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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 hTauK369I mutant. To validate our finding, we 

manipulated the expression of Fhos within the hTauK369I mutant and characterized 

behavioral phenotypes. In Chapter 4, we highlight the cell-type specific Fhos 

phenotypes in the hTauK369I 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.  
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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 
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al., 2016). With an insidious onset and similarity to other neurodegenerative and 

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

 

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 

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.  
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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 
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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.  
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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 III-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: K369I 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.  
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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 
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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/GAL4 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 K369I 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).  

 

 

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 (K369I, 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; Illescas 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 (hTauR406W), 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 hTauR406W brains (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 hTauR406W 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 hTauV337M 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 

hTauR406W was expressed pan-neuronally and rescued when actin-severing 

gelsolin was overexpressed in the hTauR406W brains (Frost et al., 2016). F-actin 

was also shown to surround the nucleus near nuclear blebs in the hTauR406W brain 

(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 HP1 
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expression lived longer, and HP1 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 (hTauR406W) and mice (hTauP301L) both displayed decreased 

H3K9 methylation and HP1 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 HP1 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 

hTauR406W 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 hTauR406W 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 hTauR406W 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 hTauR406W mutant, the dTauP251L 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, I 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, I hypothesized 

that the gene regulatory networks will vary depending on the FTD mutation as each 

mutation is clinically distinct. I 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, I 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 hTauK369I 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 hTauK369I 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 Würzburg), was used as a control. The 

UAS-EGFP-Fhos-FL (Lammel et al., 2014) was provided by C. Klämbt (University 

of Münster). 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.  

 



   

 

 30  
 

 

 

 

Figure 4: Tissue-specific expression using the UAS/GAL4. 

(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 GAL80ts 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. 
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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 150µl 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 MgCl2 [Sigma, Cat. M8226], 0.1% IGEPAL 

[v/v; Sigma, I8896], 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 300µl 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 µM 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/µl (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 

µl of nuclei solution and 1.5 µl 8µM 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 µl/well) were 

prepared in advance and placed on ice (0.25 µl BSA [NEB, Cat. B9000S], 0.5 µl 

1% SDS, 7.75 µl dH20 per well). Indexed PCR primers were added prior to sorting 

(2.5 µl of 10 µM i5 indexed PCR Primer and 2.5 µl of 10 µM 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 µl of PCR Master Mix was 

added to each well of the 96-well nuclei sorted plates (5 µl 5x KAPA HiFi Buffer 

(GC Buffer), 0.75 µl 10mM KAPA dNTP mix, 0.5 1U/µL KAPA HiFi DNA 

Polymerase, 0.25 µl 100X SYBR Green I, 5µl dH2O). 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. 10µl 

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/µl 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 

bcl2fastq (Illumina Inc., v2.19.0)), index assignment (fastqdump, hamming 

distance of 2), alignment (fastq-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 used 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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4530v1_random","chrY_DS484530v1_random","chrY_DS484909v1_random","ch

rY_DS485423v1_random","chrY_DS485523v1_random","chrY_DS485938v1_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, addIterativeLSI, 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. addGeneIntegrationMatrix 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 



   

 

 41  
 

 

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 Górska-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 
Aging Atlas (ASAP, Lu et al., 2023); Janssens et al., 
2024 

up muscle Aging Atlas (ASAP, Lu et al., 2023) 

sls muscle 
Aging Atlas (ASAP, Lu et al., 2023); Janssens et al., 
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 Grönke et al., 2005 

fit fat body Sun et al., 2017 

to fat body Dauwalder et al., 2002 

Yp2 fat body Abrahamsen et al., 1993 

Yp1 fat body Abrahamsen et al., 1993 

ninaE 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 

Syt1 neuron Janssens et al., 2024 

nSyb neuron Weaver et al., 2020 

Gad1 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 150µl of cold Nuclei Isolation Buffer (NIB) (10 mM Tris HCl, 

pH 7.4, 10 mM NaCl [Fisher, Cat. M-11624], 3 mM MgCl2 [Sigma, Cat. M8226], 

0.1% IGEPAL [v/v; Sigma, I8896], 0.5% RNase Inhibitor Murine NEB [M0314S]). 

The contents were transferred to a 1mL Dounce-homogenizer with 350 µl 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 µM cell strainer and spun 

at 500 rcf at 4°C for 10 minutes. The nuclei were twice washed with 400µl of the 

NIB without IGEPAL. The nuclei concentration was determined using a 

hemacytometer. The Chromium Single Cell 3ʹ 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 HP1α, 15 adult fly heads of mixed sex aged to 30 days were 

dissected on an ice-cold plate, homogenized in 80 μl of 1.25X LDS Sample Buffer 

(ThermoFisher B0008) 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 × 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 NW0082) 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-HP1α (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 FWPD02) was used to visualize bands. For the 

quantification of protein levels, the intensity of the HP1α bands was measured and 
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normalized to GAPDH using Fiji (Schindelin et al., 2012). The HP1α protein levels 

for each strain were then compared to the mean level of hTau wildtype (hTauWT). 

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 hTauWT.   

 

Sleep  

Sleep was assessed starting at 28-33 days of age (AkhR-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; GraphPad 

Software Inc. La Jolla, CA, USA).  
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Neurodegenerative vacuoles 

Adults at age 44-47 days were threaded into a collar with eyeless flies as 

markers for orientation. The protocol is described in depth in Sunderhaus and 

Kretzschmar (2016). The flies were fixed in Carnoy for 4 hours or overnight at room 

temperature (30 mL of 99% ethanol, 15 mL chloroform p.A. (C298-500, Fisher 

Chemical) and 5 mL acetic acid p.A (A38-500, Fisher Chemical). The flies were 

dehydrated at room temperature in 99% ethanol 2x30 minutes, 45 minutes in 

ethanol p.A. and overnight in Methyl Benzoate p.A. (126345000, Thermo 

Scientific). Next, the collars were placed into 1:1 Methyl Benzoate:Paraffin at 

<60C for 1 hour. The paraffin (22900700, Fisher) was then exchanged 6x over a 

3-hour period (every 30 minutes) at <60C. The collars were then placed into 

paraffin molds and left at room temperature to solidify. The excess paraffin was 

cut away to allow for slicing of the heads using a Leica Model 2040 Autocut 

Microtome. The brains were sliced into 7m thick ribbons. The paraffin was 

removed with SafeClearTM (23-314629, Fisher) 3x30 minutes at room temperature 

and the ribbons were mounted with PermountTM Mounting Medium (SP15-500, 

Fisher Chemical).  

 

Rough eye 

Flies between the ages of 5-10 days old were used to examine the rough 

eye phenotype. The GMR-GAL4 strain and UAS-hTauV337M; GMR-GAL4 were 

crossed with Canton-S for heterozygous controls for each experiment date to 

control for variability of the rough eye phenotype. Each candidate gene stock 
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(knockdown or overexpression) was crossed to both the GMR-GAL4 line and the 

UAS-hTauV337M; GMR-GAL4 to determine the effect of the candidate gene and the 

interaction between the candidate gene and hTauV337M (Figure 25). Bloomington 

stock numbers for each cross are included in the figures (Xrp1 36 and 37 reference 

internal Kretzschmar Lab stock numbers). The Leica MZ75 dissecting microscope 

with 5x magnification was used to evaluate the phenotype and a Canon EOS 6D 

camera without a lens with the following settings: 1/640s exposure and ISO 3200.  

