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Abstract

Frontotemporal dementia (FTD) is a neurodegenerative disease associated
with mutations in the microtubule binding protein Tau. The clinical presentation of
FTD is heterogeneous with patients exhibiting a range of parkinsonism, dementia,
atrophy in the temporal lobes, and personality changes. Treatments are limited to
mitigation of behavioral changes associated with FTD, but nothing exists to slow
the progression of disease. In our lab, we model FTD using Drosophila, which
allows us to conduct longitudinal studies to observe FTD progression throughout
the adult lifespan. Our FTD models show pathogenic phenotypes associated with
tauopathies. Recent work in model systems and post-mortem tissue has shown
that expression of FTD-associated mutant Tau may lead to epigenetic
modifications that alter gene expression. In Chapter 3 of this dissertation, we utilize
single-cell sequencing techniques to probe chromatin accessibility and gene
expression to assess human Tau FTD mutations in young and aged
adult Drosophila. Comparing the wildtype hTau to the FTD mutants revealed
differentially accessible regions in all cell populations, and notably many in the fat
body. Fhos, an actin nucleation gene, was increased both in accessibility and
expression within the fat body of the hTauk3%% mutant. To validate our finding, we
manipulated the expression of Fhos within the hTau*®°" mutant and characterized
behavioral phenotypes. In Chapter 4, we highlight the cell-type specific Fhos
phenotypes in the hTauk3®® mutant, present preliminary work on possible regions
of neurodegenerative susceptibility, screen additional hits from the sequencing
experiments and review the metabolic changes that could be impacting neuronal

function.



Chapter 1: Introduction




Frontotemporal Dementia

Cases of dementia are projected to triple by 2050 to 130 million worldwide
(Prince et al., 2015). The identification of early markers and preventative care
measures are necessary to alleviate the economic and personal burdens that
accompany dementia. The progressive memory loss associated with dementia
impacts patients’ ability to function in daily life. Other symptoms also impact the
quality of life for both patients and their families, including sleep disruption,
depression, personality changes, apathy, hyperphagia and locomotor changes
(Cardarelli et al., 2010). Current treatments can mitigate aspects of the behavioral
changes associated with FTD; however, no therapies are available to slow the
progression. Therefore, increasing our understanding of early biomarkers of
disease progression will be key to creating targeted therapies to help slow the
progression of disease.

Frontotemporal dementia (FTD) is a broad classification for three main
neurodegenerative diseases based on atrophy in the frontal and temporal lobes of
the brain: behavioral variant FTD (bvFTD), semantic dementia, and progressive
non-fluent aphasia. The frontal and temporal lobes of the brain are responsible for
our executive functioning, which includes planning, organizing, personality,
movement, speech, emotions, and memory (Ghetti et al.,, 2015). The clinical
presentation of FTD is heterogeneous with patients exhibiting a combination of
parkinsonism, dementia, depression, hyperorality, sleep disturbances and

personality changes (sleep disturbances are expanded on in Box 1; McCarter et



al., 2016). With an insidious onset and similarity to other neurodegenerative and

psychiatric disorders, diagnosis of FTD can be difficult (Elahi and Miller, 2017).

Box 1: Sleep disturbances in dementia patients

Sleep disturbances are common in patients with mild cognitive impairment
(Beaulieu-Bonneau and Hudon, 2009). Sleep disruption in dementia patients is
a strain on caregivers and negatively effects quality of life for many dementia
patients. Sleep is one of the most cited reasons for families choosing to move
elderly relatives into care facilities, which increases the economic burden of the
disease (Pollak and Perlick, 1991). Sleep is important in memory consolidation
and for clearance of metabolites from the brain (Kang et al., 2009; Rasch and
Born, 2013; Roh et al., 2012). Sleep disturbances have been shown to lower the
effectiveness of metabolite clearance in mice leading to increased amyloid beta
accumulation in the brain (Kang et al., 2009; Roh et al.,, 2012). Therefore,
researchers have postulated that perhaps sleep disturbances could precede
neurodegeneration. Whether sleep could be harnessed for preventative care is
unclear but hopefully, the dissection of how sleep modulates disease
progression could help lead to earlier detection. Targeted therapies to improve
sleep hygiene and monitoring of the aging population for sleep disruptions could
help to mitigate the dementia crisis in the coming decades and improve quality
of life for patients living with these disorders.

There are known causal genes associated with FTD (MAPT or Tau,
C9orf72, GRN, TBK1, SQSTM1, TARDBP), as well as a host of risk genes that
have been implicated in FTD (Sirkis et al., 2019). C9orf72 (20-30%), Tau (5-20%)
and GRN (5-25%) have the highest mutation frequency in familial FTD (Sirkis et
al., 2019). These estimates are likely to change in the coming years as more
patients are sequenced across the world and our ability to connect these mutations
to diagnostic labels improves. A 2020 metanalysis of case studies and patient data
from centers involved in the Frontotemporal Dementia Prevention Initiative found
that the disease diagnosis, age of onset and age of death varied for patients with
mutations in Tau, GRN and C9orf72 (Moore et al., 2020). The most common

disease diagnosis for patients with Tau mutations was bvFTD (44.8%) followed by
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unspecified dementia (34.6%) and then Parkinson’s disease (4.9%). Patients with
GRN mutations were also diagnosed with bvFTD and unspecified dementia
(37.8% and 30.6%, respectively), but the next highest classifications were non-
fluent variant primary progressive aphasia (9.1%) and Alzheimer’s disease (AD,;
8.2%). In contrast, the C9orf72 genetic group had 30.3% of patients diagnosed
with either amyotrophic lateral sclerosis (ALS) or FTD/ALS. These data highlight
the spectrum of patient symptoms and variability of diagnosis even within the same
genetic grouping. Patients with mutations in Tau exhibited the lowest age of onset
and death compared to the GRN and C9orf72 patients. The average age of onset
for FTD patients with a Tau mutation is 49 years of age with a life expectancy of
8.5 years after diagnosis (Ghetti et al., 2015). However, both age of onset and
death is highly variable depending on the genetic group and mutation, as well as
whether patients have ALS or parkinsonism pathology within the broader
classification of FTD.

In this dissertation, we focus on FTD-associated mutations in Tau. There
are more than 50 known Tau mutations that have been found associated with FTD
(Sirkis et al., 2019). In healthy brains, Tau aids in microtubule assembly and
stabilization to maintain axonal integrity and transport (Sotiropoulos et al., 2017).
Tau is found hyperphosphorylated and aggregated in neurofibrillary tangles of FTD
and AD patients (Ghetti et al., 2015). Tau has six isoforms and some FTD
mutations effect splicing of exons 2, 3 and 10, and thus dictate which isoforms are
expressed (Ghetti et al., 2015). Part of the clinical variability of FTD is thought to

depend on to which isoform of Tau is expressed (Ghetti et al., 2015). In the adult



brain, the ratio of isoforms with either three or four microtubule binding regions are
roughly equal (3R or 4R; Ghetti et al., 2015). In FTD, this ratio can be altered
depending on the Tau mutation (Liu and Gong, 2008). The mutations can also alter
phosphorylation of Tau and interfere with microtubule binding (Sotiropoulos et al.,
2017). Even within the same mutation, there is inconsistency in clinical symptoms,
age of onset and life expectancy in patients. Published case studies of familial and
sporadic cases of FTD emphasize the variability of clinical presentation between
patients. In this dissertation, we focus on three clinically distinct Tau mutations
(P301L, V337M and K369I). Case reports for each mutation are described in Box

2.



Box 2: Case reports of FTD patient disease progression

Case A: Patient with P301L Tau mutation with initial symptom of apathy.
One case report from Japan in 2018 describes a patient with the P301L mutation
in Tau that was sequenced post-mortem (Miki et al., 2018). Upon autopsy, the
pathology showed ballooned neurons with 4R Tau positive inclusions. Originally,
the patient exhibited apathy at age 51, which then resulted in him losing his job.
He had no indications of memory impairment, parkinsonism, loss of inhibition/
insight or change in living conditions, but was found to have frontal lobe atrophy.
At age 55, he developed speech impairment and parkinsonism. The patient died
of pneumonia at age 60 with a diagnosis of unspecified dementia. Miki et al.
(2018) underscores that the clinical symptoms until the middle stage of the
disease were inconsistent with FTD, but were more similar to a psychiatric
disorder. Other clinical cases with P301L mutations from the literature outlined
by Miki et al., (2018) showed personality changes, disinhibition, parkinsonism,
memory impairment, speech changes, depression, or apathy as initial
symptoms.

