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Abstract

The ESCRT (Endosomal Sorting Complexes Required for Transport) pathway is
evolutionarily conserved across all eukaryotes and plays key roles in a variety of membrane
remodeling processes. A new Drosophila mutant recovered in our forward genetic screens
mapped to the vps24 gene encoding a subunit of the ESCRT-IIl complex. Molecular
characterization of the mutation predicted a complete loss of VPS24 function. However, the
mutant flies develop to adulthood and thus the consequences of removing VPS24 may be studied
in a viable multicellular organism. Flies lacking VPS24 function exhibit locomotor deficits and
reduced lifespans. Interestingly, these phenotypes were largely rescued by neuronal expression
of wild-type VPS24. Further examination revealed that both neuronal and muscle cells exhibit
marked expansion of a ubiquitin-positive lysosomal compartment as well as accumulation of
autophagic intermediates. Ultrastructural analysis of the vps24! mutant confirmed these
observations and revealed that a major component of the expanded neuronal lysosome
compartment exhibited a striking tubular network morphology. The results reported indicate that
loss of VPS24 function disrupts lysosome homeostasis, as well as autophagy, and suggest a
novel role for ESCRT function in lysosome biogenesis through tubular intermediates. To further
define the role of VPS24 in this process, we generated transgenic lines expressing VPS24 with a
mutated MIM domain expected to disrupt its ability to associate with intermediates in the
pathway. Analysis of these lines may further elucidate the role of the ESCRT pathway in
lysophagy and lysosome reformation. These studies provide new insight into the in vivo
functions of the ESCRT pathway in cellular homeostasis and their potential roles in

neurodegenerative diseases characterized by defective ESCRT or lysosome function.
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Chapter 1

Introduction

Neurodegenerative Disease

Neurodegenerative diseases (NDDs) are characterized by the gradual loss of cognitive
and motor function via nervous system cell death (Katsuno, Sahashi, Iguchi, & Hashizume,
2018). Common diseases include Alzheimer’s disease, Parkinson’s disease, and Huntington’s
disease, conditions for which no treatment has been established (Cummings, 2017). These
disorders have significant effects on the most at-risk population: the elderly. Millions of people
around the world currently suffer from NDDs. In addition, projected rises in life expectancies
and elderly populations in both developing and developed countries indicate that the prevalence
of NDDs will likely increase by 2030 (Taylor, Brown, & Cleveland, 2016; Veron, Kinsella, &
Velkoff, 2002).

Despite a large variety of identified neurodegenerative diseases, a symptom universally
observed is the failure of cellular proteostasis (Katsuno et al., 2018). Normally, abnormal and
misfolded proteins are cleared before they can accumulate and increase cell proteotoxicity (Lim
& Yue, 2015). Neurons are intrinsically less competent in maintaining proteostasis relative to
other cell types, although the reasons for this are still unknown (Katsuno et al., 2018).
Dysfunctional faulty protein removal mechanisms associated with neurodegenerative disorders
result in the formation of toxic aggregates; as such, inhibition of protein accumulation has been a

proposed method of slowing NDD progression.



Genetic Analysis of Neural Function in Drosophila melanogaster

Our laboratory has employed a Drosophila melanogaster model, which exhibits powerful
genetic tools. Its genetic capabilities includes, but is not limited to, simple, rapid mutagenesis as
well as temporal and tissue-specific transgene expression (Jeibmann & Paulus, 2009; Pandey &
Nichols, 2011). In addition, numerous neurological and physiological properties and pathways
of fruit flies are conserved with mammals. For instance, 75% of disease-causing genes in
humans are believed to exist in Drosophila as well (Lloyd & Taylor, 2010; Reiter, Potocki,
Chien, Gribskov, & Bier, 2001). Our previous studies have utilized adult Dorsal Longitudinal
Muscle (DLM) neuromuscular synapses, tripartite synapses exhibiting structural and functional
properties similar to those of their mammalian counterparts, in a model for environmental stress-
induced failure of proteostasis and degeneration (Danjo, Kawasaki, & Ordway, 2011; Kawasaki
etal., 2016).

Of particular significance to our lab are mutations causing temperature-sensitive (TS)
neural dysfunction. This approach allows for selective activation of the mutant phenotype and
the examination of essential processes required for survival. By raising the flies under the
nonpermissive temperature and inducing the phenotype at a given time, the mutations can be
studied at any developmental stage. In addition, comparisons can be made between flies in the

same line before and after the protein is rendered nonfunctional.