 

Body Weight, Lipid Droplets and Metabolic Map 

Females and males were weighed separately in groups of 4-10 flies at 11-

and 30-days of age using the Mettler Toledo ME104 scale. For the lipid droplet 

pilot experiment, 45-day old adult fat bodies were dissected in 1xPBS with 0.1% 

Triton and fixed in 4% paraformaldehyde for 20 minutes. The preps were washed 

three times for 5 minutes each with 1xPBS and then stained with 1:1000 BODIPY 

(493/503, Cayman Chemical Company) in 1xPBS for 30 minutes. The wash steps 

were repeated, and the preps were mounted with glycerol and imaged immediately 

using the KEYENCE BZ-X inverted fluorescence microscope. The differentially 

expressed genes in hTauK369I/CS compared to hTauWT/CS were split into 

upregulated and downregulated based on the Log2FC. These lists were run 

through PANGEA (PAthway, Network and Gene-set Enrichment Analysis) A Multi-

Species Enrichment Tool using the following gene set lists: Drosophila Gene 

Ontology sets (SLIM2 GO BP, SLIM2 GO CC, SLIM2 GO MF), FlyBase Gene 

Group, FlyBase signaling pathway (experimental evidence), and KEGG Pathway 
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D.mel (Hu et al., 2023). The gene grouping aided in selecting pathways to focus 

on in the metabolic map. The map does not contain all differentially expressed 

genes but highlights genes of interest based on known functions in metabolism.    
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Introduction 

Aging is a major risk factor for many diseases, from cancer to 

neurodegenerative disorders. Over the past 20 years, studies have uncovered a 

complex model of epigenetic aging that includes heterochromatin loss, altered 

gene expression, aberrant DNA methylation, histone loss, changes in histone 

modifications, retrotransposition, and abnormal nuclear envelope structure (Booth 

and Brunet, 2016). Some or all of these age-associated changes in epigenetic 

regulation may provide a framework to explain why certain individuals develop 

dementia while others do not. Furthermore, the identification of specific epigenetic 

regulators that drive dementia may aid in the development of targeted therapies 

that go beyond symptom mitigation. 

Frontotemporal dementia (FTD) is a neurodegenerative disease with no 

current disease-modifying treatments. Presentation of FTD in humans is 

heterogeneous, as patients exhibit a spectrum of clinical manifestations, including 

parkinsonism, dementia, atrophy in the temporal lobes, and personality changes 

(Ghetti et al., 2015). Mutations in the microtubule-stabilizing protein Tau have been 

implicated as a genetic cause of FTD (Ghetti et al., 2015). In the healthy brain, Tau 

is required for microtubule assembly and stabilization in the cytoplasm, which is 

critical for axonal integrity and transport (Sotiropoulos et al., 2017). However, Tau 

is also found in the nucleus and has been shown to have a role in heterochromatin 

distribution, potentially serving as a source of epigenetic dysregulation, which 

could lead to aberrant gene expression in FTD and Alzheimer’s disease (AD) 

patients (Mansuroglu et al., 2016; Maina et al., 2018). Expression of FTD-
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associated mutant Tau in Drosophila neurons and in induced pluripotent stem cell-

derived excitatory cortical neurons leads to abnormal nuclear structure (nuclear 

invaginations) (Cornelison et al., 2019; Paonessa et al., 2019). Furthermore, 

Drosophila and mouse models with FTD-associated Tau mutations have 

decreased histone 3 lysine 9 methylation (H3K9me) and Heterochromatin Protein 

1 (HP1) levels, which are markers for heterochromatin (Frost et al., 2014). In 

contrast, Lee et al. (2020) found an increase in heterochromatin H3K9me in post-

mortem cortical AD tissue compared with normal controls (Lee et al., 2020). Taken 

together, these studies suggest a putative link between Tau mutations and 

pathogenic age-associated epigenetic alterations that may drive FTD and other 

forms of dementia. 

While it has been established that FTD Tau mutant models have alterations 

in nuclear organization, a breakdown of the cell types that are dysregulated at the 

genomic level has not been thoroughly assessed. Recent work leveraging single-

cell transcriptomics found immune-related changes in excitatory neuron and glia 

transcriptomes in Drosophila pan-neuronally expressing a human Tau with a FTD-

associated mutation (R406W; Wu et al., 2023). Another has looked at the 

equivalent mutation to P301L in Drosophila and found changes in mitochondrial 

gene networks (Bukhari et al., 2024). Here, we investigate the impact of patient-

associated FTD mutations in human Tau (hTau) at the single-cell level, using our 

established Drosophila FTD model that harbors the human Tau gene at the 

endogenous Drosophila Tau locus (Cassar et al., 2020; Law et al., 2022). We 

utilized Drosophila to model FTD because of the ease of genetic manipulation and 
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the availability of overexpression and knockdown fly lines to validate candidate 

modifier genes by genetic interaction. We have previously shown that flies 

heterozygous for FTD-associated mutations in hTau show disrupted axonal 

projection, sleep, locomotion, and memory impairment, which are features of FTD 

(Law et al., 2022). Using the knock-in model approach allowed us to look at 

epigenetic changes in all cell types where Tau is endogenously expressed. Here, 

we demonstrate that FTD-associated mutations elicit varied chromatin changes. 

Specifically, the variant hTauK369I exhibits altered chromatin patterns and gene 

expression in the actin regulator gene, Formin homology 2 domain containing 

(Fhos), within the pericerebral fat body cells. We confirmed that manipulation of 

Fhos expression in our FTD hTauK369I model modifies behavioral disease-

phenotype toxicity. This result agrees with the model of actin dysregulation in 

tauopathy.  

 

Results 

Disease-associated FTD mutants alter levels of heterochromatin protein 1 

In our FTD Drosophila model, we leveraged CRISPR/Cas9 to create knock-

in strains with the hTau gene inserted at the Drosophila Tau (dTau) locus (Figure 

8A; Cassar et al., 2020; Law et al., 2022). This allows for control of hTau 

expression level by the endogenous dTau regulatory machinery (Figure 8A; 

Cassar et al., 2020; Law et al., 2022). We focused on three mutations in hTau that 

are associated with FTD in humans with clinically distinct phenotypes: P301L, 

V337M, and K369I (Cassar et al., 2020; Law et al., 2022). To control for presence 
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of exogenous hTau and genetic background, we also inserted the1N4R wildtype 

hTau isoform (hTauWT). We used Canton-S (CS) flies as the unedited strain control.  

Changes in protein levels and nuclear distribution of heterochromatin 

markers, such as Heterochromatin Protein 1 (HP1), are one of the epigenetic 

changes seen in models of FTD/AD and patient tissue (Frost et al., 2014, Lee et 

al., 2020). Based on these findings, we examined whether Drosophila HP1α levels 

were changed in our Drosophila model with FTD-associated mutations (hTauP301L, 

hTauV337M, and hTauK369I). We first analyzed HP1α protein levels from 30-day old 

hTau homozygous fly heads, which we would expect to elicit more severe 

phenotypes than heterozygous mutants (Figure 8B, C). We found that hTauK369I 

and hTauV337M had significantly higher HP1α levels than hTauWT (Figure 8B, C). 