Case B: Family with V337M Tau mutation with variability onset and
duration. Over four generations, there were 18 affected family members with
an average age of onset of 51.5 years and average duration of illness of 13.8
years (Poorkaj et al., 1998; Domoto-Reilly et al., 2017). The initial symptoms
were “social withdrawal and reclusiveness, suspiciousness and paranoid ideas,
auditory hallucinations, and bizarre compulsive activities sometimes associated
with aggressive behavior” (Domoto-Reilly et al., 2017). Later symptoms included
“hyper oral behaviors, increased muscle tone, mutism, and myoclonic jerks”
(Domoto-Reilly et al., 2017). Domoto-Reilly et al. (2017) followed up on family
member IlI-5 and her son. She showed personality changes at age 47, which
included loss of inhibition. In her late 50s, she could no longer perform daily
tasks with reduced communication and cooperation, which resulted in her
moving in with family. By age 80, she was non-verbal and non-mobile. She died
at 92 of pneumonia, 45 years after disease onset. Her son exhibited anxiety
symptoms in his late 50s and has remained in the normal range for the mental
status exam at age 67. These cases demonstrate the varied nature of FTD even
within a single family with the same mutation.

Case C: K369 Tau mutation with initial depressive symptoms. At age 50,
she was treated for depression and retired two years later becoming socially
isolated, paranoid and withdrawing from family (Neumann et al., 2001). Within
a few years, she was not able to complete daily tasks with memory impairment,
mood changes and loss of insight. She had slight coordination phenotypes, but
no parkinsonism. She was diagnosed with presenile dementia and died of
bronchopneumonia at age 61. At autopsy, there were Pick body-like inclusions
with positive Tau staining and temporal lobe atrophy.




Modeling Tauopathy

Researchers have utilized FTD-associated mutations in Tau to understand
how Tau dysregulation leads to neurodegeneration. Tau is particularly interesting
as it is found aggregated in both primary and secondary tauopathies (Frost et al.,
2023). Primary tauopathies are classified as diseases where Tau is the causative
factor while secondary tauopathies are those where Tau is dysregulated later in
disease progression. Since patient sample procurement is restricted to post-
mortem tissue, our understanding of the progression and underlying pathogenic
mechanisms of these diseases are limited. Therefore, to address these issues
requires the use of model organisms and cell culture systems. Here, we discuss
an overview of some of the models used to study the cellular mechanisms of

tauopathy.

Given the high variability of patient symptoms and pathology, creating a
single model system for neurodegenerative diseases that recapitulates the human
condition is difficult (Ahmed et al., 2017). Each of the Tau models, across multiple
model systems, have served different purpose in our understanding of FTD.
Optimal models have disease progression over time, which allows for the study of
early phenotypes and identification of biomarkers. Post-mortem tissue aids in our
understanding of late-stage pathology but does not allow for the study of disease
progression at the cellular level due to the inability to biopsy the brain. Therefore,
to maintain the patient specific mutations in a human cell line, induced pluripotent
stem cells (iPSC)-derived cortical neurons have been used to understand the

cellular mechanisms in vitro. Fibroblasts derived from skin biopsies of non-
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demented controls and FTD/AD patients are reprogrammed to cortical neurons or
other cell types of interest (Fong et al., 2013; Paonessa et al., 2019; Lee and
Huang, 2017; Sposito et al., 2015). These cell culture systems are used to assess
Tau isoform expression, phosphorylation, aggregation, cellular/nuclear
morphology changes, drug discovery and more. However, these systems lack the
complexity of an in vivo system both in terms of cellular diversity and the inability

to study behavioral changes.

There are dozens of in vivo tauopathy models using mice, zebrafish, C.
elegans and Drosophila melanogaster (referred to as Drosophila). Mouse models
of FTD have used both wildtype human Tau and FTD-associated mutations to
study the function of Tau in vivo. These transgenic mouse models vary in the
promoter used to express the human Tau (Dujardin et al., 2015). Therefore, each
model has a unique subset of brain regions with Tau expression, differences in
expression level and in phenotypes observed (Dujardin et al., 2015). The models
vary in neurofibrillary deposition timing (process of tangle formation) ranging from
one month to 12-24 months and some models with none detected. The advantage
of using mice over other model systems is the ability to test higher complexity
behaviors, such as memory, anxiety, social interaction, eating behavior, muscle
wasting and parkinsonism-like features. A disadvantage of these Tau models is
the extended timeline, expense, and inability to quickly screen for modifiers of

disease.

Zebrafish is another vertebrate model used for studying tauopathies with

many established expression systems and quick breeding. One limitation of
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zebrafish is the duplication of the Tau gene in the zebrafish genome. This means
that there are multiple copies of zebrafish Tau as well as the expression of human
Tau, which may lead to overexpression phenotypes. Phosphorylation, cell death,
locomotion and Tau inclusions have all been assayed in the zebrafish model
(Giong et al.,, 2021). C. elegans have also been used to study aging and
tauopathies based on the ease of genetic manipulation, short lifespan, RNA
interference (RNAI) screening and a mapped cell lineage (Giong et al., 2021). In
these models, researchers have found decreased lifespan, abnormal
phosphorylation, synaptic defects, locomotion changes, cell loss, microtubule, and
mitochondrial phenotypes (Giong et al., 2021). No single model presents with all
characteristics of FTD from the molecular to behavioral levels. Thus, our
understanding of the mechanisms behind specific phenotypes necessitates the

use of multiple models within and across model organisms (Ahmed et al., 2017).

Drosophila Tauopathy Models

The humble fruit fly has earned its place in the lab for over a century.
Originally used due to their prolific procreation, it has provided researchers with
many fruitful discoveries. Although the Drosophila brain could fit on the tip of a
needle, it is responsible for complex behaviors, such as flight, odor sensing,
locomotion, sleep and has many of the same basic functional regions as
vertebrates. The field of behavioral neurogenetics began in Drosophila in Seymour

Benzer's lab and has evolved into an extensive field with the creation of many



behavioral tests to assay learning and memory, locomotion, sleep, feeding

preference and more.

Drosophila have been used to study Tau-induced neurodegeneration for
over 20 years. Most of the models utilize the UAS/GAL4 system, originally
discovered in yeast (Figure 4; used in Chapters 3 and 4; Brand and Perrimon,
1993). This system allows for the expression of short hairpin RNAi or cDNA
constructs in a tissue specific manner. Similar systems modifying the basic
UAS/GAL4 system allow for temporal- and tissue-specific expression (GAL80ts)
of the desired construct (Figure 5; used in Chapter 4.1). Many of the Drosophila
tauopathy models use this system to overexpress specific isoforms of human Tau
(hTau) either pan-neuronally, in the mushroom body (memory center of the brain)
or in the peripheral nervous system. The most common phenotypes tested are
memory, locomotion, microtubule stability, neuronal death, and phosphorylation
(Giong et al., 2021). One downside to the UAS/GAL4 system is that the spatial
expression and dosage are not consistent with the endogenous Drosophila Tau
(dTau). Even expression of wildtype hTau can lead to phenotypes when using the
UAS/GAL4 system (Giong et al., 2021). This system, however, is amenable to
creating double mutants to test for modifiers of Tau toxicity. A Drosophila screening
system for genetic interactors uses the UAS/GAL4 system to overexpress Tau in
the eye, which results in a rough eyed phenotype (used in Chapter 4.3). Co-
expressing candidate gene knockdowns or overexpression constructs with Tau
allows for quick assessment of potential modifiers. In the past few years,
alternatives to the UAS/GALA4 system have been created using CRISPR. One used
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CRISPR to edit the FTD-associated mutation into the orthologous nucleotide of the
dTau locus (Bukhari et al., 2024). In this dissertation, we utilize a CRISPR model
with hTau edited into the dTau locus allowing for the endogenous dTau promoter

to control expression of the hTau construct (Cassar et al., 2020; Law et al., 2022).