Forward Genetic Screen for New Mutants

Our previous work has involved genetic analysis of TS paralytic mutants to examine the

molecular mechanisms of chemical synaptic transmission (Brooks, Felling, Kawasaki, &



Ordway, 2003; Kawasaki, Collins, & Ordway, 2002; Kawasaki et al., 2016; Kawasaki &
Ordway, 2009; Wu, Kawasaki, & Ordway, 2005; W. Yu, Kawasaki, & Ordway, 2011). As an
extension of this approach, the current study initiated a forward genetic screen for TS paralytic
alleles of candidate genes implicated in synaptic function (Figure 1A). A new mutant exhibited a
recessive TS paralytic phenotype (Figure 1B) and, despite not mapping to any of the candidate
genes, was mapped to a gene removed by the Df(3R)Exel6140 deficiency. Complementation
testing using existing mutations occurring within this deficiency region revealed that the mutant

is allelic to the vps24 gene, which encodes a subunit of the ESCRT-11l1 complex.
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Figure 1. A forward genetic screen and recovery of a new temperature-sensitive (TS)
paralytic mutant.

(A) Male flies with an isogenized third chromosome (I1so3) were exposed to ethyl methane
sulphonate (EMS). Mutagenized males were mated with females carrying the third
chromosome marker Lyra (Ly), in trans to a balancer chromosome TM6c. F1 males
carrying a mutagenized third chromosome (3*) in trans to TM6c were crossed to females
with the third chromosome deficiencies Df(3L)GN34 and Df(3R)Exel6140. F2 progeny
carrying 3* in trans to the deficiency chromosome were screened for motor defects at 38°C.
(B) 748/Df(3R)Exel6140 flies (748/Df) exhibit rapid paralysis at 38°C, whereas wild-type
flies (WT) do not. Tests of 748/+ flies indicated the phenotype is recessive. Tests were
truncated at 5 minutes if 50% paralysis had not occurred. Error bars indicate SEM and
asterisks mark significant differences from control values (p < 0.05).



A New Mutation in a Drosophila ESCRT 111 Gene, vps24

Sequence analysis of genomic DNA from the mutant, now designated as vps24!,
identified an 11bp deletion from the second bp of the first intron of the vps24 gene. PCR and
sequence analysis of cDNAs between vps24! and WT revealed that the mutant exhibited
disrupted splicing of the first intron. PCR product sequencing showed this occurred via
complete splicing failure, in which the 121bp intronic sequence between Exons 1 and 2
remained, and cryptic splicing, in which an additional splice occurred 20bp upstream of the first
intron. Both cases resulted in a truncated VPS24 protein, indicating that the vps24! mutant is
likely to produce a complete loss of VPS24 function.

The behavioral phenotype of vps24! mutants was confirmed through transformation
rescue experiments. These studies used the GAL4/UAS system which permits spatial and
temporal control of transgene expression (Brand & Perrimon, 1993). To do so, transgenic lines
were first established expressing wild-type VPS24 fused with green fluorescent protein (GFP) at
its N-terminus. Stocks expressing the transgene in neurons, glia, and muscle in the mutant
background were created for further experimentation (Table 1).

Table 1. Drosophila UAS-GALA4 lines used in rescue experiments.

Genotype Site of Expression

w Appl-Gald/w ; UAS-EGFP-vps24/+ ; vps24/Df(3R)Exel6140 Neuron

w Mhc-Gal4/w ; UAS-EGFP-vps24/+; vps24/Df(3R)Exel6140 Muscle

W ; UAS-EGFP-vps24/+ ; Repo-GAL4 vps24t/Df(3R)Exel6140 Glia

In the vps24! mutant background, the TS paralytic phenotype was rescued from neural

expression of UAS-EGFP-vps24 (Figure 2). Expression of the same transgene with MHC- and
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Repo- GALA4 drivers failed to rescue the phenotype, signifying that TS paralysis results from loss

of VPS24 function in neurons and not loss of function in muscle or glia.
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Figure 2. Rescue of the vps24! TS paralytic phenotype by neuronal expression of the wild-
type VPS24 protein.

The TS paralytic phenotype of the vps24! mutant was rescued by expression of the wild-
type EGFP-VPS24 in neurons but not in muscle or glia. The GAL4 drivers for neuronal,
muscle, and glial expression were Appl-Gal4, MHC-GAL4, and Repo-GALA4, respectively.

Since the initial genetic screen was for synaptic transmission mutants, a secondary screen
was conducted to determine whether TS paralysis results from a defect in synaptic function. For
this purpose, electrophysiological studies were performed at adult neuromuscular synapses of the
flight motor as described previously (Kawasaki, Mattiuz, & Ordway, 1998). DLM
neuromuscular synapse function was normal in the vps24* mutant with respect to short-term
plasticity and the amplitude and waveform of individual EPSCs. Therefore, studies of synaptic

transmission were not pursued further in this mutant.

