR pathway (Settembre et al., 2012). It is therefore possible that TSG101 might
control TFEB in a similar fashion.

Changes in mitochondria occur in Drosophila axons with aging. In wild-type
animals, mitochondrial numbers remain fairly constant, but average mitochondrial length
increases with age. Interestingly, however, mitochondrial number in TSG101 mutants
increased over time, while mitochondrial length remained short even at late time points, in
contrast to wild-type where an age-dependent increase was observed. As shown before,
mitochondrial number and size in TSG101 knockdown conditions can be rescued by
knockout of Drpl (Chapter 5), a result that is consistent with the notion that the final step
of mitochondrial biogenesis requires fission (Amiri and Hollenbeck, 2008). I also found
that, strangely, elevated mitochondrial numbers in TSG101-null clones were rescued by
knockdown of Marf, which should enhance fusion. That manipulating fusion can rescue
mutant phenotypes seems counter-intuitive and requires further explanation. PGC-1a can
activate Mfn2 (a Marf homolog) in mammalian cells (Cartoni et al., 2005; Van Laar et al.,
2018); to expand to a sizable number of mitochondria (i.e. mitochondrial biogenesis), Marf
and/or mitochondrial fusion are required in order to grow mitochondria in size before
fission initiates, severing and generating mitochondria from the existing ones. Certainly,
overexpression of PCG-1a has also been found to increase the phosphorylation of Drpl to

enhance fusion (Peng et al.,, 2017). In the TSG101-knockout and Marf-knockdown
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condition, mitochondrial fusion was blocked and fission was no longer required, hence the
inhibition of TSG101-dependent growth in mitochondrial number. How high levels of
fission and fusion coordinate with one another to expand a mitochondrial pool in a
developing neuron is an interesting and important question for future studies. There is also
a possibility that manipulating fusion/fission dynamics can feed back and change how
PGC-1a signals downstream of TSG101. Understanding how this feedback mechanism
might work is potentially important and requires further investigation.

I found that the loss of TSG101 causes age-dependent neurodegeneration that
occurs independently of changes in mitochondrial dynamics. Prior to cell death, axons are
swollen and dysmorphic, recapitulating spongiform phenotypes observed in MGRN1-
knockout mice (He, 2003; Jiao et al., 2009; Kim et al., 2007), which is associated with loss
of TSG101. Genetic blockade of either apoptosis or Wallerian degeneration did not prevent
such neurodegeneration, indicating a unique form of cell death. Spongiform-like
degeneration could be the direct consequence of the accumulation of endolysosomes or the
loss of the receptor cargos they contain.

Can mitochondrial biogenesis happen in the axons? BrdU labeling studies in
isolated chick neurons support the notion that at least in vitro mitochondrial biogenesis can
occur in axons (Amiri and Hollenbeck, 2008) and could be triggered by oxidative stress
(Van Laar et al., 2018), and it seems likely that biogenesis happens in axons in vivo,
especially in very long axons that cannot as easily derive such support from the soma.
Mitochondrial numbers or position may also meaningfully regulate neurophysiology.
Intriguingly, loss of Syntaphilin, a molecule that anchors mitochondria to the cytoskeleton,

leads to widespread mitochondrial motility in neurites. Enhanced mitochondrial motility
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correlated with increased pulse-to-pulse variability in synaptic properties, while anchoring
mitochondria reduced variability (Sun et al., 2013). The primary effect of mitochondria
appeared to be through changes in ATP levels (Sun et al., 2013), which we also observed
in TSG101-mutant axons. An exciting next question is whether axon-specific regulation of
mitochondrial biogenesis or clearance can also provide an additional mechanism to
contribute to cell-specific plasticity in circuits.