Specifically, we modeled the P301L, V337M and K369l FTD-associated
mutations using a CRISPR knock-in of 1N4R hTau into the dTau locus (Figure 1A,
B). We focus on the heterozygous mutant model as mutations in Tau are
autosomal dominant. One disadvantage to our model is the subtlety of phenotypes
in the heterozygous mutants and thus, we can also analyze homozygous mutant
phenotypes to evaluate the severity of the phenotype. Another limitation is the
restriction to a single isoform of hTau, 1N4R. This is an issue with using transgenic
animal models rather than iPSC lines. In our model, adult Drosophila expressing
FTD-associated mutations in hTau have age-dependent neurodegenerative
vacuoles, axonal changes, locomotion defects and impaired memory. Control flies
expressing normal wildtype hTau did not exhibit these phenotypes or displayed
phenotypes to a lesser extent than the mutants (Figure 1C; Cassar et al., 2020;
Law et al., 2022). This model has a slower development of phenotypes compared
to the previously described models (most UAS/GAL4 systems display phenotypes
at 10-days of age). The slower development of phenotypes allows us to conduct
longitudinal studies to observe disease progression throughout the adult lifespan.
For context, Drosophila reach sexual maturity within a day of eclosing from the
pupa and can live about 2-3 months (Sun et al., 2013). Prior to this study, we had
found memory impairment phenotypes in the heterozygous mutants occurring in
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adulthood at 14-days old, sleep and locomotion changes by 30-days old and

neurodegeneration at 60 days of age (Figure 1C; Cassar et al., 2020; Law et al.,

2022).

B
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Figure 1: FTD mutants recapitulate disease phenotypes seen in patients with
aging.

(A) The 1N4R isoform of human Tau was inserted into the Drosophila locus using
CRISPR for wildtype and three-FTD associated mutations (K3691, P301L, and
V337M). (B) Schematic of 1N4R isoform with four microtubule binding domains
and the location of the three FTD-associated mutations used in this dissertation.
(C) Timeline of disease phenotypes in the FTD-associated mutant adult flies
(Cassar et al., 2020; Law et al., 2022). Day 1 indicates eclosion from pupa.

Actin Dynamics in Aging and Tauopathy

Tauopathy animal and cell culture models allow for the study of molecular
mechanisms that drive neurodegeneration. One of the molecular mechanisms that

has been tied to neurodegenerative diseases is breakdown of regulation in the
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cytoskeleton. Actin is an essential component of the cytoskeleton, with roles in cell
signaling, gene transcription, mitochondrial function, autophagy, axonal
pathfinding, trafficking of organelles, and many more cellular processes (Dogterom
and Koenderink et al., 2019; Kast and Dominguez, 2017; lllescas et al., 2021,
Weston et al.,, 2012). Actin regulation genes work in concert to facilitate
polymerization, depolymerization, and actin bundling. Actin nucleation and
elongation is the process that allows for F-actin (filamentous actin) assembly from
G-actin monomers (i.e., formins, Spire, WASP). Actin polymers can also be
depolymerized by actin severing proteins (i.e., gelsolin and cofilin). It is well
accepted that the actin cytoskeleton is altered in aging and age-related diseases
(Lai and Wong, 2020). To understand how actin dynamics regulate aging, it is

necessary to dissect which actin processes can modulate age-related phenotypes.

Since this study utilizes the Drosophila tauopathy model, this section will
focus on the actin dynamic changes that have been discovered in aging and in
neurodegenerative models within the Drosophila system. Researchers have
observed abnormal actin rod formation, which increases with age in Drosophila
brains (Schmid et al., 2023 preprint). Adult neuronal-specific knockdown of actin
nucleation gene, Fhos (Formin homology 2 domain containing; FHOD in humans),
reduced age-associated action rods, increased survival, and enhanced olfactory
memory and locomotion (Schmid et al., 2023 preprint). Reducing Fhos levels also
improved autophagosome maturation and mitophagy. Actin dynamics are also
altered in dementia models. Investigation of alpha-synuclein cellular phenotypes,
a Parkinson’s risk gene, found trafficking deficiencies in autophagy and decreased
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mitochondrial fission tied to dysregulation of actin dynamics (Ordonez et al., 2018;
Sarkar et al., 2021). Knockdown of Fhos (to decrease actin nucleation) and
overexpression of gelsolin (to increase actin depolymerization) in neurons
expressing alpha-synuclein rescued the mitochondrial defects (Ordonez et al.,
2018). These studies demonstrated that altering actin dynamics can influence age-
and disease-related autophagy and mitochondrial function phenotypes. This is
particularly relevant to this dissertation as Fhos is found to be transcriptionally

dysregulated in our model of FTD and is a focus of this work (Chapter 3 and 4.1).

Similar to the work in alpha-synuclein, many studies have assessed how
Tau interacts with the cytoskeleton. Actin inclusions, called Hirano bodies, are
found in some tauopathies suggesting that actin dynamics could be involved in
neurodegenerative pathology. Pan-neuronal expression of human Tau FTD-
associated mutant, R406W (hTauR4%%W) with the UAS/GAL4 system has been
primarily used to test these mechanisms. Levels of F-actin and F-actin bundles
were increased in the hTauR4%W prains (Fulga et al., 2007). Tau protein was also
found in F-actin precipitates suggesting that Tau interacts with filamentous actin
(Fulga et al., 2007). Staining of Hirano bodies in patients has revealed both actin
and actin-related proteins, such as cofilin, are present in the inclusions (Maciver
and Harrington, 1995). Drosophila hTauR4%W mutants and a mouse model of the
FTD-associated mutation P301L have also displayed “actin-rich rod structures”
with actin and cofilin mimicking Hirano bodies found in patients (Fulga et al., 2007).
Lastly, researchers have also used the rough eye phenotype to look for Tau
disease modifiers. Using the hTauV3*"™™ mutant and wildtype hTau overexpressed
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in the eye, actin overexpression with the Tau mutant or wildtype exacerbated the
rough eye phenotype, while overexpression of cofilin (actin severing) partially
rescued the phenotype (Fulga et al., 2007). Similarly, cofilin overexpression
rescued F-actin levels, rod-inclusions, neuronal loss, and neurodegenerative
vacuoles (Fulga et al., 2007). Overall, these studies confirmed that Tau can induce
actin related phenotypes within multiple models, actin severing gene
overexpression can minimize phenotypes and that the mechanism could be due
to a direct interaction between Tau and F-actin. This work laid the groundwork for
future studies to assess how Tau mutations impact known actin-dependent
downstream systems such as mitochondrial dynamics and autophagy (Bardai et

al., 2018; Duboff et al., 2012; Ordonez et al., 2018).

Actin and actin-related proteins also have roles in the nucleus and at the
nuclear envelope (Weston et al., 2012). Both the mammalian FHOD1 and
Drosophila Fhos, which are known to enable actin nucleation, have been found to
translocate into the nucleus in response to programmed cell death (Anhezini et al.,
2012; Ménard et al., 2006). Mammalian FHODs have also been associated with
nuclear positioning and binding to the outer nuclear membrane protein, Nesprin
(Msp300 in Drosophila), a part of the LINC complex. The LINC complex spans the
nuclear membrane interacting with actin in the cytoplasm and Lamin in the nucleus
(Antoku et al., 2023). Lamin is key to the structural integrity of the nucleus and
lines the inner nuclear membrane. Increased actin polymerization by
overexpression of spire and wasp decreased Lamin levels and increased nuclear
invaginations (an abnormal nuclear membrane structure) in Drosophila brains
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(Frost et al.,, 2016). This was phenocopied when FTD-associated mutant
hTauR4%%W was expressed pan-neuronally and rescued when actin-severing
gelsolin was overexpressed in the hTauR4%%W prains (Frost et al., 2016). F-actin
was also shown to surround the nucleus near nuclear blebs in the hTauR4%%W prain
(Frost et al., 2016). Knockdown of Nesprin ortholog, Msp300, in the hTauR406W
brain rescued Lamin levels and neuronal loss (Frost et al., 2016). This suggests a
mechanism that could connect the actin and Tau to the nuclear phenotypes

associated with aging and age-related diseases discussed in the next section.