In the heterozygotes, the hTauK369I FTD mutant showed significantly increased 

HP1α protein levels compared to hTauWT (Figure 8D, E). This contrasts with 

previous results using hTauR406W FTD Drosophila model, which showed decreased 

HP1α and H3K9me (Frost et al., 2014). This difference could be due to the use of 

another FTD-associated mutation or the UAS/GAL4 system, which overexpresses 

the FTD mutant pan-neuronally, compared to our CRISPR model using the 

endogenous Drosophila Tau promoter. In contrast to Frost et al. (2014), a study of 

AD cortical tissue found increased H3K9me levels, but the work did not test HP1 

levels (Lee et al., 2020). This inconsistency within the field could also be due to 

age of testing and/or a tissue specific mechanism. Nevertheless, the changes 

found in HP1α in our model suggests that there could be chromatin accessibility 
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and gene expression changes in our knock-in FTD models, motivating our 

assessment of these properties. 

 

Figure 8: hTauK369I variant increases the levels of HP1α in 30-day old flies.  

(A) Human Tau (hTau) cDNA of 1N4R was inserted using CRISPR/Cas9 at the 
Drosophila tau promoter. CS was used as the control line with no insertions and 
hTau wildtype (hTauWT) was used to control for presence of normal hTau. (B, D) 
Representative Western blots of HP1α with GAPDH loading control from 
homozygous (B) and heterozygous (D) hTau whole head lysates. (C) Homozygous 
hTauK369I and hTauV337M have significantly increased levels of HP1α. (E) 
Heterozygous hTauK369I has significantly increased levels of HP1α. Quantification 



   

 

 55  
 

 

was done from 4 or 5 independent biological replicates. SEMs are indicated. 
Kruskal-Wallis with Dunn’s multiple comparisons to hTauWT with *p<0.05. 
(Westerns run and analyzed by Alex Law). 

 

Chromatin accessibility and gene expression changes in FTD-associated 

mutants 

Due to the changes in HP1α levels in our models, we tested whether the 

mutations affect chromatin accessibility and/or the transcriptome. The 

heterogeneity of clinical presentations across FTD patients led us to look at 

whether there were distinct epigenetic changes in chromatin state and gene 

expression depending on the mutation (Figure 9A). As Tau is expressed in a wide 

variety of cell types, including neurons, glia, and fat cells based on the Single-Cell 

Fly Atlas and Human Protein Atlas, we employed single-cell genomics to allow for 

analysis of cell-type specific changes (Supplemental Figure 1G). Specifically, we 

leveraged Single-Cell Combinatorial Indexing Assay for Transposase Accessible 

Chromatin (sciATAC-seq) to examine whether patient mutations exhibited different 

epigenetic states within specific cell types. These efforts were carried out 

alongside Single-Nuclei RNA sequencing using the 10X Genomics platform to 

assess transcriptional changes. To validate our genomic findings, we aimed to 

identify genes of interest that were mutation and cell-type specific as well as 

concordant between the differential accessibility and expression analyses 

compared to the hTauWT heterozygous control (Figure 9A).  

We conducted sciATAC-seq for whole heads of 5 and 30-day old flies 

(mixed males and females) with the three clinically distinct FTD-associated 
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mutations, wildtype hTauWT, and CS (Figure 9A; Supplemental Figure 2). We 

also included a dTau deletion (dTaudel) as a control for loss of dTau due to insertion 

of hTau (Figure 9A; Supplemental Figure 1B-D; Supplemental Figure 2). This 

dataset consists of 98,838 cells, which were clustered into broad cell classifications 

(Figure 9B). Cell typing was performed using a curated list of marker genes based 

on literature review and aggregating highly similar clusters into the broader cell 

type classes within the head: neurons, glia, fat body, muscle, hemocytes, and 

photoreceptors (Table 2; Figure 9D, E). We focused on 5-day old flies to assess 

changes between our FTD mutants and wildtype that occur early in disease 

progression, possibly contributing to pathology rather than being a consequence 

of the pathology. The 30-day old dataset was used to check if the changes found 

at 5 days of age persisted over time. We also focused our investigation on the 

heterozygous mutants as FTD patients are heterozygous for Tau mutations (Ghetti 

et al., 2015). Homozygous FTD hTauK369I mutant flies were used to detect more 

subtle phenotypes that might not be detectable in the heterozygotes. For the 

single-nuclei RNA-seq, comprising of 36,798 nuclei, we focused on flies with the 

hTauK369I mutation because only hTauK369I heterozygous flies showed changes in 

HP1α protein levels (Supplemental Figure 1E, F; Figure 8D, E). To map our sci-

ATAC-seq cell-typing to the snRNA-seq, we employed unconstrained integration 

using ArchR, restricting our analysis to 5-days of age to avoid changes due to 

aging from confounding our cell type identification (Supplemental Figure 1; 

Figure 9D, E; Granja et al., 2021). Equivalent clusters were determined based on 

the integration confusion matrix and clusters were paired between ATAC and RNA 
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based on the highest fraction(s) of agreement (for all assigned ATAC clusters, 

>86% of each ATAC cluster was assigned to at most two RNA clusters; 

Supplemental Figure 1A; Granja et al., 2021). Integration was confirmed through 

known marker genes, which were consistent across equivalent clusters within the 

ATAC and RNA datasets (Figure 9D, E, F).   

Due to the distinct clinical presentations in FTD patients, we speculated that 

there would be unique regions of chromatin disruption depending on the variant. 

We conducted a differential accessibility analysis between each mutant hTau and 

hTauWT to identify putative sites of Tau-mediated chromatin disruption. Since 

hTauK369I had the most prominent effects on HP1α levels, we were particularly 

interested in regions specific to the hTauK369I variant. In the 5-day old dataset, the 

fat body cell cluster had substantially more differentially accessible peaks across 

all chromosomes when comparing the mutants to hTauWT, including interesting 

candidate regions that were specific to the hTauK369I variant (Figure 10A; 

Supplemental Figure 3). This observation was consistent in the snRNA-seq 

dataset with the hTauK369I mutant, which also had a high number of differentially 

expressed genes within the fat body cluster (Figure 10B). Based on this finding, 

we used the ArchR gene scores to look for genes that had changes in accessibility 

and gene expression in the hTauK369I/CS mutant compared to hTauWT/CS within 

the fat body cluster (Granja et al., 2021).  

In the fat body cluster, we found that there were five genes that had 

significantly changed gene score accessibility (FDR <= 0.05) and gene expression 

(p <= 0.05) in 5-day old heads: apolpp, CG42329, Fhos, CG13704 and Ten-a 
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(Figure 10C). We utilized gene score in this comparison as this metric considers 

the differential accessibility in the distal regions and the gene body and thus, can 

be more readily compared to gene expression (Granja et al., 2021). Apolpp had 

decreased accessibility and gene expression in heterozygous hTauK369I compared 

to heterozygous hTauWT in 5-day old flies. Apolpp is a lipid carrier, which is 

assembled in the fat body and secreted to transport lipids to other tissues (Palm 

et al., 2012). It can also cross the blood brain barrier (Palm et al., 2012). In larvae, 

research has found that it accounts for 95% of the hemolymph lipids and knocking 

down apolpp in larva stages leads to impaired lipid transport as well as bigger 

neutral lipid droplets in the gut (Palm et al., 2012). This suggests that the hTauK369I 

flies could have reduced hemolymph lipoprotein levels and potentially an increase 

in gut lipids due to insufficient mobilization. It is possible that the decrease in the 

expression of apolpp in the fat body in hTauK369I could affect lipid transport into the 

brain and contribute to neurodegenerative phenotypes. Another gene that was 

differential changed in both ATAC and RNA was CG13704 (also known as hoka) 

and is known to act at the intestinal barrier, but there is no known human ortholog 

(Izumi et al., 2021). This hit was changed in the dTaudel and heterozygous hTauK369I 

compared to heterozygous hTauWT suggesting a loss of function mechanism and 

could be interesting for future work. Ten-a was also found in both the ATAC and 

RNA differential markers analysis for heterozygous hTauK369I, CS and dTaudel 

compared to heterozygous hTauWT and is known to be involved in synapse 

function (DePew et al., 2019). CG42329 is an acyltransferase that is expressed 

normally in the fat body as a cyclic transcript, which peaks in the late night and is 
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controlled by the local fat body clock (Xu et al., 2011 (Symbol Synonym - CG5156)). 