The ESCRT Pathway — Protein Ubiquitination and Lysosomal Degradation

The primary process of preventing toxic protein accumulation is the highly conserved

lysosomal degradation pathway (Clague & Urbé, 2010). One method of disposal in a majority of
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cell types relies on late endosomes known as multivesicular bodies (MVBs) (Fader & Colombo,

2009). The process begins when faulty proteins leading to proteotoxicity are labeled with
ubiquitin via an E1-E2-E3 enzyme ubiquitin thioester cascade (Scheffner, Nuber, & Huibregtse,
1995). Through endocytosis, the monoubiquitinated surface proteins and ligands are internalized
to the surface of early endosomes (Figure 3A). MVBs are formed from the early endosomes and
possess ubiquitin-targeted proteins along intraluminal vesicle membranes. Although the
multivesicular bodies may interact with other components of the endocytic pathway, MVBs can
fuse with lysosomes alone. Hydrolytic components inside the lysosome then degrade the MVB
components. This process is closely related to the second and most common method of
lysosomal degradation: autophagy. To traffic long-lived proteins, macromolecules, and
organelles within the cell, the surrounding cytoplasm is enclosed in a phagophore that forms a
double-membrane autophagosome. The monoubiquitin or ubiquitin chains on the cargo bind to
P62 filaments, adaptors linking them to ATG8 proteins on the membrane during autophagosome
formation, to ensure they remain in the lumen (Danieli & Martens, 2018; Weidberg, Shvets, &
Elazar, 2011). Fusion with the MVB or other endocytic pathway components, if it occurs,
creates a hybrid organelle termed the amphisome (Fader & Colombo, 2009). Subsequent fusion
of the autophagosome or amphisome with the lysosome yields digested intraluminal components.
The ESCRT pathway is evolutionarily conserved from yeast to mammals and functions in
membrane remodeling, a process essential for multivesicular body formation and autophagy
(Figure 3A) (Henne, Buchkovich, & Emr, 2011; Leung, Dacks, & Field, 2008). It is comprised
of five complexes: ESCRT-0, ESCRT-I, ESCRT-I1I, ESCRT-III (subunit and complex), and
Vps4-Vtal. ESCRT-O0 initiates the pathway by associating with ubiquitinated cargo at the

plasma membrane (Figure 3B). While the membrane invaginates and forms early endosomes,
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the ESCRT-I and ESCRT-II complexes are recruited by ubiquitin to bind together and localize

the cargo. ESCRT-II nucleates ESCRT-I1I subunits, which form a complex, recruit
deubiquitinating machinery, and facilitate vesicle maturation and neck constriction. Following
vesicle scission, the Vps4-Vtal complex disassociates the ESCRT-I11 complex, leaving the cargo
within the mature vesicle plasma membrane. A nonfunctional ESCRT-III protein is therefore
expected to inhibit membrane pinching in MVB biogenesis and autophagy and subsequently

hamper proteostasis.
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Figure 3. The vps24 gene encodes a component of the ESCRT Pathway.

(A) Multivesicular body (MVB) biogenesis (a) and autophagy (b) require all of the
ESCRTs. In contrast, cytokinesis (¢) and HI-V1 budding (d) require only ESCRT-I and
ESCRT-III. (B) (a) ESCRT-O0 clusters ubiquitinated cargoes. (b) ESCRT-1 and ESCRT-II
together form membrane invaginations and are localized inside the bud neck. Cargoes are
sequestered in the bud. (¢) ESCRT-I11 assembles at the neck of the bud, colocalizing with
ESCRT-I and -11. (d) Vesicle scission by ESCRT-I111 leading to the formation of ILV. The
ATPase VPS4 is recruited to dissociate ESCRT-I111 oligomers.

Autophagy deregulations due to insufficient pathway activation, reduced lysosomal

function, and pathological pathway activation are known to induce proteinopathies in



neurodegenerative diseases. Such observations necessitate an examination of the molecular
mechanisms underlying lysosomal autophagic dysfunction. A better understanding of defective

protein degradation is required for the design of NDD treatments.



Chapter 2

Materials and Methods

Drosophila Fly Strains

Wild-type flies, Canton-S, as well as Appl-GAL4, w;;Ly/TM6c and UAS-EGFP-vps24
were from our laboratory stock collection. Mhc-Gal4, Repo-Gal4, UAS-GFP and UAS-GFP-
mCherry-atg8a, Df(3L)GN34 and Df(3R)Exel6140 were obtained from the Bloomington Stock
Center (Indiana University, Bloomington, IN). UAS-EGFP-vps24MMI transgenic lines were
generated in the current study (see “Generation of Transgenic Lines” and Chapter 4). UAS-GFP-
LAMP (Pulipparacharuvil et al., 2005), UAS-cathB-3XmCherry (Csizmadia et al., 2018)
transgenic lines were kindly provided by Dr. Helmut Krdmer (University of Texas Southwestern
Medical Center, Dallas, TX) and Dr. Gabor Juhasz (E6tvos Lorand University, Hungary),
respectively. Stocks and crosses were cultured on a conventional cornmeal-molasses-yeast
medium at 20°C in a 12-hour day-night cycle. All experiments were carried out using virgin

female flies.

Behavioral Analysis

To examine the paralytic phenotype, as well as its rescue, six 7d old female flies of each
line were transferred to vials. After placing the vials in a 38°C water bath, the time it took to
reach 50% paralysis was recorded. Tests were truncated to 5 minutes if no paralysis occurred.