Neurodegeneration and the Nucleus

Organization of chromatin within the nucleus contributes to the regulation
of gene expression. Chromatin is organized into euchromatic or heterochromatic
regions, which results in the activation or repression of DNA elements,
respectively. Heterochromatin is a highly condensed chromatin and is
characterized by methylation of the histone 3 lysine 9 (H3K9) within the
nucleosome protein complex and the presence of Heterochromatin Protein 1
(HP1). HP1 is a chromodomain protein, which binds H3K9 tri-methylation
(H3K9me3) and facilitates the spread of the heterochromatin domain by recruiting
H3K9 methyltransferase complexes. These heterochromatic regions are
transcriptionally silent and heavily populated with repeat and transposable
elements. Within the nucleus, heterochromatin is localized to the nuclear periphery
and associates with nucleoskeleton proteins, such as Lamin (Romero-Bueno et

al., 2019). This nuclear architecture is necessary to maintain proper gene
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expression, mRNA transport and nuclear organization. With aging, the tight
regulation of nuclear organization begins to break down, which is especially
problematic in tissues with post-mitotic cells, such as the brain. Epigenetic
regulation is an active area of aging research and changes have been found in
DNA methylation, non-coding RNAs, histone modifications, and chromatin
condensation (Fenoglio et al., 2018; Liu et al., 2018; Maloney and Lahiri, 2016;
Winick-Ng and Rylett, 2018).

In 1997, Bryant Villeponteau proposed that aging was due to a progressive
loss of heterochromatin. Villeponteau hypothesized that heterodomains shrink with
age due to telomere shortening, replication and DNA damage. This shrinking
results in transcriptional dysregulation and expression of genes that would
otherwise be repressed (Villeponteau, 1997). The phenomenon of
heterochromatin loss with age has been found in C. elegans, Drosophila, and
human cultured cells collected from aged individuals (Haithcock et al., 2005;
Larson et al., 2012; Scaffidi and Misteli, 2006).

In C. elegans, Haithcock et al. (2005) found decreased heterochromatin at
the nuclear periphery in muscle, along with nuclear membrane structural changes
in muscle, hypodermal and intestinal cells with the progression of age. The nuclear
periphery within the nervous system, however, remained stable throughout aging
(Haithcock et al., 2005). Notably, C. elegans with decreased levels of Lamin had
markedly reduced lifespans compared to wildtype (Haithcock et al., 2005).
Heterochromatin loss with aging was also observed in Drosophila with decreased

levels of H3K9 methylation (Larson et al., 2012). Drosophila with increased HP1a
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expression lived longer, and HP1la mutants heterozygous for a loss of function
allele had shorter life spans than wildtype (Larson et al., 2012). These data support
the role of heterochromatin in aging. This was further confirmed in human
fibroblasts collected from humans greater than 68 years of age, which exhibited
decreased H3K9 methylation and HP1 levels compared with young individuals
(Scaffidi and Misteli, 2006). These results demonstrate the importance of
heterochromatin in longevity.

Researchers have also investigated the link between neurodegenerative
diseases and heterochromatin integrity. In addition to the synaptic and transport
functions, Tau has a role in maintaining heterochromatin integrity in the nucleus
(Sotiropoulos et al., 2017). Recent work has revealed abnormal nuclear membrane
structure and heterochromatin condensation as possible drivers of epigenetic
dysregulation in AD and FTD. Researchers have utilized FTD-associated Tau
mutants to investigate the nuclear role of Tau in dementia. Tau FTD-associated
mutant Drosophila (hTauR4%W) and mice (hTau3%) both displayed decreased
H3K9 methylation and HP1a levels, which are markers for heterochromatin (Frost
et al.,, 2014). When post-mortem human AD brain tissue was tested for
heterochromatin changes, there was a decrease in H3K9 methylation within sorted
neurons (Frost et al., 2014). This suggests that heterochromatin is decreased in
AD and tauopathy models.

Although studies have found decreased heterochromatin in FTD models
and AD patient cortical tissue, this is not universal in the field. Lee et al. (2020)

found an increase in the heterochromatin mark H3K9 methylation in post-mortem
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cortical AD tissue compared with normal controls. The heterochromatin foci in AD
patients appear clumped to one side of the nucleus in cortical neurons. This
appears contrary to other evidence of decreased heterochromatin in aging and
tauopathy models (Frost et al., 2014; Haithcock et al., 2005; Larson et al., 2012,
Scaffidi and Misteli, 2006). However, senescent-associated heterochromatin foci
(SAHF) have been reported with aging and suggest that, even with a loss of global
heterochromatin, there can be foci enriched for HP1, H3K9 methylation and
alternative histone macroH2A markers of SAHF (Sen et al., 2016).

Frost et al. (2016) speculated that the underlying cause of heterochromatin
changes in Tau mutants could be due to dysfunctional Lamin, the main structural
component of the nuclear envelope. This has been shown in progeria (premature
aging disease), where the Lamin A precursor is not cleaved, which prevents Lamin
A from interacting with other nuclear envelope proteins (Romero-Bueno et al.,
2019). To mimic this phenotype, Frost et al. (2016) removed the nuclear
membrane localization signal of Lamin and found decreased H3K9 methylation
and HPloa in the adult Drosophila brain. In the FTD-associated hTauR406W
Drosophila mutant, there was decreased levels of Lamin and increased nuclear
invaginations (Frost et al., 2016). In addition, with Lamin knocked down in the
hTauR4%W mutant, neuronal death was exacerbated (Frost et al., 2016). Nuclear
invaginations have also been characterized in FTD-associated Tau mutants in
IPSC-derived excitatory cortical neurons (MAPT IVS10+16, MAPTP301L,;
Paonessa et al., 2019). Disruptions in the nuclear lamina have also been found in

AD and FTD post-mortem brain tissue (Frost et al., 2016; Paonessa et al., 2019).
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How Tau alters Lamin to influence the relaxed heterochromatin state is still being
investigated. However, the working hypothesis is that mutant Tau stabilizes F-
actin, which in turn destabilizes the nuclear lamina through the LINC complex
resulting in invagination and dysregulation of gene expression through disruption
of heterochromatin (discussed in previous section; Frost et al., 2016).

In addition to changes in heterochromatin and nuclear invaginations,
microtubule invasion of the nuclear membrane is increased as well as the
localization of Tau to cell bodies (rather than axonal localization) in FTD-
associated Tau mutants (Paonessa et al., 2019). Further work by Paonessa et al.
(2019) suggests that these morphological changes in the nuclear membrane
influence RNA export and nucleocytoplasmic transport. Paonessa et al. (2019)
showed that disruption of nucleocytoplasmic transport in Tau FTD-associated
mutants was eliminated with microtubule polymerization inhibition. Tau FTD-
associated mutant Drosophila also display accumulation of polyadenylated RNA
at the invaginated regions (Cornelison et al., 2019). Inhibition of RNA export
reduced Tau FTD-associated toxicity (Cornelison et al., 2019). This further
supports that abnormal nuclear architecture in Tau mutants results in toxicity in the
brain. Based on these epigenetic alterations in Drosophila tauopathy models, we
decided to investigate genomics changes in our knock-in human FTD model
(Chapter 3).

A recurring mystery in aging research is why some people develop
dementia while others do not? These studies suggest that heterochromatin

alterations can modulate longevity and are associated with neurodegenerative
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diseases. The differences in the heterochromatin state across dementia models
and post-mortem tissue could be due to a multitude of reasons: pathological
severity, age of individuals/animals, differences across species, the underlying
genetic mutations, or variations across different cell types/brain regions. Also,
heterochromatin changes are just one component of epigenetic aging. No single
epigenetic change underlies aging. Further research is needed to fully delineate
how other epigenetic marks along with other aging factors, such as caloric intake

and oxidative damage, integrate to influence the aging epigenome.

Single-cell Genomics in Dementia Research

Most FTD research has focused on neuronal cell types, anatomical and
pathological phenotypes. However, neurons are not operating in isolation.
Neuronal function is highly reliant on glia for metabolic and synaptic support, as
well as metabolic tissues for energy homeostasis (Volkenhoff et al., 2015).
Therefore, it is important to understand the interaction between the neurons with
glia and other metabolic tissues within disease models. Interrogation of the cell-
type specific gene expression and chromatin state changes will help reveal how

the epigenome controls aging and age-related diseases.