It was found to have decreased expression in CS, dTaudel and heterozygous 

hTauK369I compared to heterozygous hTauWT. This is an interesting gene for future 

work based on its relationship to the clock and the link between sleep disruption 

and dementia.  

Within the fat body cluster, Fhos, Formin homology 2 domain containing, 

had increased chromatin accessibility and gene expression in heterozygous 

hTauK369I (ATAC FDR=1.85E-05, FC=3.61; RNA Bonferroni adjusted p-

value=9.81E-39, FC=1.17) and dTaudel (ATAC FDR=4.37E-09, FC=2.99; RNA 

Bonferroni adjusted p-value=9.25E-51, FC=1.02) compared to heterozygous 

hTauWT in 5-day old flies (Figure 11A-B). This increase was also seen in the 

homozygous hTauK369I mutant in our chromatin accessibility (ATAC FDR=1.48E-

05, FC=4.43), but was not seen in either of the other FTD-associated variants, 

hTauP301L or hTauV337M within the fat body cluster in 5-day old flies (Figure 11A). 

Formins are known to facilitate actin nucleation and bundle actin, which has been 

shown in vitro with Drosophila Fhos (Patel et al., 2018). Also, actin dysregulation 

has been implicated in other tauopathy models and in aging. This positioned Fhos 

as an interesting candidate for further investigation (Bardai et al., 2018; Fulga et 

al., 2007; Schmid et al., 2023 preprint; Ordonez et al., 2018). The candidate 

accessibility peak in Fhos lies upstream from the 5’UTR for the shorter isoforms 

(chr3L:8766288-8766438; Figure 11A). This peak is also differentially accessible 

in the fat body cluster at 30-day old in the homozygous hTauK369I (ATAC 

FDR=2.42E-08, FC=2.05) and dTaudel (ATAC FDR=2.88E-05, FC=2.13) 
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compared to heterozygous hTauWT (Supplemental Figure 4A). In the neuronal 

cluster, there was also an increase in expression when comparing heterozygous 

hTauK369I and dTaudel to the heterozygous hTauWT control, but not as strong as the 

fat body cluster (Figure 11B). Our accessibility and expression datasets showed 

all strains had a strong signal in the glial cluster (Figure 11A, B). This finding 

suggests that Fhos may be an early modifier of Tau-related toxicity for the 

hTauK369I variant, specifically in the fat body, which we aimed to validate by genetic 

interactions. 
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Figure 9: Cell-typing of single-cell genomics of FTD-associated mutants in 
Drosophila model. 

(A) Overview of the single-cell genomics discovery of candidates of interest for 
behavioral validation. (B) UMAP of Single-Cell Combinatorial Indexing Assay for 
Transposase Accessible Chromatin (sciATAC-seq) of day 5 and day 30 of 
heterozygous hTauWT, hTauV337M, hTauP301L, hTauK369I (hetero- and homozygous), 
Drosophila tau deletion (dTaudel, homozygous) and Canton-S (CS). (C) UMAP of 
Single-nuclei RNA sequencing (snRNA-seq) of day 5 heterozygous hTauWT, 

hTauK369I, dTaudel (homozygous) and CS. Heterozygous flies were created by 
crossing the hTau line with CS. (D) Differential accessibility of curated list of marker 
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genes calculated by gene scores in ArchR (gene score calculation described in 
Granja et al., 2021). (E) Average expression of marker genes using Seurat (Hao 
et al., 2021). Dot size indicates the percent of cells that express the marker in the 
specified cluster. (F) Relative counts (ATAC) and expression (RNA) UMAPs of 
marker genes for the neuron (VAChT), glia (repo) and fat body (AkhR) cluster 
(ATAC - left column; RNA - right column). 
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Figure 10: Differentially accessible peaks and gene expression in FTD-
associated mutants compared to hTauWT in day 5 shows changes within the 
fat body cluster. 

(A) The fat body cluster showed high numbers of differential accessible peaks 
across all chromosomes at day 5 for each strain versus hTauWT/CS (color 
corresponds to strain compared to hTauWT/CS and size indicates the –log10 of the 
FDR with FDR filtered for <= 0.05, Wilcoxon Rank Sum test). (B) Top 50 
differentially expressed genes at day 5 in hTauK369I/CS compared to hTauWT/CS 
(filtered for p<0.01 with Wilcoxon Rank Sum test and the Bonferroni adjustment 
and log2FC>0.25, color corresponds to strain compared to hTauWT/CS, X indicates 
that the gene is not differentially expressed in the strain compared to hTauWT/CS 
and the size corresponds to the –log10 of adjusted p-value). (C) Intersection of 
significant differentially accessible (using ArchR gene score) and expressed genes 
within the fat body cluster in hTauK369I/CS compared to hTauWT/CS (d indicates 
that the gene is also significantly changed in the dTaudel compared to hTauWT/CS; 
c indicates that the gene is also changed in CS compared to hTauWT/CS, 
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suggesting a background effect). Filtered for FDR (ATAC) or Bonferroni adjusted 
p-value (RNA)<=0.05.  
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Figure 11: Early change in chromatin accessibility at day 5 within hTauK369I 
in the Fhos gene translates to increased expression, specifically in the fat 
body and neuronal clusters. 

(A) Coverage of chromatin accessibility in 5-day old heads normalized by reads in 
transcriptional start sites using ArchR (Granja et al., 2021). Increased accessibility 
is seen within the coding region of Fhos in the fat body (FB cluster) and neurons 
(N cluster) in hTauK369I and dTaudel, which is not seen in the glial cluster (G cluster) 
(Arrow denotes peak of interest at TSS of shorter isoforms and line with dot shows 
TSS of longer isoforms). (B) Expression of Fhos in the fat body, neuron and glia 
clusters showing an increase of expression compared to hTauWT in the fat body 
and neuron clusters for hTauK369I and dTaudel. Bonferroni adjusted P-value. 
FlyBase Drosophila melanogaster (r6.56) JBrowse was used for the isoform 
schematic in A.   



   

 

 66  
 

 

FTD mutant hTauK369I has reduced locomotor drive in aged females 

Changes in locomotion occur in a subset of patients with FTD. Previous 

work in the lab has shown that fast phototaxis is an effective read out for age-

related decreases in locomotion in the hTau mutants (Cassar et al., 2020; Law et 

al, 2022). In this assay, the flies’ innate response to light drives the fly forward in 

the counter-current apparatus. More active flies move towards the light, and thus 

have a higher percentage of “transition to light” as the flies get farther in the 

counter-current apparatus. To validate locomotion as a positive readout for FTD 

flies, the locomotion of hTauK369I heterozygous flies was compared to CS and 

heterozygous hTauWT controls at 14 and 30 days of age. We found that aged 

females (30 days) displayed decreased locomotor drive compared to both CS and 

heterozygous hTauWT controls (Supplemental Figure 5B). We did not see any 

significant difference in 14-day old females or in males at either age 

(Supplemental Figure 5A, C, D). This demonstrated that we could use locomotion 

as a hTauK369I age-related phenotype for genetic interaction experiments with our 

candidate gene, Fhos. 