A climbing test was done to evaluate potential locomotor deficits in the mutant. vps24!

flies and lines expressing wild-type VPS24 in neurons, glia, and muscle (Table 1) in the mutant
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background were established and examined. Six 7d old female flies in each test were transferred

to a plugged graduated cylinder. After knocking the flies to the bottom through tapping, the time
it took for half of them to climb to the 40ml mark was recorded. If flying was observed in that
timeframe, the flies were knocked to the bottom again and the time was reset. Tests were
truncated to 2 minutes if 50% climbing had not occurred and 0 was given for the climbing index.
Ten samples for each group were tested, and average times were normalized and inverted for

climbing index values.

Analysis of Lifespan

Using the same lines, 50 flies of each group were reared in a 20°C refrigerator. Every
two days the survivors were transferred to a new vial and the number of deaths were recorded.
The test continued until all flies died. Lifespan was assessed at each time point as a percentage

of survivors.

Western Blot and Analysis

Western blotting was employed to confirm the expression of UAS-EGFP-VPS24 in the
Drosophila transgenic lines generated. Five fly heads were homogenized in 100 pul of SDS
buffer. 0.5 heads of each line and a Bio-Rad Dual Color Standard were loaded into a 9%
polyacrylamide gel and run at 15 mA. The proteins were then transferred to a nitrocellulose
membrane at 14V overnight. The membrane was washed with a-GFP (1:500) primary antibody

and a-mouse 1gG (1:5000) secondary antibody. The loading control was detected by incubating
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the membrane with a-ACTIN (1:100) primary antibody. A LI-COR Odyssey CLx system was

used to image the membrane, and the images were analyzed using LI-COR Image Studio
software. Transgene expression (GFP/ACTIN) for each line were calculated. A molecular
weight (log MW in kDa) vs. distance travelled (mm) trendline was created using the size

standard and used to determine the MW of each EGFP-VPS24 band.

Molecular Cloning (see Chapter 4, Molecular Construction of UAS-EGFP-vps24M!M])

To construct the EGFP-vps24MMI mytant (R217D L218D) transgene, the R217D L218D
mutations were generated by PCR site-directed mutagenesis and incorporated into an EGFP-
vps24 construct in pBluescriptl SK-. The resulting EGFP-vps24™MM™I sequence was shuttled into
the P element transformation vector, pUAST (Brand & Perrimon, 1993), for generation of

transgenic lines.

Generation of Transgenic Lines (see also Chapter 4)

An injection mixture consisting of 60 pl water, 25 pul of EGFP-vps24™™I mytant in
PUAST (~2.6 ug/ul), 5 ul of helper plasmid (~4.5 ug/ul), and 10 ul of green dye was distributed
into microinjection glass capillary needles. Every 30 minutes, embryos from a white-eyed fly
stock were collected and arranged onto a glass slide. Under a microscope, micromanipulators
and a pressurized syringe were used to inject the solution from the needles to the embryos’
posterior region. Embryos were then grown on cornmeal-molasses-yeast medium and

transferred to a vial during the larval developmental stage. Subsequent crosses identified lines
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with successful integration, revealed the chromosome on which they occurred, and stabilized the

mutated chromosome over a balancer chromosome.
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Chapter 3

Behavioral and Cellular Phenotypes in the vps24! Mutant

The findings discussed in Chapters 3 and 4 are the result of collaborative research efforts
in our lab. Other members whose work contributed to this thesis include Samuel DeMatte and
Devon Sweeder. | performed experiments in genetics, behavioral analysis, molecular biology,
transgenic fly generation, and Western blotting. Immunocytochemistry (ICC), confocal
microscopy, and transmission electron microscopy (TEM) were performed by Dr. Fumiko

Kawasaki.

The vps24! Mutant Exhibits Locomotor Deficits and Reduced Lifespan at Permissive
Temperatures

Although vps24! mutant flies reach the adult stage with no obvious developmental
defects, they display impaired locomotor function even at temperatures permissive for TS
paralysis. The mutant flies displayed a significant decline in climbing performance at 7 days of
age (Figure 4A), indicating that VPS24 is required for normal locomotor activity. In addition,
loss of VPS24 function produces a marked reduction in lifespan to a range of approximately 3-8
weeks (Figure 4B). Notably, both the locomotor and lifespan deficits of the vps24! mutant, like
the TS paralytic phenotype, are rescued by neuronal expression of wild-type VPS24 but not by
expression of this transgene in glia or muscle (Figure 4). The preceding findings reveal that
VPS24 function in neurons is critical for basic motor function and viability, consistent with

previous studies implicating ESCRT-IIl components in neurodegenerative disease.
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Figure 4. The vps24! mutant exhibits locomotor deficits and reduced lifespan.