Single-cell genomics is one way of investigating cell-type specific changes
within complex systems, like the brain, at a molecular resolution. The high
dimensionality of the data provides a broad view of the system allowing for
characterization of each cell type through the cell-type specific transcripts/genomic

regions. One of the main advantages of single-cell genomics is the ability for
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hypothesis generation. Another is the ability to use any animal model or patient
tissue sample so long as nuclei or cell isolation is robust. There have been many
studies using post-mortem tissue to look at gene regulatory network changes in
hopes of finding mechanisms of disease (Luquez et al.,, 2022). However, as
mentioned above, these are late-stage disease samples and do not reveal the
progression of the disease. Given that prevention or slowing of progression is the
aim, we need to use animal models as well to probe earlier timepoints for
mechanisms of action.

Given the genetic trackability of the Drosophila system, single-cell genomic
technologies and analysis techniques were quickly adapted for use in Drosophila.
There have been two major efforts to characterize aging in Drosophila using single-
cell RNA-seq (Davie et al., 2018; Lu et al., 2023). The first was focused on the
brain transcriptome and found that there was a decrease in oxidative
phosphorylation genes with aging (Davie et al., 2018). This work was expanded in
2023 to include the whole Drosophila body as part of the Aging Fly Cell Atlas
project (Lu et al., 2023). Single-cell RNA-seq has also been used to probe the
mechanisms of FTD-associated Tau mutations. Single-cell transcriptome analysis
of the UAS/GAL4 pan-neuronally expressed hTauR4%®W mutant and human AD
samples found cell-type specific enrichment of immune response genes in neurons
and glia (Wu et al., 2023). Bulk RNA-seq of whole heads in the UAS/GAL4 pan-
neuronally expressed hTauR4%W mutant also found upregulation of innate immune
response, synapse, cytoskeleton, and endocytosis (Mangleburg et al., 2020).

These studies used the UAS/GAL4 system expressing Tau pan-neuronally.
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Therefore, there could be artifacts in the single-cell dataset due to overexpression
phenotypes. However, given the amount of research that has been conducted to
dissect the mechanisms of Tau in this system, it is still interesting to compare these
molecular signatures to known phenotypes. Recently, Bukhari et al. (2024) utilized
CRISPR to introduce the P301L Tau mutation into the Drosophila locus (equivalent
mutation: P251L) and conducted single-cell RNA-seq on dissected 10-day old fly
brains. Similar to the hTauR4W mutant, the dTauP?*X mutant showed
dysregulation in the glia cell clusters. Specifically, changes in metabolism and actin
cytoskeleton from the protein interaction network analysis and learning from the
gene ontology enrichment.

When setting out on this project, we were primarily interested in
understanding differences in neuronal subtypes and glia within our FTD model. An
unanticipated benefit of using whole heads to isolate nuclei for the single-cell
assays was the inclusion of the fat body, which lines the head capsule. The fat
body is a multifunctional system that performs the functions of the human liver,
adipose tissue, and the innate immune system. This dissertation outlines some of
the key changes we see in the fat body and exemplifies the benefit of single-cell
genomics. Especially relevant to this dissertation, the Aging Fly Atlas found that
the adult fat body and pericerebral fat body ranked in top three for aging markers
(Lu et al., 2023). Specifically, decline of cell identity, number of differentially
expressed genes, nuclear changes and genes expressed with aging (Lu et al.,
2023). In addition, there are a high number of sex-specific differential genes

expressed between females and males in the adult fat body (Lu et al., 2023). From
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the Aging Fly Atlas, one can search for the expression profile of any gene across
the major Drosophila tissues. Similar references exist for human tissue, and both
the Drosophila and human atlases show that Tau is expressed in a wider variety
of cell-types than is typically discussed. Most notably for this dissertation, there is
low expression of Tau in adipose tissue and glial cells. Single-cell approaches
provide a glimpse of possible molecular mechanisms across cell-types allowing for

unbiased discovery.

Overview

Dissecting the mechanisms of neurodegeneration can be difficult due to the
cellular diversity in the brain and the interorgan communication. Single-cell
technology allows us to investigate the molecular mechanism within specific cell
types, which is not always apparent in bulk genomics. This dissertation has been
completed through the collaborative effort of the Adey and Kretzschmar labs,
bringing together expertise in single-cell technology development and
neurodegeneration, respectively. From the previous literature discussed in the
introduction, 1 hypothesized that FTD mutant Tau alters heterochromatin
distribution, which leads to disruption in gene expression and chromatin structure
early in disease progression producing or contributing to the behavioral and
neurodegenerative phenotypes seen in FTD pathology. In addition, | hypothesized
that the gene regulatory networks will vary depending on the FTD mutation as each
mutation is clinically distinct. | tested these hypotheses with the following aims: (1)

Use single-cell omics to assess how human Tau FTD mutations alter chromatin
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accessibility and gene expression in the young and aged adult Drosophila brain,
(2) Determine the role of novel candidate genes in our FTD Drosophila model
through genetic interaction tests. The experimental outline is presented in Figure
2 and Figure 3. Utilizing single-cell technology allowed us to understand how
mutant Tau affects distinct cell types and identify cell-type-specific candidates.

This approach led our investigation to an unexpected cell type, the fat body.

In this dissertation, | outline the reasoning for why the fat body is a
worthwhile organ to interrogate further in our model system and how it could apply
to human health and FTD. All strains used in this dissertation are listed in Table 1
as well as how the strain is described in the text for reference. Chapter 3 presents
the fat body as a tissue of interest and focuses on the discovery of a key gene,
Fhos, that is altered in the fat body specifically in the hTauk36% mutant. In Chapter
4.1, we show further validation of the unique role of Fhos in the fat body by
comparing behavioral effects from Fhos expression manipulation in neurons and
glia. In Chapter 4.2, we present preliminary data on potential regions of interest to
look for neurodegeneration in future experiments with Fhos. In Chapter 4.3, we
screened other potential candidates for future investigation based on candidate
genes from Chapter 3. Lastly, we propose a possible metabolic map based on
changes seen in gene expression in the hTau%3®® mutant. Overall, this dissertation
touches on many of the proposed mechanisms in the field — from changes in

metabolism in FTD patients to Tau’s interaction with the actin network.
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Figure 2: Schematic of single-cell genomics candidate discovery and
validation through genetic interaction behavioral experiments.

Concordant candidates from chromatin accessibility and gene expression
analyses were validated using the behavioral assays as a read out for toxicity.
(DE - differential expression, DA — differential accessibility). Double mutants with
hTau and candidate gene expression manipulation were created with the
UAS/GAL4 system described in the methods (Figure 4, Figure 6).
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Figure 3: Overview of dissertation by experimental assay and age of flies.

Age (days) indicates number of days of adulthood. Each experiment discussed in
the dissertation is shown with the corresponding age, FTD-associated mutation

and candidate gene tested.
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Chapter 2: Materials and Methods
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Data Presentation

All figures were created in BioRender.

Drosophila Stocks and Care

Knock-in Tau lines were created by removing the dTau coding region and
replacing it with the cDNA of the human Tau 1N4R isoform using CRISPR/Cas9
genomic editing (Cassar et al., 2020; Law et al., 2022). We have validated the
knock-in of hTau and loss of dTau by PCR and Western blots (Cassar et al., 2020;
Law et al., 2022). The knock-in background was originally w1118, but the lines
were backcrossed to CS when necessary for behavior. Flies were fed standard fly
food and kept at 25°C in a 12:12 hour light:dark cycle. Wildtype Canton S (CS),
provided by M. Heisenberg (University Wirzburg), was used as a control. The
UAS-EGFP-Fhos-FL (Lammel et al., 2014) was provided by C. Klambt (University
of Minster). The UAS-Fhos RNAI stock (#51391) was acquired from the
Bloomington Stock Center. The crossing scheme for the Fhos overexpression and
knockdown with the UAS/GAL4 system is outlined in Figure 4 and Figure 5.
Double mutants with hTau and candidates of interest (if construct was on the third
chromosome) were created by first recombining hTau with the necessary GAL4
driver (Figure 6). All genotypes and reference for how the fly is referred to in the
text can be found in Table 1. All stocks used in Chapter 4.3 were ordered from

Bloomington and the stock numbers are listed in the figures.
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Figure 4: Tissue-specific expression using the UAS/GALA4.