 

Fhos overexpression in the fat body induces decreased locomotor drive in 

aged flies 

Prior to testing whether Fhos expression in the fat body impacted the Tau-

associated locomotion phenotype, we needed to first understand the effect of Fhos 

expression manipulation alone in our control flies with dTau. To test whether Fhos 

overexpression in the fat body impairs locomotion, we utilized the UAS/GAL4 
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system with the AkhR promoter to induce overexpression (UAS-Fhos) or 

knockdown (UAS-Fhos-RNAi) of Fhos (Figure 4B shows the crossing schematic 

for this experiment). In 14-day old flies, Fhos overexpression decreased locomotor 

drive in females and males, compared to the driver (AkhR-GAL4) controls (Figure 

12A, C). With aging (30 days), Fhos overexpression resulted in a significant 

decrease in locomotor drive compared to both the driver (AkhR-GAL4) and 

construct control (UAS) in females and males (Figure 12B, D). This confirms that 

an increase in Fhos levels in the fat body induces locomotion defects in aged flies 

in both sexes.  

The knockdown of Fhos induced a significant decrease in locomotion in 

females at 14- and 30-days of age compared to the AkhR-GAL4 driver control 

(Figure 12E, F). However, the UAS-Fhos-RNAi construct control (without the 

driver) also displayed reduced locomotion compared to AkhR-GAL4 driver control 

in 14-day and 30-day old females (Figure 12E, F).  This is likely due to leaky 

expression of the UAS-Fhos-RNAi gene construct in the absence of the GAL4 

protein, which can occur with the UAS/GAL4 system. However, even taking this 

into account, the performance of the female Fhos knockdown at 30-days of age 

was worse than both controls, although it did not reach significance (Figure 12F). 

Based on the Fhos knockdown results, Fhos is likely important for locomotion in 

females. Overall, these experiments highlight that the level of Fhos expression in 

the fat body can impact locomotor drive, with increased Fhos expression being 

particularly detrimental.   
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Fhos manipulation in fat body alters locomotor drive in hTau flies  

Based on our sequencing experiments, we hypothesized that the increased 

Fhos expression in the hTauK369I flies could be contributing to the behavioral 

phenotypes we see with aging. To validate Fhos as a potential modifier of Tau 

toxicity, we utilized the UAS/GAL4 system to genetically manipulate Fhos 

expression levels to see if this exacerbated or suppressed the phototaxis 

phenotype seen in aged hTau female flies (Supplemental Figure 5B). We 

overexpressed and knocked down Fhos in the fat body using the UAS/GAL4 

system with the AkhR promoter, with co-expression of either hTauWT or hTauK369I. 

To create these lines, we utilized recombination on the third chromosome to create 

the AkhR-GAL4 hTau flies (Figure 6). These flies were then crossed with the UAS 

construct lines to create double mutants with either Fhos overexpression or 

knockdown with co-expression of hTau. 

The experimental conditions are heterozygous for all exogenous constructs 

(AkhR-GAL4, UAS-Fhos and hTau). Therefore, for our hTau driver control, the 

AkhR-GAL4 hTau recombined lines were crossed with CS to create heterozygous 

hTau and AkhR-GAL4 flies (referred to here as hTau-AkhR). This allowed us to 

control for changes in behavior of the hTau flies due to the expression of AkhR-

GAL4. In females, when compared to the AkhR-GAL4 control, hTauK369I-AkhR had 

significantly lower locomotor drive at both ages while hTauWT-AkhR had 

significantly reduced locomotion only in 14-day old flies (Figure 12A). However, 

with the AkhR construct, there was no significant decrease of locomotor drive at 

30-days of age between hTauWT-AkhR and hTauK369I-AkhR. This is in contrast to 
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our results with hTau line without the recombination of AkhR (Figure 12B; 

Supplemental Figure 5B). However, the distribution of the data for hTauK369I-

AkhR females at 30-days of age is slightly more skewed towards less “transitions 

to light” compared to hTauWT-AkhR, which supports our previous findings in hTau 

alone (mean % transition to light: AkhR-GAL4 - 55.8, hTauWT-AkhR - 44.3, 

hTauK369I-AkhR - 34.4; Figure 12B; Supplemental Figure 5B). These differences 

in behavior between hTau and hTau-AkhR flies are likely due to introduction of a 

different genetic background with the AkhR-GAL4 recombination. Within the 

recombined flies, we maintain the age-related decrease in locomotion in female 

flies from 14- to 30-days of age seen with just hTau (Figure 12A, B). Also, the 

hTauK369I-AkhR females are significantly decreased when compared to the AkhR-

GAL4/CS control at both ages (Figure 12A, B).  

To see if Fhos overexpression or knockdown exacerbates or suppresses 

the hTauK369I phenotype in locomotion, we crossed the hTau-AkhR flies to the Fhos 

overexpression and knockdown UAS-construct (for simplicity, we will refer to the 

hTau-AkhR as hTau for this paragraph). In 14-day old females, Fhos 

overexpression in hTauK369I significantly reduced locomotor drive compared to 

both controls (Figure 12A). The hTauWT Fhos overexpressing flies exhibited a 

slight decrease in locomotion compared to hTauWT and was significantly reduced 

compared to the construct control (Figure 12A). In 30-day old females, we saw a 

similar decrease in both hTauK369I and hTauWT overexpressing Fhos compared to 

the respective controls without Fhos (Figure 12B). In 30-day old males, there was 

a significant decrease in locomotor drive in hTauK369I Fhos overexpressing flies 
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and reduced locomotion in the hTauWT Fhos overexpressing flies (Figure 12D). 

From these results, Fhos overexpression leads to decreased locomotion in all 

conditions, which supports that the increase in Fhos found in our sequencing 

experiments could be detrimental. The decrease in locomotion in young (14-day 

old) hTauK369I Fhos overexpressing female flies suggests that Fhos overexpression 

is more detrimental in females than males (Figure 12A, C). While Fhos 

overexpression exacerbated hTauK369I decreased locomotor drive, Fhos 

knockdown in hTauK369I slightly increased median locomotion in 14-day old 

females (not reaching significance) and does not change locomotor drive in 30-

day old females (Figure 12E, F). This is particularly interesting when compared to 

the hTauWT flies, which have decreased locomotor drive in the Fhos knockdown in 

both sexes and ages, reaching significance at 14-day old females and 30-day old 

males (Figure 12E, H). Together, this further suggests that the increased levels of 

Fhos expression in the fat body could contribute to the toxicity of hTauK369I because 

Fhos knockdown only improved locomotion in the hTauK369I mutant.   
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Figure 12: Fhos overexpression and knockdown alters locomotor drive in 
the fat body. 