Altogether, although the discovery of the novel mitochondrial modulators we have
identified so far do not fully address the main question of the field—how is the large pool
of axonal mitochondria maintained in the long stretches of axons in vivo—it certainly put
our foot in the door. How are mitochondrial numbers, sizes, and localities determined in
axons in vivo? As we did not unravel any new regulators of mitochondrial transport in the
screen, we did not gain any new insight of mitochondrial mobility and locality. However,
we did find that the main forces governing mitochondrial numbers and sizes in axons are
also mitochondrial fission and fusion, and we started to discover a variety of new upstream
mechanisms that regulate them: fusion can be controlled by glutathione S-transferases (e.g.
Gfzf) which regulate the GSH:GSSG balance, and fission mediated by mitochondrial
biogenesis is constantly inhibited by an ESCRT component TSG101 (Fig. 7.1A). Both Gfzf
and TSG101 may endow the neuron the ability to maintain mitochondrial dynamics locally
in the axon compartment, but cell-wide changes such as mitochondrial biogenesis certainly
rely on the support of the cell body. Although the detailed mechanism by which TSG101
regulates TFEB and hence mitochondrial biogenesis needs further investigation, our data
so far suggests that TSG101 might be one of the molecules that allow the neuron to regulate

mitochondrial production according to its size and needs. How are mitochondria turned
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over in axons? Parkin/PINKI-mediated mitophagy and macroautophagy are the main
pathways that turn mitochondria over in the cell body, however the axons utilize an
independent mechanism. Although we do not fully understand how axonal mitochondria
are cleared, we certainly know it depends on TSG101. I believe that saturating the forward
genetic screen may help us discover more novel mitochondrial modulators so that we may
get the full picture of how mitochondrial homeostasis is maintained in axons in vivo. As |
provided evidence showing that TSG101-dependent neurodegeneration is independent of
Wallerian degeneration, apoptosis, and, most importantly, mitochondria, I also believe that
the screen might also give us a clearer understanding of different types of

neurodegenerations and the mechanisms behind them.
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Figures
Fig. 7.1: A schematic summary—the isolated mutants from the forward genetic screen and

their phenotypes.
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Fig 7.1:

(A) A schematic summary of how mitochondrial dynamics are changed upon Gfzf or
TSG101 ablation. Loss of Gfzf leads to mitochondrial fusion—following Gfzf knockout
(Gfzg KO), GSH is increased drastically and rapidly converted into GSSG, leading to
GSSG accumulation, which in turn triggers Marf oligomerization and mitochondrial
fusion. Loss of TSG101, however, results in mitochondrial fission. TSG101-mutant axons
exhibited increased mitochondrial number, decreased mitochondrial size, disrupted
endolysosomal trafficking, lack of mitochondrial turnover (or, specifically, lack of mito-
lysosomes), and spontaneous neurodegeneration. Upon TSG101 ablation, TFEB, a master
transcription factor of lysosomal biogenesis, is activated, and that in turn triggers
mitochondrial biogenesis and the subsequent mitochondrial fission by activating PGC-1a
and Nrf2. In addition, the dramatic accumulation of endolysosomes might be the
compounded effect of activated lysosomal biogenesis by TFEB and lack of mitochondrial
trafficking to the endolysosomes. (B) Loss of TSG101 leads to axon degeneration, which
cannot be suppressed by rescuing mitochondria via knockdown of Nrf2 or TFEB,
suggesting that TSG101-dependent axon degeneration is independent of mitochondria.

This figure was created with BioRender.com.
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Summary & Conclusions

Mitochondrial dysfunction has been associated with many age-dependent
neurodegenerative disorders such as Parkinson’s and Alzheimer’s disease, yet
understanding how a neuron maintains a pool of functional mitochondria in sufficient
density and location throughout large stretches of axon in vivo remains understudied. To
unravel new genes or novel mechanisms that are important for axonal mitochondrial
biology, a former post-doctoral fellow Dr. Gaynor Smith and I designed and performed an
unbiased in vivo forward genetic screen, through which Gaynor identified Gfzf, a
glutathione S-transferase that keeps mitochondrial fusion in check by maintaining
GSH:GSSG homeostasis. Meanwhile, 1 identified three candidates and TSG101, an
ESCRT component, as a new regulator of mitochondrial number and size in neurons. I not
only provide evidence to demonstrate the role of TSG101 as a negative regulator of
mitochondrial biogenesis, but also find that TSG101 does not play a role in Parkin/PINK1-
mediated mitophagy and that macroautophagy is dispensable in axonal mitochondrial
regulation in vivo. Lastly, TSG101 has been associated with spongiform neurodegeneration,
and I show evidence that such neurodegeneration occurs via a yet unknown mechanism.
Taken together, my findings suggest that, through unbiased in vivo neuronal screening, it
is possible to unravel translatable mechanisms important for mitochondrial homeostasis
and axonal maintenance, and to greatly advance our understanding of the mechanisms that