(A) Overexpression or knockdown constructs can be expressed in a tissue-specific
manner using the UAS/GAL4 system. Here, we use the gene Fhos as an example
for how the UAS/GAL4 system works. (B) In the offspring of the cross in A, the
GAL4 transcription factor is expressed in the fat body by controlling expression
with the AKhR promoter. Therefore, in the fat body, GAL4 can bind to the UAS-
Fhos (or Fhos-RNAI) to allow for expression. (C) Same as B but the expression of
the Fhos gene (UAS-Fhos or UAS-Fhos-RNAI) is in neuronal tissue using the Appl
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promoter. (D) In glia, we expressed only the UAS-Fhos-RNAI using the loco
promoter for GAL4, which is further explained in Chapter 4.
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Figure 5: Temporal tissue-specific expression with the UAS/GAL4/GAL80ts
system.

(A) The UAS/GAL4/GAL80ts system allows for both tissue-specific and temporal
control of construct expression using the Fhos gene. (B) In the offspring of the
cross in A, the GAL4 transcription factor is expressed in glia by controlling
expression with the loco promoter but at 18°C, GAL4 is blocked from activating
transcription by GAL80ts. (C) When the flies are grown at 29°C, the GALS8O0ts is
temperature sensitive and can no longer block GAL4 and thus the Fhos construct
can be transcribed. (D) Flies were grown at 18°C for development to prevent
lethality from Fhos overexpression and moved to 29°C between 1-2 days old to
allow for the expression of Fhos. Behavioral tests were conducted at 10-days of
age for young and 15-days of age for the old timepoint.
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Figure 6: Recombination crossing scheme to create AkhR-Gal4 or loco-
Gal4 with hTau transgenic lines.

The hTau cDNA construct and the AkhR-GAL4/loco-GAL4 are on the third
chromosome. This necessitated using recombination to then be able to create a
double mutant with the candidate genes from Chapter 3. The hTau and GAL4 lines
were crossed, and recombination of the chromosomes occurred in the germline of
the F1 generation. The virgin female F1 offspring were crossed to males from a
balancer strain with Dichaete (wing marker) on one chromosome and the Stubble
(bristle hairs) balancer on the other. Balancers prevent recombination due to
inversions within the chromosome. A single male F2 offspring was crossed with
the balancer strain virgin females to create a homogenous strain with a single
recombination event. RFP and red eyes were used to ensure that both the hTau
and GAL4 were present in the line.
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Table 1: List of genotypes and descriptions.

Genotype

Description

Referred to in text as

Canton-S

unedited control

CS

©Tau™V!

wildtype hTau control

hTau"" /hTau™™ homozygous
hTauV'T /CS heterozygous

hTauk30%! / hTauk30% homozygous

;hTau#09t K3691 mutant 4
au rutan hTauk*! /CS heterozygous
ye
hTau”3 /h T homozygous
;:IlTa11P301L P301L mutant . v
hTaumOlL/CS heterozygous
< TagV3™ V337M mutant hTau"/™ /hTa11V337M homozygous
” hTau¥#3™ /CS heterozygous
;;dTaud® dTau deletion using CRISPR line dTau® homozygous

;;AkhR-GAL4/CS

Fat body promotor
for GAL4 expression

driver control

.. UAS-EGFP-FHOS-FL
» CS

Fhos expression construct
with UAS promoter

Fhos overexpression construct control
(UAS-Fhos)

.. AkhR-GAL4
" UAS-EGFP-FHOS-FL

Fhos overexpression in fat body
using AkhR-GAL4

Fhos overexpression in fat body
(Fhos alone)

. AkhR-GAL4,hTau®™'™

hTau™" with AkhR-GAL4 construct

/' .
hTau™"" driver control

5

hTau®%%! with AkhR-GAL4 construct

hTau®*" driver control

AkhR,hTauV™
»UAS-EGFP-FHOS-FL

Fhos overexpression in fat body
. T g
in hTau™"'™ flies

hTauV" Fhos overexpression

AkhR,hTauX3691

Fhos overexpression in fat body
. 3691 g
in hTau®*%! flies

hTauX3%! Fhos overexpression

_P{ TRiP.HMJ21037} attp40 .

Cs
(UAS-Fhos-RNA1)

Fhos knockdown construct
driven by UAS

UAS-Fhos-RNAi
Fhos knockdown construct control

_UAS-Fhos-RNAi. AkhR-GAL4,hTau™™T
; + ; T ;

Fhos knockdown in fat body
in hTau™V" flies

hTau¥" Fhos knockdown

_UAS-Fhos-RNAi, AkhR-GAL4hTau®#%"
5 = 5 T ;

Fhos knockdown in fat body
in hTau**"! flies

hTau%%*! Fhos knockdown

..loco-GAL4
’ cS

’

Glia promotor for GAL4 expression

hTau®3! Fhos knockdown

.UAS-Fhos-RNAi . loco-GAL4,hTau™V™

; T ; 4 ;

Fhos knockdown in fat body
in hTau™"" flies

hTau¥" Fhos knockdown

. UAS-Fhos-RNAi, loco-GAL4,hTau®3%%"
+ ) +

1

Fhos knockdown in fat body
in hTau**%! flics

hTau®3! Fhos knockdown

. TubGALS0
+

loco-GAL4 .
¥ )

Glia promotor for GAL4 expression
under temperatur sensitive
control of GAL80"™

driver control

. TubGAL80" . loco-GAL4,hTauV™
5 T 5 T 5

hTau™" with loco-GAL4 construct

hTau™" driver control

loco-GAL4,hTauk309T |
T ;

. TubGALS0*
; T ;

hTau?%*! with loco-GAL4 construct

hTau %! driver control

loco-GAL4

. TubGALS0* .
’ +

} TAS—EGFP—Fhos—Fhos—FL*

Fhos overpression in Glia
controlled by incubator temperature (29° C)

Fhos overexpression
(Fhos alone)

loco-GAL4,hTau™™

. TubGAL80™ .
’ +

) UAS—EGFP—Fhos—Fhos—FL’

Fhos overpression in Glia
controlled by incubator temperature (29° C)
in hTau™" flies

hTauV" Fhos overexpression

loco-GAL4,hTauK369!

. TubGALS80*™ ,
’ +

' UAS—EGFP—Fhos—Fhos—FL ;

Fhos overpression in Glia
controlled by incubator temperature (29° C)

. 369 .
in hTau**! flies

hTau3%! Fhos overexpression

Appl-GALA
cs

Neuronal promotor
driving GAL4 expression
in hTau®*%" flies

driver control

. UAS-EGFP-Fhos-FL
i ¥

Fhos overexpression in neurons

lethal

Appl-GAL4 | hTauV'™
CS  » UAS—EGFP—Fhos—FL

Fhos overexpression in neurons
in hTau™"'™ flies

hTau"" Fhos overexpression

Appl-GAL4 ., hTauk3691
cs " UAS—EGFP—Fhos—FL

Fhos overexpression in neurons
. 3691 g:
in hTau***" flies

hTauX3%! Fhos overexpression

. GMR-GALA4,
) cs

GMR promotor for GAL4 expression

GMR control

UAS-hTauV?M = GMR-GAL4,
cs ) cs

hTau"/3™ overexpression
in eyes

73370 :
hTau"V33™ overexpression
(hTauV*3™ alone )
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Single-cell combinatorial indexing ATAC-seq

Nuclei Isolation

Flies (5-7 days and 30 days old) were frozen at -80°C and frozen heads
were collected using a sieve on dry ice (20-60 heads; Figure 7A). The heads were
gently sheared open using a Teflon homogenizing stick in 150ul of cold Nuclei
Isolation Buffer (NIB) (10 mM HEPES-KOH, pH 7.2 [Fisher, Cat. BP310-1], 10 mM
NaCl [Fisher, Cat. M-11624], 3 mM MgCI2 [Sigma, Cat. M8226], 0.1% IGEPAL
[viv; Sigma, 18896], 0.1% Tween-20 [v/v, Sigma, Cat. P7949], and 1x protease
inhibitor [Roche, Cat. 11836170001]). All contents were transferred to a 1mL
Dounce-homogenizer with 300pul of cold NIB and left for 5 minutes. The A (loose)
pestle was used 3-4 times to achieve a turbid solution then left to incubate for 15
minutes on ice. The B (tight) pestle was then used 3-4 times until the heads were
sheared and left to incubate for 15 minutes on ice. The solution was strained using
a 35 pM cell strainer and the nuclei concentration was determined using a

hemacytometer.
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Figure 7: Schematic of single-cell experimental workflows.