(A, B, C, D) Fhos overexpression in fat body decreases locomotor drive in all aged, 
30-day old (30d) female and male flies. In contrast to other genotypes, Fhos 
overexpression also decreased locomotor drive in young, 14-day old (14d) female 
hTauK369I flies. (E, F, G, H) Fhos knockdown in fat body has no effect on locomotor 
drive of hTauK369I in both sexes or ages. Phototaxis counter-current apparatus was 
used to measure locomotor drive. Flies with the AkhR-GAL4 driver are labeled as 
AkhR (referred to as driver control). Flies with UAS-Fhos (FL, full length) have full 
length Fhos controlled by the UAS promoter (referred to as construct control). Flies 
with UAS-Fhos-RNAi (RNAi) have a dsRNA controlled by the UAS promoter to 
knockdown Fhos (referred to as construct control). Statistics were run across all 
conditions using Kruskal-Wallis with Dunn’s multiple comparisons and Holm 
adjustment. Sample size is indicated on plots with whiskers indicating the 1.5xIQR 
(Interquartile range Q3 to Q1). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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Sleep fragmentation and decreased nighttime sleep in aged hTauK369I flies 

Frequent waking during sleep is a common symptom in dementia patients 

and is referred to as sleep fragmentation (McCarter et al., 2016). We can measure 

sleep fragmentation in Drosophila by comparing the average number of sleep 

bouts per day to the average bout length. If the bouts are increased and length is 

decreased compared to control, then the experimental condition is waking more. 

We previously showed that the hTauK369I mutation enhanced age-related sleep 

fragmentation in males (Law et al, 2022). Due to the sex-specific phenotypes seen 

in our fast phototaxis assay, we wanted to determine if sleep is affected in our 

mutant hTauK369I flies in a sex-specific manner. Analyzing the sleep pattern in 4-

week-old flies (~30 days), we found that female flies with the hTauK369I mutation 

have significant sleep fragmentation with more sleep bouts per day and shorter 

bout length compared to the CS control (Supplemental Figure 5E, F). The hTauWT 

female flies show no difference in bout number per day but have a significant 

decrease in average bout length (Supplemental Figure 5E, F). We did not see a 

significant change in sleep bout number per day or length in males (Supplemental 

Figure 5G, H). This is in contrast to the previously published results showing sleep 

fragmentation in males (Law et al., 2022). Since the sleep phenotypes are 

relatively subtle, we postulate the differences between the results presented here 

and Law et al. (2022) could be due to the testing of slightly younger flies or lab-

specific differences in fly care or data analysis (Law et al. (2022) experiments were 

performed at another institution). Although these phenotypes were subtle, we 

determined that sleep fragmentation was another behavioral assay to assess 
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genetic interaction between Fhos and our hTau model as sleep disturbances are 

a hallmark of FTD pathology.  

Patients with dementia have also been found to have increased daytime 

napping and frequent nighttime sleep disruptions (McCarter et al., 2016). 

Therefore, we can also look at sleep quantity during the day and night to assess 

whether the mutant flies have disruptions in sleep. In the heterozygous hTauK369I 

flies, we see a decrease in nighttime sleep in both females and males compared 

to both the CS and heterozygous hTauWT controls (Supplemental Figure 5I, J). 

The sleep profile of hTauK369I, hTauWT and CS highlights that the changes in 

nighttime sleep are relatively minimal at 4-weeks of age (Supplemental Figure 

5K, L). Next, we wanted to see whether Fhos overexpression and knockdown 

affected sleep quality. 

 

Fhos manipulation modifies sleep fragmentation in hTauK369I 

Before evaluating the genetic interaction of Tau and Fhos, we first tested 

whether Fhos manipulation alone altered sleep fragmentation by assessing the 

number of sleep bouts per day and the average duration of the sleep bouts in 4-

week-old flies (~30 days old). In females, Fhos overexpression in the fat body 

resulted in significantly more sleep bouts per day compared to the driver control 

but not to the construct control (Figure 13A). The sleep bout length was not 

significantly different from controls (Figure 13B). In males, we did not detect 

significant differences in sleep bout number or length when Fhos was 
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overexpressed (Figure 13C, D). With Fhos knockdown, females had significantly 

fragmented sleep compared to the driver control but not compared to the construct 

control (Figure 13E, F). In males, none of the changes reached significance 

(Figure 13G, H). These results suggest that Fhos manipulation alone may have 

subtle effects on sleep fragmentation.  

In sleep quantity, females with Fhos overexpression have significantly 

increased daytime sleep compared to the construct control and significantly 

decreased nighttime sleep compared to the driver control (Supplemental Figure 

6A, B). Both of these changes are relatively small but align with what is seen in 

patients. In females with Fhos knockdown, we also see a decrease in nighttime 

sleep (Supplemental Figure 6E). Overall, the effects of Fhos on sleep quantity in 

females are subtle as we saw with hTauK369I. Future work could test if these 

phenotypes worsen with age. Interestingly, males have a significant increase in 

daytime sleep and a decrease in nighttime sleep in both Fhos overexpression and 

knockdown when compared to both controls (Supplemental Figure 7A, B, D, E). 

For the most part, females have exhibited more severe phenotypes with Fhos 

changes. The sleep quantity changes in males further emphasizes the sexual 

dimorphic nature of Fhos in the fat body.  

To test the genetic interaction of hTau and Fhos, we again used the 

recombined hTau-AkhR flies to overexpress or knockdown Fhos in the fat body. 

Similar to the phototaxis, with the AkhR-GAL4 addition, the subtle hTauK369I 

phenotype of fragmented sleep seen in females was not detectable in hTauK369I-

AkhR flies (Figure 13A, B). Despite this, we chose to test for genetic interaction 
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due to our findings that altering Fhos levels differentially impacted the hTauWT-

AkhR and hTauK369I-AkhR expressing flies in the phototaxis experiments (Figure 

12; hTau-AkhR will be referred to as hTau below). In females, we found that 

hTauWT with Fhos overexpressed does not significantly differ from hTauWT alone 

(Figure 13A, B). In contrast, female hTauK369I with Fhos overexpressed has 

significantly more bouts per day that are significantly shorter than the hTauK369I 

driver control (Figure 13A, B). Again, this shows that hTauK369I females are more 

susceptible to Fhos overexpression than hTauWT females (Figure 13A, B). In 

males, we see no significant changes when overexpressing Fhos in hTauK369I or 

hTauWT (Figure 13C, D). This suggests that Fhos overexpression increases sleep 

fragmentation, specifically, in the hTauK369I mutant females. This could be 

explained by hTauK369I already having higher levels of Fhos expression. Thus, the 

Fhos overexpression exceeds the “threshold” for Fhos expression to impact sleep, 

which is not achieved in the hTauWT flies.  

The hTauWT Fhos knockdown females had significant sleep fragmentation 

when compared to hTauWT driver control (Figure 13E, F).  In contrast, the Fhos 

knockdown in hTauK369I females did not differ from hTauK369I driver control (Figure 

13E, F). In males, similar to the Fhos overexpression, knocking down Fhos in 

either hTauWT or hTauK369I had no significant effect on sleep fragmentation (Figure 

13G, H). This suggests that knocking down Fhos, specifically in hTauK369I females, 

protects sleep fragmentation while overexpression worsens sleep fragmentation.  

For sleep quantity in female flies, there was a significant increase in daytime 

sleep in hTauWT Fhos overexpression flies compared to both controls and no 
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change in the Fhos knockdown (Supplemental Figure 6A). The hTauK369I Fhos 

overexpressing flies also had significantly increased daytime sleep compared to 

the construct control and also no change in the Fhos knockdown (Supplemental 

Figure 6A). hTauK369I with Fhos knockdown had significantly decreased nighttime 

sleep compared to the hTau driver control (Supplemental Figure 6E). This 

suggests that Fhos can alter sleep quantity in hTau flies.  