(A) Climbing tests indicated no detectable climbing ability in the vps24! mutant. The
climbing tests were truncated at 2 min. if 50% climbing had not occurred and zero was
given for the climbing index. (B) Loss of the VPS24 function reduced lifespan with respect
to WT. These mutant phenotypes were rescued by expression of wild-type EGFP-VPS24 in
neurons but not in muscle or glia. In climbing tests, 7d old female flies were examined.
Expression of a UAS-EGFP-vps24 transgene was achieved using specific GAL4 drivers for
neurons (Appl-GAL4), muscle (MHC-GAL4), and glia (Repo-GAL4). The same GAL4
drivers were used for subsequent cell-type specific expression studies.

Cellular Phenotypes in the vps24! Mutant

Investigation of cellular defects in the vps24' mutant was carried out mainly through ICC
and TEM. Key findings from these studies are summarized in this section. Given the
established roles of ESCRT function in membrane remodeling and protein degradation,
immunocytochemical studies were performed to determine whether the vps24! mutant exhibited
altered proteostasis. Initial studies examined the distribution of ubiquitinated proteins in thoracic
tissues involved in motor activity, including the thoracic ganglion of the CNS and the three cell
types comprising tripartite Dorsal Longitudinal Muscle (DLM) neuromuscular synapses. The
mutant exhibited a striking accumulation of ubiquitin-positive structures in both the CNS and

DLM flight muscle (Figure 5). Further examination of the CNS using cell type-specific markers
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for neurons and glia demonstrated that ubiquitin-positive structures were restricted to neurons

and lacking in CNS glia.

A WT B vps24'/Df

(CNS) DLM (muscle) Thoracic ganglion ( DLM (muscle)

Thoracic ganglion CNS)

DAPI, TRA DAPI, TRA DAPI, TRA DAPI, TRA

Figure 5. Ubiquitin-positive compartments accumulate in neurons and muscle of the vps24!
mutant.

Confocal immunofluorescence images from wild-type (WT) (A) or vps24[1]/Df(3R)Exel6140
(vps24[1]/Df) mutant flies (B). Ubiquitin (UBI) staining indicates that the vps24! mutant
exhibits a marked increase in ubiquitin-positive compartments in CNS (a, b) and muscle (c,
d) with respect to WT. DAPI labeling of nuclei and autofluorescence from trachea (TRA)
appear in the same channel.

The preceding cellular phenotypes in the CNS neurons and DLM resulted from loss of VPS24
function. This was confirmed by rescue experiments analogous to those performed in the
behavior and lifespan studies. Neuronal expression of wild-type VPS24 produced clear rescue of

the neuronal phenotype, consistent with the observation that ubiquitin-positive structures were
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restricted to neurons. Similarly, the DLM phenotype was rescued by expression of the same

transgene in muscle.

Given the known function of VPS24 as a component of the ESCRT pathway, it was of
interest to determine whether the vps24! mutant phenotype includes an altered distribution of
ESCRT proteins. This was achieved through immunocytochemical studies of the endogenous
VPS28 protein in the vps24! mutant. VVPS28 is a component of the ESCRT-I complex that can
interact with ESCRT-11l1 components including VPS24. In the wild-type, VPS28 exhibited a
diffuse distribution in both the CNS and DLM. In contrast, the VPS28 distribution is altered
dramatically in the vps24! mutant and is strongly associated with the accumulated ubiquitin-
positive structures in both neurons and muscle. These observations suggest that the cellular
vps24! mutant phenotype involves disruption of ESCRT pathway function leading to aberrant
homeostasis in neurons and muscle.

Further characterization of the ubiquitin-positive structures observed in vps24! mutant
neurons and muscle revealed clear colocalization with two different lysosomal markers, the
lysosome-associated membrane protein (LAMP) (Pulipparacharuvil et al., 2005; Rohrer,
Schweizer, Russell, & Kornfeld, 1996; Saftig & Klumperman, 2009) and the lysosomal enzyme,
Cathepsin B (Csizmadia et al., 2018; Stoka, Turk, & Turk, 2016). These findings indicate that
the vps24! mutant exhibits an expanded lysosomal compartment highly enriched in ubiquitinated
proteins.

VPS24 and the ESCRT pathway are known to participate in autophagic degradation
mechanisms (Filimonenko et al., 2007; S. Yu & Melia, 2017) that may include lysophagy (Hung,
Chen, Yang, & Yuan Yang, 2013; Papadopoulos & Meyer, 2017). To investigate whether

autophagy is disrupted in the vps24! mutant, immunocytochemistry studies were carried out
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using markers for autophagic intermediates. The P62 protein plays a key role in autophagy as an

adaptor between ubiquitinated proteins and the ATG8a protein associated with nascent
autophagophores (Pankiv et al., 2007). P62 accumulation is typically interpreted as a disruption
of autophagy and accumulation of autophagic intermediates (Bjarkay et al., 2005; Filimonenko
et al., 2007; Gal, Strom, Kilty, Zhang, & Zhu, 2007). Examination of CNS neurons and DLMs
of the vps24! mutant revealed marked accumulation of endogenous P62 and its colocalization
with the ubiquitinated lysosomal compartment.