(A) For sciATAC-seq, flies were frozen at -80°C at either 5 or 30 days of age.
Heads were removed and homogenized in nuclei isolation buffer. The nuclei
were then tagmented to introduce the first index and then pooled by strain.
Pooling by strain ensured that we end with a comparable number of nuclei for
each strain. The nuclei were sorted based on the combinatorial indexing protocol
that allows for each cell to receive a unique set of barcodes. The PCR introduces
the second index for the two-barcode system. (B) For snRNA-seq, flies were
collected at 5-days of age and the fresh heads were homogenized in nuclei
isolation buffer. The 10X Chromium platform was used to introduce cell specific
barcodes and analyze the data.
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Nuclei Tagmentation (Tn5) and Combinatorial Indexing using PCR

Single cells were uniquely labeled using two rounds of indexing
(combinatorial indexing). The first round utilized transposase to introduce an index
into open regions of chromatin. Each 96 well plate used had a unique index oligo
pre-loaded into the Tn5. Fresh 4X TAPS buffer was diluted with cold NIB to 1X and
used to dilute nuclei to desired concentration of 200 nuclei/pl (132 mM TAPS (N-
[Tris(hydroxymethyl)methyl]-3-aminopropanesulfonic acid) pH=8.5, 264 mM
potassium acetate, 40 mM magnesium acetate, and 64% dimethylformamide). 10
ul of nuclei solution and 1.5 pl 8uM uniquely indexed transposase was added to
each well on ice (Picelli et al. 2014 transposase synthesis). The 96-well
tagmentation plates were then incubated on a thermomixer at 55°C with gentle
shaking at 300 rpm for 15 minutes. Once completed, the plates were immediately
returned to ice to prevent over-transposition and nuclei lysis. All wells for each
strain or experimental condition were pooled on ice. Each condition was pooled
separately to limit sorting bias to control conditions as was found in preliminary
workflow establishment tests. Nuclei were stained with DAPI (5mg/mL) prior to
sorting with the BD FACS Diva software (v8.0.1) on a Sony SH800 FACS machine.
Sorting 96-well plates with Transposase Neutralization Buffer (8.5 pl/well) were
prepared in advance and placed on ice (0.25 ul BSA [NEB, Cat. B9000S], 0.5 ul
1% SDS, 7.75 pl dH20 per well). Indexed PCR primers were added prior to sorting
(2.5l of 10 uMi5 indexed PCR Primer and 2.5 pl of 10 uM i7 indexed PCR Primer.
For each condition, 15 events per 96-well plate were sorted per PCR plate (e.g. if

two Tn5 96-well plates were used for condition 1, then 30 events of condition 1
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nuclei would be sorted into each well of the PCR plates; Figure 7A). After sorting,
the transposase was denatured, and nuclei were lysed at 55°C for 20 minutes in
the SDS Transposase Neutralization Buffer. The plates were spun down and
frozen at -20°C. The second index was added via PCR on the BioRad CFX real-
time cycler running CFX Manager (v3.1) software. 11.5 pl of PCR Master Mix was
added to each well of the 96-well nuclei sorted plates (5 pl 5x KAPA HiFi Buffer
(GC Buffer), 0.75 pl 10mM KAPA dNTP mix, 0.5 1U/uL KAPA HiFi DNA
Polymerase, 0.25 pl 100X SYBR Green |, 5ul dH20). The real time PCR was
performed with the following setup: 72°C 5min, 15-21 cycles of 98°C 30sec, 63°C
30sec, 72°C 1min, Plate Read, 72°C 20sec. The plate was pulled at the 72°C 20
second step when the plate reached a plateau, which was dependent on the
number of nuclei per well, which varied based on the number of initial Tn5 plates
(between 85-135 nuclei). The libraries were stored at -20°C after spin down. 10pl
from each PCR reaction was pooled and DNA was concentrated using the
Nucleospin Gel and PCR Clean-up kit and size selection using 1X SPRI beads
(DNA >200 bp). The DNA concentration was quantified using the Qubit 2.0
fluorometer High-Sensitivity kit and then diluted to 1ng/ul for library fragment size
and concentration measures using the Agilent Tapestation using a D1000 or

D5000 tape.

Sequencing Data Processing

The NextSeq 550 was used for all sequencing runs using custom chemistry

(Thornton et al., 2019). The “scitools” software (github.com/adeylab/scitools) was
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used to process the sequencing runs. The following “scitools” commands were
used to process the runs: fastq file creation (Nextseq2fastq -R, wrapper for
bcl2fastg (lllumina Inc., v2.19.0)), index assignment (fastqdump, hamming
distance of 2), alignment (fastg-align -r 10 -n -t 25 to dm6), merged bams by age
(samtools merge -n), remove PCR duplicates (bam-rmdup —n —t 10), check for
sequencing saturation and quality (plot-complexity), merged ages (5 and 30 day),
and filtered bam for cells with at least 1000 reads (scitools bam-filter —N 1000).
MACS3 callpeak was used for peak calling with the following settings: --call-
summits --shift -100 --extsize 200 --nomodel --keep-dup all (Cusanovich et al.,
2018). The peaks file was subtracted from the dm6 TSS file (utilized ensemble
dm6 tss bed files) to create a background file for TSS enrichment. All cells with
TSS lower than 2 were removed for downstream analysis (scitools filter-bam).
Peaks were called using macs3 callpeak with the filtered bam and read groups
were added to assign reads to the strain, age, and experiment indicator (scitools
bam-addrg). Bams were split by experiment (scitools bam-filter) for doublet
removal in ArchR (Granja et al., 2021). ArchR was utilized for all downstream
analysis with the following wused to create a custom genome:
BSgenome.Dmelanogaster.UCSC.dm6,TxDb.Dmelanogaster.UCSC.dm6.ensGe
ne (Granja et al., 2021). ArrowFiles were created for each experiment date with
the following parameters: minFrags=0, maxFrags=10000000, minTSS=0,
gsubExpression=":.*",addTileMat=T,addGeneScoreMat=T,excludeChr=c("chrM","
chrX_DS483995v1 random","chrY_DS483742v1 _random","chrY_DS483875v1 r

andom","chrY_DS483931v1_random”,"chrY_DS484142v1_random","chrY_DS48
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4530v1l_random”,"chrY_DS484530v1l_random","chrY_DS484909v1 random”,"ch
rY_DS485423v1l _random”,"chrY_DS485523v1_random","chrY_DS485938v1l_ran
dom","chrUn_CP007081v1","chrUn_CP007102v1","chrUn_CP007120v1","chrUn

_DS483646v1","chrun_DS483910v1","chrUn_DS484581v1","chrUn_DS484898v

1"), nChunk = 20, cleanTmp =T, force=T.

Analysis

R version 4.0.4 and 4.1.2 were used for following analyses depending on
the package compatibility. ArchR was used for all downstream analyses (Granja
et al.,, 2021). For dimensionality reduction, addlterativeLSl, addClusters, and
addUMAP were used with the following settings: excludeChr=c(“X",”Y”),
iterations=3,useMatrix="TileMatrix",varFeatures=25000,totalFeatures=200000,re
solution=2,sampleCells=10000,maxClusters=9,nNeighbors=30. addCellColData
was used to add annotations for experiment date, age, and strain. MAC3 peakset
was added using addPeakSet. The ATAC and RNA datasets were integrated to
assist with identifying cell classes. addGenelntegrationMatrix with the
GeneScoreMatrix was used to predict the mapping between the ATAC and RNA
clusters. To visualize the integration, the confusion matrix was plotted with the
fraction of total cells in the ATAC cluster that mapped to the given RNA cluster
using the confusionMatrix and pheatmap functions. At least 86% of the ATAC cells
mapped to the RNA clusters assigned using unconstrained integration. Curated
marker lists were used to assign cluster identity for ATAC and RNA sequencing

(Table 2). Differential accessibility was calculated using the getMarkerFeatures
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function with the Wilcoxon test and TSSEnrichment and log10(nFrags) bias for

both the GeneScoreMatrix and PeakMatrix. plotBrowserTrack was used to look at

accessibility tracks and plotMarkerHeatmap was used to plot curated marker gene

list.

Table 2: Marker gene list for cell-type identification.