In males, we saw no change in sleep in the Fhos overexpression or 

knockdown with hTauWT compared to the hTau driver control (Supplemental 

Figure 7A-F). hTauK369I Fhos overexpression also did not have daytime changes 

compared to the hTau driver control (Supplemental Figure 7A). However, there 

was a significant decrease in nighttime sleep in the hTauK369I Fhos overexpression 

compared to the hTauK369I driver control (Supplemental Figure 7B). Interestingly, 

the hTauK369I Fhos knockdown had increased daytime sleep and decreased 

nighttime sleep compared to both controls (Supplemental Figure 7D, E). These 

results demonstrate the complexity of sleep regulation. This also indicates that 

there is a sex specific mechanism for Fhos that is distinct for fragmentation and 

sleep quantity, as well as dependent on the hTau condition.  
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Figure 13: Overexpression and knockdown of Fhos results in changes in 
sleep fragmentation in aged female flies. 

(A, B, C, D) Fhos overexpression in the fat body of hTauK369I leads to sleep 
fragmentation with an increased number (A) and shorter length (B) of sleep bouts 
in aged (30d) female flies. There is no effect on sleep seen in male flies (C, D). (E, 
F, G, H) Fhos knockdown in the fat body has no effect on sleep bouts or length of 
hTauK369I in females (E, F) or males (G, H). Female hTauWT flies with Fhos 
knockdown trended towards sleep fragmentation with more bouts (E) that were 
shorter (F). Flies with the AkhR-GAL4 driver are labeled as AkhR. Flies with UAS-
Fhos (FL) have full length Fhos controlled by the UAS promoter. Flies with UAS-
Fhos RNAi (RNAi) have a dsRNA controlled by the UAS promoter (AkhR-GAL4 – 
driver control, UAS-Fhos FL or UAS-Fhos-RNAi – construct control). Statistics 
were run across all conditions using ANOVA with Bonferroni adjustment. Sample 
size is indicated on plots. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars 
indicate SEM.  

 

Discussion  

Mutations in Tau account for 5-20% of known genetic FTD cases (Sirkis et 

al., 2019). There is high heterogeneity of clinical presentation in FTD patients. 

Single-cell genomics has become a go-to method for understanding 

heterogeneous disease states, such as dissecting the relationship between tumors 

and the tumor microenvironment. To investigate cell-type specific mechanisms of 

tauopathy, we used our FTD hTau model to probe for changes in both the 

accessible chromatin regions and the transcriptome. Given that spatial memory 

and locomotion phenotypes begin in our model within two weeks of adulthood, we 

suspected that changes in gene regulation within the mutants would precede these 

phenotypes, so we focused on 5-day old flies for the chromatin accessibility and 

gene expression (Cassar et al., 2020; Law et al., 2022).  

Our cell-type specific analysis of whole head nuclei highlighted the 

pericerebral fat body as a key cell-type of interest due to a high number of 
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differentially accessible and expressed genes. We narrowed our focus to identify 

key chromatin regions that were only altered in the hTauK369I mutant as it also had 

significantly increased Heterochromatin Protein 1 suggesting possible changes in 

the epigenetic landscape. An actin nucleation gene, Fhos, was found as a potential 

candidate in both the chromatin accessibility and gene expression in the hTauK369I 

mutant. It is known that actin dynamics are dysregulated in tauopathy both 

mechanistically in disease models and pathologically, as actin is found aggregated 

in patients within para-crystalline inclusions called Hirano bodies (Bardai et al., 

2018; Fulga et al., 2007; Ordonez et al., 2018). In the fat body cluster at 5 days of 

age, we found increased accessibility near the transcriptional start site for the 

shorter isoforms of Fhos within the hTauK369I hetero- and homozygous mutants, as 

well as the dTaudel. We confirmed that the hTauK369I mutant had increased 

expression in 5-day old adults within the fat body cell cluster. Interestingly, we see 

the chromatin accessibility persisting in the 30-day old fat body cells but to a lesser 

extent and increased accessibility in all conditions. Previous work has shown that 

knocking down Fhos in neurons can increase lifespan and decrease age-related 

rise in actin filaments in Drosophila (Schmid et al., 2023 preprint). Another study 

addressing the mechanisms of toxicity of alpha-synuclein overexpression in 

Drosophila, a gene associated with Parkinson’s, found that knocking down Fhos 

was protective for neuronal loss, climbing ability, and actin filament accumulation 

(Ordonez et al., 2018). In this work, Fhos was originally found in connection with 

retinal degenerative phenotypes in an unpublished screen. Specifically, Fhos 

knockout suppressed degeneration in the alpha-synuclein model of Parkinson’s 
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(Ordonez et al., 2018). The established link of both Fhos and actin dynamics in 

age-related and disease phenotypes positioned Fhos as a top candidate for 

validation.  

Formins are conserved across Drosophila and mammals. In mammals, 

there are two formins that are similar to the Drosophila Fhos: FHOD1 and FHOD3 

(Lammel et al., 2014). Research in mammalian tissue has looked at FHOD1 and 

FHOD3 in its role at the nuclear membrane in the context of cardiomyopathy. 

FHOD interacts with the LINC complex, which spans the inner and outer nuclear 

membrane, to mechanically couple with Lamin at the nuclear periphery (Antoku et 

al., 2015; Antoku et al., 2019; Schwartz et al., 2017). FHOD3 variants have been 

found in hypertrophic cardiomyopathy patients and FHOD1 is thought to be 

primarily active in skeletal muscle (Antoku et al., 2023). Lamin has been implicated 

in aging diseases such as progeria (premature aging) and dementia. Past work in 

a Drosophila model of tauopathy has connected the LINC complex, Lamin and the 

actin network as a possible mechanism for changes in heterochromatin, as well as 

nuclear invaginations, which is seen in aging and dementia (Frost et al., 2016). 

Connecting these findings with our model will help us to understand whether Fhos 

could be regulating fat body function. Either through disruptions in the actin 

cytoskeleton influencing energy transport or perhaps causing changes in gene 

expression through LINC and Lamin. This could in turn influence metabolic output, 

or even result in changes in the immune response. Continuing these lines of inquiry 

in the fat body will allow for a greater understanding of the link between neuronal 

function and the fat body. 



   

 

 82  
 

 

Our Drosophila FTD model allows for candidates of interest from our 

sequencing to be validated for behavioral phenotypes associated with FTD. Our 

behavioral validation with locomotion and sleep showed that knocking down Fhos 

in the fat body was protective but only in the context of the hTauK369I mutant 

females. The behavioral phenotypes were more severe in the female flies, which 

could be due to differential energy storage demands between females and males 

that could impact locomotor activity and sleep (Parisi et al., 2011). However, the 

daytime and nighttime sleep changes were predominantly seen in the males, which 

is an interesting dichotomy. Overall, these findings suggest that the mechanism of 

actin toxicity with aging could extend beyond the central nervous system. Cortical 

actin dynamics have been implicated in fat body nutrient transport in larva 

(Ugrankar-Banerjee et al., 2023). Future work is needed to determine whether the 

behavioral changes could be due to malfunction of inter-organ nutrient transport.  