The preceding findings predict that ultrastructural analysis of the vps24! mutant
phenotype in CNS neurons and DLM flight muscle should reveal an expanded lysosome
compartment as well as accumulation of autophagic intermediates. These cell types were
examined by TEM and found to exhibit striking ultrastructural phenotypes suggesting disruption
of lysosome homeostasis and autophagy (Figure 6). Neuronal cell bodies, which are surrounded
by a thin layer of cytoplasm in wild-type, were dramatically enlarged in the vps24! mutant and
filled with an expanded, electron-dense membrane compartment (Figure 6A). Features of this
compartment included a highly electron-dense population of spherical structures identifiable as
autolysosomes (Nagy, Varga, Kovacs, Takats, & Juhasz, 2015; Takats et al., 2014; Tong et al.,
2012) as well as a striking tubular network that appeared continuous with some autolysosomes.
The distribution of autolysosomes and this tubular network throughout the enlarged cell body is
consistent with immunocytochemical studies showing the cell body largely occupied by a
ubiquitinated lysosome compartment. The spherical autolysosome-like structures connected to
the tubular network were less electron dense than those that appeared to be separate from it,
raising the possibility that this tubular network is related to tubular intermediates in lysosome

biogenesis (Chen & Yu, 2018; Saffi & Botelho, 2019; L. Yu et al., 2010). In muscle (Figure
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6B), accumulation of autolysosomes occurred near the plasma membrane in the vps24! mutant.

However, the tubular network was not observed. Finally, autophagic intermediates were present
in both CNS neurons and DLM flight muscle of the vps24! mutant, but not in the wildtype. As
described previously (Nagy et al., 2015; Takats et al., 2014), autophagophore or autophagosome
intermediates exhibited a characteristic cleft between membrane sheets. The presence of these

autophagic intermediates suggests moderate disruption of autophagy in the vps24! mutant.

Figure 6. Ultrastructural analysis of the vps24! mutant.

Transmission electron microscopy images of CNS neurons (A) and DLM (B) from WT (a)
or the vps24! mutant (b). In the vps24! mutant, accumulation of autolysosomes (arrows)
and tubular lysosome structures (double arrows) as well as autophagosomes (arrowheads)
are visible, whereas these structures are absent in WT. Extensive tubulation of lysosomal
compartments is prominent in the neuron of the mutant. In the muscle of the mutant,
mitochondria appear to be swollen.
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These ultrastructural studies confirm that loss of VPS24 function results in expansion of

the lysosomal compartment and disruption of autophagy. An expanded lysosome compartment
has not been described previously in ESCRT pathway mutants. Accumulation of a tubular
lysosomal network may be related to tubular intermediate structures in lysosome biogenesis and

suggest a novel role for the ESCRT pathway in lysosome homeostasis.



20
Chapter 4

Future Studies of VPS24 Structure-Function: Transgenic Expression of an MIM Domain
Mutant

Domain Structure of VPS24

The VPS24 protein consists of five helical domains (Bajorek et al., 2009; Muziot et al.,
2006) (Figure 7). al and a2 are joined into a long hairpin structure that associates with a3 and
a4 to form a four-helical bundle. Following the fourth helix is a long loop connecting it to a
final helix oriented perpendicular to the bundle. The N-terminus region of VPS24 is positively
charged, while the C-terminus region is negatively charged (Shim, Kimpler, & Hanson, 2007).
After the a5 helix, the VPS24 protein possesses a Microtubule and transport (MIT)-Interacting
Motif (MIM) domain, which is important in forming associations with MIT-domain-containing
proteins (Figure 7). Previous works have demonstrated that deletions within the C-terminus of
the protein results in ubiquitin accumulation in intracellular compartments (Shim et al., 2007),
similar to observations made with the vps24! mutant identified here.

Previous studies have shown that two amino acids at positions 0 and +1 within yeast and
human MIM domains, Arginine and Leucine, have a role in binding to MIT domains
(McCullough, Frost, & Sundquist, 2018; Obita et al., 2007; Stuchell-Brereton et al., 2007).
Another group demonstrated in Aspergillus nidulans that these same amino acids of the MIM
domain are essential for proper VPS24 binding to the effector protein PalB (Rodriguez-Galan,
Galindo, Hervas-Aguilar, Arst, & Pefialva, 2009). This structure is conserved between not only

these three organisms but also mice, Drosophila, C. elegans, and S. cerevisiae (Figure 7).
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Figure 7. Domain structure of VPS24.

Microtubule-interacting and transport (MIT)-interacting motif 1 (MIM1) domain present
in the VPS24 carboxy-terminal mediates binding interactions with MIT domain-containing
proteins. Mutations that disrupt MIT binding (R217D L218D) are indicated by the red
arrowhead. These mutations were introduced into the Drosophila EGFP-VPS24MMI
transgene. Alignment of VPS24 from human, mouse, Drosophila, C. elegans, and S.
cerevisiae. Amino acids changed in the mutant are marked with asterisks. Amino acid
identities (black) and similarities (gray) are shaded.