Gene CELL TYPE Reference
repo glia Janssens et al., 2024
Gat glia Freeman et al., 2015
moody glia Janssens et al., 2024
nrv2 glia Gorska-Andrzejak et al., 2009
alrm glia Stork et al., 2012; Janssens et al., 2024
wrapper glia Coutinho-Budd et al., 2017
AdamTS-A glia DeSalvo et al., 2014 (as CG14869)
Indy glia DeSalvo et al., 2014; Janssens et al., 2024
Gs2 glia Kato et al., 2020
Mhc muscle gg;r;{g Atlas (ASAP, Lu et al., 2023); Janssens et al.,
up muscle Aging Atlas (ASAP, Lu et al., 2023)
Aging Atlas (ASAP, Lu et al., 2023); Janssens et al.,
sls muscle
2024
Hml hemocyte Janssens et al., 2024
srp hemocyte Ghosh et al., 2015
AkhR fat body Bharucha et al., 2008; Janssens et al., 2024
bmm fat body Gronke et al., 2005
fit fat body Sun et al., 2017
to fat body Dauwalder et al., 2002
Yp2 fat body Abrahamsen et al., 1993
Ypl fat body Abrahamsen et al., 1993
ninakE photoreceptor Zhu et al., 2009
ninaA photoreceptor Xu et al., 2004
ninaC photoreceptor Janssens et al., 2024
Rh3 photoreceptor Senthilan et al., 2019
Rh4 photoreceptor Senthilan et al., 2019
Rh5 photoreceptor Senthilan et al., 2019
Rh7 photoreceptor Senthilan et al., 2019
elav neuron Janssens et al., 2024
Sytl neuron Janssens et al., 2024
nSyb neuron Weaver et al., 2020
Gadl neuron Nassel et al., 2008; Enell et al., 2007
VGlut neuron Daniels et al., 2006
VAChT neuron Boppana et al., 2017
ple neuron White et al., 2010
ChAT neuron Yasuyama et al., 1996
brp neuron White et al., 2010
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Single-nuclei RNA-seq

Nuclei Isolation and 10X Chromium

Fresh fly heads (from 5-7 day old) were collected into 1XPBS (phosphate-
buffered saline) on ice (~20 heads) and gently homogenized using a Teflon
homogenizing stick in 150pl of cold Nuclei Isolation Buffer (NIB) (10 mM Tris HCI,
pH 7.4, 10 mM NaCl [Fisher, Cat. M-11624], 3 mM MgCI2 [Sigma, Cat. M8226],
0.1% IGEPAL [v/v; Sigma, 18896], 0.5% RNase Inhibitor Murine NEB [M0314S]).
The contents were transferred to a 1mL Dounce-homogenizer with 350 pl of cold
NIB and left for 5 minutes (Figure 7B). The A (loose) pestle was used 4 times to
achieve a turbid solution then left to incubate for 15 minutes on ice. The B (tight)
pestle was then used 4 times until the heads were sheared and left to incubate for
15 minutes on ice. The solution was strained using a 35 uM cell strainer and spun
at 500 rcf at 4°C for 10 minutes. The nuclei were twice washed with 400ul of the
NIB without IGEPAL. The nuclei concentration was determined using a
hemacytometer. The Chromium Single Cell 3' v3 protocol was used for index

introduction, library construction and sequencing.

Analysis

R version 4.0.4 and 4.1.2 were used for following analyses. The snRNA-
seq data was pre-processed using the CellRanger 6.1.2 software suite. The
Ensembl Drosophila_melanogaster.BDGP6.28.dna.*.fa.gz version was used to
create the genome assembly. The Adey Lab unidex was used to demultiplex the

sequencing runs (github.com/adeylab/unidex). Count matrices were created using
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cellranger count --expect-cells=10000 --include-introns --chemistry=SC3Pv3 for
each sample. To reduce noise, cellranger reanalyze --force-cells 10000 was used
prior to running Scrublet for doublet detection and removal with the expected
doublet rate of 7.6% based on the 10X protocol (Wolock et al., 2019). Reanalyze
was used to filter out doublets prior to running SoupX to remove ambient RNA
(Young et al., 2020). All downstream analysis was done using Seurat 4.1.0 (Hao
et al.,, 2021). The dataset was filter with the following: nFeature_ RNA > 200,
nFeature_ RNA < 4000 and percent.mt < 5. FindMarkers with the Wilcoxon test
was used for differential expression analysis. ID Converter (id.converter.R) was
used to fix gene IDs to match between the ATAC and RNA dataset

(github.com/hangoh/flybaseR).

Phototaxis
Flies were collected at day 1-3 then aged to 29-31 days (noted as 30 days

in “Results”) with fresh food vials given every 6—7 days. Flies were then sorted by
sex and starved overnight with damp tissue to provide water. The phototaxis
countercurrent apparatus was used for the fast phototaxis assays. Benzer (1967)
described the fast phototaxis behavioral test, which is conducted with a single light
source in the dark. Experimental conditions are described in Strauss and
Heisenberg (1993). The flies were allowed 6 seconds to make the transition
towards the light source for five consecutive iterations. A numeric value was
assigned to each fly based on which of the six vials it reached after the five

iterations (0,20,40,60,80,100). Statistical analysis was conducted with R using the
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Kruskal Wallis and Dunn’s test post hoc with Holm’s multiple comparisons
adjustment. We used the Kruskal Wallis test for the phototaxis data as the data
was not normal by the D’Agostino test and the conditions are independent. The

test uses ranks instead of values and tests if the groups have the same median.

Western Blot
To detect HP1a, 15 adult fly heads of mixed sex aged to 30 days were

dissected on an ice-cold plate, homogenized in 80 pl of 1.25X LDS Sample Buffer
(ThermoFisher B0O008) supplemented with 50 mM tris(2-carboxyethyl)phosphine
(TCEP) as a reducing agent along with protease and phosphatase inhibitors (Cell
Signaling Technology 5872S), and centrifuged at 10,000 x g for 10 min at 4 °C.
The supernatant was heated to 70°C for 10 minutes to denature proteins. The
equivalent of about two heads was electrophoresed through 8% bis-tris gels
(ThermoFisher NWO0082) to achieve separation of proteins, which were then
transferred to PVDF membranes (Millipore ISEQ85R). Membranes were blocked
with 10% nonfat dry milk dissolved in 1XTBST (Tris-buffered saline + 0.1%
TWEEN-20) then probed with primary and secondary antibodies using standard
western blotting procedures (mouse anti-HP1a (1:100; Wallrath, L.L.;
Developmental Studies Hybridoma Bank C1A9), mouse anti-GAPDH G-9 (1:1000;
Santa Cruz sc-365062), goat anti-mouse peroxidase conjugate (1:10,000; Jackson
ImmunoResearch 115-035-166)). Enhanced chemiluminescent substrate
(Michigan Diagnostics FWPDO02) was used to visualize bands. For the

quantification of protein levels, the intensity of the HP1a bands was measured and
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normalized to GAPDH using Fiji (Schindelin et al., 2012). The HP1a protein levels
for each strain were then compared to the mean level of hTau wildtype (hTau"T).
Statistical analysis was done using measurements from at least four independent
Western blots and GraphPad Prism with Kruskal-Wallis with Dunn’s multiple

comparisons to hTau"T,

Sleep
Sleep was assessed starting at 28-33 days of age (AKkhR-GAL4 and Appl-

GAL4) or 16-19 day old (loco-GAL4) female and male flies of the specified
genotypes using the Drosophila Activity Monitor Systems (DAMS). Flies were
placed individually in glass tubes with standard Drosophila food placed in one end
with a wax seal and the other end was sealed with a short piece of yarn. Tubes
were placed in DAMS model DAM2 monitors (TriKinetics, Waltham, MA, USA) and
activity data were recorded every minute for 3 full days in 12:12LD conditions.
Sleep bout was defined as 5 or more consecutive minutes of inactivity (Hendricks
and Sehgal, 2004). Activity is measured when the fly crosses a beam at the center
of the vial. The number of sleep bouts per day and sleep bout length data were
analyzed using ClockLab6 (version 6.1.02, Actimetrics, Wilmette, IL, USA). For
statistical analysis, one-way ANOVA with Bonferroni’s multiple comparisons tests
were used to compare all genotypes using GraphPad Prism (v6.07