drive neurodegeneration.
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Appendix

Appendix 1.1: Loss of Gfzf, a conserved glutathione S-transferase, led to Marf-dependent

increase in mitochondrial length and decrease in mitochondria number in axons.
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Appendix 1.1:

The data showed above were adapted from Smith and Lin et al., Neuron 2019 (doi:
10.1016/j.neuron.2019.04.017). Homozygous mutant neurons were generated, labeled and
imaged the same way as in Fig. 2.1. (A-C) gfzf~mutant phenotype—increased
mitochondrial length and reduced mitochondrial number—was rescued by re-expression
of gfzf cDNA construct (UAS-gfzf), full-length of gfzf (gDNA BAC), gfzf with only the
GST domain (UAS-gfzf AN), and other GST-containing genes such as Drosophila
dGSTO1 in and human hGSTTI1. (D-F) This mutant phenotype was also rescued by
knocking down marf, a Mitofusin homolog that drives mitochondrial fusion, via two
independent RNAIs, suggesting that the mitochondrial length increase in gfzf-mutant axons
is the result of excessive mitochondrial fusion. At least 10 wings (one wing/animal were
examined in each genotype (N>10). Scale bar: 10 pum. Data were analyzed via 2-way
ANOVA. *p>0.05 and **p>0.01 between genotypes following the same treatment;
%p>0.05 and 3p>0.01 between experiment groups and their respective baseline controls.

Data were expressed as mean £ SEM.
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Appendix 1.2: Gfzf-dependent mitochondrial fusion was caused by GSH:GSSG imbalance
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Appendix 1.2:

The data showed above were adapted from Smith and Lin et al., Neuron 2019 (doi:
10.1016/j.neuron.2019.04.017). (A) A diagram illustrating the effect of pharmacological
treatments of Dia (Diamide, 100uM) and BSO (L-buthionine-sulfoximine, 600pM) on the
glutathione pathway—decrease in GSH:GSSG ratios. (B-D) Both treatments to 3-week-
old primary cortical neurons led to increase in mitochondrial length (B, C) and
oligomerization of Mfn2 (D). (E-G) Rescue of mitochondrial length (quantified in F) and
number (quantified in G) was achieved by overexpression of a reductase TrxR1 (UAS Trxr-
cyto and UAS Trxr-mito) or knockdown of a specific oxidase Jafracl (UAS Jafrac RNAI);
in addition, knockdown of TrxR1 increased mitochondrial length, recapitulating gfzf-
knockout phenotype. (H) A diagram showing how Gfzf acts synergistically with Jafracl
and TrxR1 for GSH:GSSG and fission-fusion balance (i). GST ablation was found to alter
this balance in favor of increased mitochondrial fusion (ii); however, reducing levels GSSG
by increasing levels of TrxR1 restores this imbalance (iii). Following the loss of GSTs,
GSH increases and is rapidly turned into GSSG, leading to axonal GSSG accumulation,
which in turn leads to subsequent Mfn oligomerization and mitochondrial fusion. At least
10 wings (one wing/animal were examined in each genotype (N>10). Scale bar: 10 pm.
Data were analyzed via 2-way ANOVA. *p>0.05 and **p>0.01 between genotypes
following the same treatment; $p>0.05 and %p>0.01 between experiment groups and their

respective baseline controls. Data were expressed as mean = SEM.
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