Molecular Construction of UAS-EGFP-vps24MiM]

In Drosophila VPS24, adjacent Arg and Leu residues are located at positions 217 and
218 of the MIM1 domain. The aforementioned study using A. nidulans generated a mutant form
of VPS24 by substituting these two amino acids with Aspartic Acid. This mutation disrupted
binding to an effector protein. Our lab is interested in the transgenic expression of a similar
R217D L218D mutation in the Drosophila VPS24 MIM1 domain to permit identification of
lysosome biogenesis pathway intermediates.

To construct the EGFP-vps24MMI mutant (R217D L218D) transgene, PCR site-directed
mutagenesis via overlap extension (Ho, Hunt, Horton, Pullen, & Pease, 1989) was utilized

(Figure 8).
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Figure 8. PCR-based site-specific mutagenesis.

Primers are represented at their annealing sites on the ds DNA template. Arrows indicate
the 5’ to 3’ orientation. Primer names correspond to those in Table 2. Primers b and c
were designed such that the desired mutation nucleotide sequence is flanked by the WT
sequence. The mutant sequence is denoted with small rectangles. (1) The 15t PCR with
primers a and b using WT DNA template yields PCR product AB. (2) The 2"d PCR with
primers ¢ and d using WT DNA template yields PCR product CD. (3) In the 3" PCR, the
denatured PCR products, AB and CD, anneal at the overlap and are extended 3’ by DNA
polymerase (dotted line) to form the mutant fragments (AB+CD). The mutant fragments

are further amplified by PCR with primers a and d.

The first PCR reaction used EGFP-vps24 in pBluescriptl SK- as the template and the vps24-01

and vps24 FM primers designed by our lab (Table 2). The second reaction used the same

template, although the primers were pBlue 222 and a designed vps24 RM (Table 2).

Table 2. Primers used to introduce the MIM domain mutation.

Name Nucleotide Sequence

vps24-01 atgggcttattcggcaga

vps24 FM gcagcgaggcGTCAT Cgctttgcatctc
vps24 RM gatgcaaagcGATGACgcctcgctgega
pBlue 222 tagggtgatggttcacgtag

Capital letters indicate substituted nucleotides to introduce the R217D L218D mutations.
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Following purification, both products were quantified and incorporated as the DNA template in a

third PCR using primers vps24-01 and pBlue 222. Both the mutant PCR product and EGFP-
vps24 in pBluscriptl SK- were digested in 60 ul reactions using BssH 11 and Kpn | restriction
enzymes (Figure 9A). The mutated 83 bp insert and pBluescriptl SK- vector were extracted and
ligated together. E. coli were transformed with the plasmid and individual colonies were
cultured. After mini prep extraction, additional 60 ul digestions of EGFP-vps24MMI mutant in
pBlue and halo K73T in pUAST transformation vector using Not | and Kpn I restriction enzymes
were done. As shown in Figure 9B, the desired fragments were isolated and ligated together

such that an EGFP-vps24M™MI mutant in pUAST plasmid was constructed.

A
EGIP-vps24IMIMI (R217D 1.218D)
in pBluescriptl SK-
B
" EGFP-yvps24MMI (R217D 1.218D)
in pUAST
589
(731) Byl Il BssH 11

Xbal

vps24 mutant

Not 1 Tldbp 672bp
Kpn I
(3422, 738) (3441, 657)

Figure 9. Generation of the EGFP-vps24MMI transgene construct in the pUAST vector.

(A) BssH 11 and Kpn | restriction sites (circled) were used to introduce the PCR fragment
containing the R217D and L218D mutations into the wild-type EGFP-vps24 transgene to
replace the corresponding wild-type sequence. (B) Not I and Kpn I restriction sites were
used to ligate the EGFP-vps24[MM] sequence into the pUAST transformation vector.
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Generation of Transgenic Lines

Generation of the UAS-EGFP-vps24MMI transgene construct was completed and
transgenic lines were established as described previously and in the Materials and Methods
(Chapter 2). Transgene expression levels driven by the neuron-specific Appl-GAL4 driver were
assessed in each line by Western blotting. EGFP-VPS24MMI expression levels for each line
were compared to that of the EGFP-VPS24 transgenic line used in the rescue experiments
(Figures 2 and 4). For these experiments, comparable expression levels of the mutant VPS24
fusion protein and the wild-type VPS24 fusion protein is desirable in order to compare their
functional defects. An anti-GFP antibody was used to detect expression of the transgene
products. The expression level in lines 17B1 and 61A was similar to that of EGFP-VPS24

(Figure 10) and thus these lines were selected for further analysis.
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Figure 10. Analysis of transgenic expression levels of individual EGFP-VPS24MM] |ings,

Western blot analysis of fly head homogenates prepared from WT flies and flies exhibiting
neuronal transgenic expression of a fusion protein, EGFP-VPS24, or EGFP-VPS24MIM],
The mutant VPS24 fusion protein (arrow) migrated at a slightly lower relative molecular
mass in comparison to wild-type VPS24 fusion protein. Expression in lines 17B1 and 61A
was similar to that of EGFP-VPS24. The bands detected with a-GFP were absent in WT.
ACTIN was used as an internal loading control.
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Chapter 5

Discussion and Future Directions

Our previous genetic screen revealed a new nonsense mutation in the Drosophila vps24
gene encoding a component of the ESCRT-I1I complex, VPS24, which functions in the highly
conserved ESCRT pathway. Behavioral testing showed this mutation led to a TS paralytic
phenotype. In this mutant, expression of WT VPS24 in neurons yielded rescue of the phenotype.
Through the lifespan and climbing analyses described in Chapter 3, the mutation was shown to
cause deficiencies in both locomotion and viability. Rescue experiments indicated neuronal
expression of WT VPS24 is essential for basic motor function and lifespan. Considering the role
of VPS24 in the ESCRT pathway, these results corroborate previous studies linking ESCRT-I1I
components to neurodegenerative disease.

To examine the cellular phenotype of the vps24! mutant, multiple immunocytochemistry
experiments were conducted. Ubiquitin-positive structures accumulated in the CNS and DLM of
the mutant. Interestingly, the only CNS cell types exhibiting high ubiquitin were neurons.

Given the ESCRT pathway’s role in lysosomal degradation, as well as prior findings that
neurons are less capable of maintaining proteostasis relative to other CNS cell types (Katsuno et
al., 2018), these results suggest proteostasis is being negatively impacted by the mutation. To
further support this conclusion, additional studies investigated the location of the ubiquitin-
positive structures and the mutation’s effect on the ESCRT and lysosomal degradation pathways.
Colocalization of ubiquitin to LAMP and Cathepsin B verified that the ubiquitin-positive
structures were present in expanded lysosomal compartments. Similarly, colocalization of
ubiquitin and VPS28, an ESCRT protein that associates with VPS24, in both neurons and muscle

suggested the mutant phenotype disrupts ESCRT pathway function. Accumulation of
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endogenous P62, an adaptor protein linking ubiquitinated proteins to autophagosome

membranes, demonstrated the buildup of autophagic intermediates and, thusly, autophagy
disruption in the vps24* mutant. On the basis of immunocytochemical studies, loss of VPS24
function hinders autophagic degradation and yields undegraded ubiquitinated proteins at the
lysosomal compartment. In addition, the observed expanded lysosome might reflect a novel role
for VPS24 in either lysosome turnover or formation. A role in turnover would be consistent with
ESCRT function in autophagic degradation of lysosomes and the observed accumulation of
ubiquitinated proteins. Alternatively, a role in lysosome formation would suggest that loss of
VVPS24 function leads to accumulation of lysosome intermediates that are arrested during
lysosome biogenesis.

TEM was utilized to analyze the ultrastructure of the mutant CNS and DLM. In mutant
neurons, cell bodies were enlarged and contained autolysosomes and a prominent tubular
lysosomal network, consistent with immunocytochemical evidence of expanded lysosomal
compartments. These expanded compartments have not been described in previous ESCRT
pathway mutants. Autolysosomes continuous with this network were less electron dense than
isolated autolysosomes, suggesting the tubular network is related to tubular intermediates in
lysosome biogenesis and providing evidence towards a novel role for the ESCRT pathway in
lysosome formation. In muscle, the presence of autophagic intermediates indicated the
disruption of autophagy.

To further examine the interaction of VPS24 with ESCRT pathway intermediates, we
established transgenic lines expressing the R17D L218D mutant form of VPS24. In ongoing
studies, we anticipate its MIM1 domain to be dysfunctional at intermediate membrane-associated

stages, where effector proteins execute lysophagy or membrane remodeling of the lysosome. If
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VPS24 functions exclusively in lysophagy, intermediates containing EGFP-VPS24MMI may be

colocalized with P62. A role for VPS24 in lysosome reformation from tubular lysosomes would
be indicated if EGFP-VPS24MMI distribution resembles that of Clathrin or Dynamin and
includes association with buds or neck regions of tubular lysosomes. Future studies will include
coimmunoprecipitation studies of EGFP-VPS24MM to jdentify VPS24-interacting proteins
within stalled intermediates.

The results reported in this thesis reveal disruption of lysosome homeostasis and
autophagy resulting from loss of VPS24 function. In addition, they suggest that the ESCRT
pathway functions in lysosome biogenesis through tubular intermediates. These studies further
our understanding of the ESCRT pathway’s role in cellular homeostasis and neurodegenerative
diseases associated with dysfunctional lysosomal degradation. Improving our grasp of the
molecular mechanisms underlying this process may contribute to the design of therapies for

NDD patients.
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