Research has found that metabolism is dysregulated in dementia patients, 

including insulin resistance, APOB, and triglyceride levels (Garrett and Niccoli et 

al., 2022; Picard et al., 2022). Some patients with bvFTD have hyperphagia, 

increased caloric intake, and increased body mass index compared to other 

classifications of FTD and controls (Ahmed et al., 2014a; Ahmed et al., 2014b; 

Ahmed et al., 2016). The metabolism in the brain and body are interconnected with 

many systems maintaining metabolic homeostasis. When that equilibrium is 

disrupted, there can be global ramifications for the individual. The connection 

between the brain and the fat body in Drosophila is similar. The fat body can 

influence behavior such as sleep, feeding behavior and courtship (Lazareva et al., 
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2007; Meschi and Delanoue, 2021; Yurgel et al., 2018). Recent work has 

connected the actin cytoskeleton within the fat body to behavior changes. A study 

focusing on cognition and obesity discovered Ezrin as a possible candidate within 

visceral adipose tissue in humans (Oliveras-Canellas et al., 2023). To validate this 

finding, the fly ortholog, Moesin (Moe), was knocked down within the Drosophila 

fat body. The knockdown of Moe in the fat body led to decreases in learning using 

a courtship assay for short-term memory (Oliveras-Canellas et al., 2023). This 

study supports the importance of proper fat body function for neuronal function. 

Interestingly, Moesin, a member of the same protein family, was found upregulated 

through a network analysis of AD patient transcriptomes (Beckmann et al., 2023). 

This was validated in Drosophila and implicated in the neuronal actin dysregulation 

mechanism in a tauopathy model (Beckmann et al., 2023). It is important to not 

only study the brain in neurodegenerative diseases, but also the body systems that 

are important for proper neuronal function. With the expansion of single-cell 

technologies, it would be beneficial to investigate whether known neuronal 

mechanisms in dementia are altered in the metabolic tissues of patients or if there 

are novel mechanisms at play.   
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Supplemental Figure 1: Quality control metrics for sciATAC-seq and 
snRNA-seq experiments. 

(A) The sciATAC-seq and snRNA-seq unconstrained integration confusion matrix 
was used to assign related clusters between modalities. The matrix represents the 
fraction of ATAC cells within the cluster that were predicted to be in the 
corresponding RNA cluster. (B) UMAP of sciATAC-seq with original cluster 
labeling, which corresponds to the matrix in A. (C) The proportion of nuclei for each 
age and strain across the sciATAC-seq clusters is roughly the same across 
conditions. (D) Proportion of 5- and 30-day old sciATAC-seq nuclei for each cluster. 
(E) UMAP of snATAC-seq with original cluster labeling, which corresponds to the 
matrix in A prior to merging of clusters for analysis. (F) The proportion of nuclei for 
each strain across the snRNA-seq clusters is approximately the same across 
conditions in 5-day old dataset. (G) UMAP of expression of dTau across strains in 
snRNA-seq.  
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Supplemental Figure 2: Coverage of sciATAC-seq reads within the dTau 
locus. 
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(A) FlyBase JBrowse Drosophila melanogaster (r6.56) was used for the isoform 
schematic of dTau with labels denoting the region of B-D are in the gene. (B) Raw 
sciATAC-seq reads for transcription start site (TSS) for longer isoforms. dTaudel (*) 
and hTauK369I homozygous (**) flies have an absence of reads in the TSS region. 
(C) Beginning of exon 1 where reads for dTaudel are seen (***). (D) End of gene 
region showing reads in the hTauK369I homozygous (**) flies. (KI – K369I) 
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Supplemental Figure 3: Number of accessible peaks by cell type for each 
strain compared to hTauWT heterozygous in 5-day old heads. 

Above the zero line is the number of differential accessible (DA) peaks with 
increased accessibility in listed strain. Below the zero line is the number of DA that 
are increased in the hTauWT heterozygote. (N neurons, P photoreceptors, FB fat 
body, H hemocytes, M muscle, G3 unknown group 3, G4 unknown group 4, Un 
unknown, G glia). Wilcoxon Rank Sum test, FDR ≤ 0.05 and Log2FC > 0. Acc – 
accessibility.  
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Supplemental Figure 4: Increased accessibility within Fhos gene in 
hTauK369I homozygous and dTaudel in fat body of aged flies. 

ArchR coverage browser for chromatin accessibility of Fhos gene in 30-day old 
heads normalized by reads in transcriptional start sites (Granja et al., 2021). (A) 
Fat body, FB. (B) Neuron, N. (C) Glia, G.  
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Supplemental Figure 5: Heterozygous hTauK369I flies display decreased 
locomotor drive and fragmented sleep quality in aged females. 

(A, B, C, D) hTauK369I expression decreases locomotor drive in 30-day old female 
flies compared to controls. Statistics were run across all conditions using Kruskal-
Wallis with Dunn’s multiple comparisons and Holm adjustment. Sample size is 
indicated on plots with whiskers indicating the 1.5xIQR (Interquartile range Q3 to 
Q1). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). (E, F, G, H) hTauK369I 
expression results in sleep fragmentation with an increased average number (A) 
and shorter average length (B) of sleep bouts in 30-day old female flies compared 
to controls. (I, J) Female and male hTauK369I expressing flies exhibit decreased 
nighttime sleep at 30-days of age. (K, L) Both female and male hTauK369I flies have 
normal sleep profiles with increased activity in the early morning and late evening 
(Circle, CS; Square, hTauWT/CS; Triangle, hTauK369I/CS). Statistics were run 
across all conditions using ANOVA with Bonferroni adjustment. Sample size is 
indicated on plots. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars 
indicate SEM. 
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Supplemental Figure 6: Fhos overexpression in the fat body increases 
daytime sleep in aged females. 

(A) Flies with Fhos overexpression have significantly increased daytime sleep in 
30-day old females. (B, C) Fhos overexpression in flies results in a slight but 
significant decrease in nighttime sleep and an increase in total sleep in 30-day old 
females. (E, D, F) Fhos knockdown slightly decreases daytime, nighttime, and total 
sleep in 30-day old females. Statistics were run across all conditions using ANOVA 
with Bonferroni adjustment. Sample size is indicated on plots. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. Error bars indicate SEM.  
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Supplemental Figure 7: Fhos knockdown in the fat body increases daytime 
and decreases nighttime sleep in hTauK369I in aged males. 

(A, B, E, F) Fhos overexpression and knockdown both result in increased daytime 
sleep and decreased nighttime sleep in 30-day old males. hTau flies with Fhos 
overexpression have minimal changes in daytime sleep. However, hTauK369I males 
with Fhos overexpression have decreased nighttime sleep and with Fhos 
knockdown have increased daytime and decreased nighttime sleep. (C, F) Fhos 
overexpression cause small changes in total sleep. Statistics were run across all 
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conditions using ANOVA with Bonferroni adjustment. Sample size is indicated on 
plots. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars indicate SEM.  
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4.1 Validation of cell-type specific behavioral effects in 

Tau and Fhos genetic interaction 

Experimental Rationale 

In Chapter 3, we found that increasing Fhos expression in the fat body 

impacts both locomotion and sleep behavior (Figure 12A-D; Figure 13A-B; 

Supplemental Figure 6A; Supplemental Figure 7A, B). Knocking down Fhos in 

the fat body alleviated the behavioral phenotypes in the hTauK369I mutant, but 

phenotypes were worsened in flies with homozygous dTau or heterozygous 

hTauWT (Figure 12E-H; Figure 13E, F). This suggests that increased expression 

of Fhos could be contributing to the toxicity of the hTauK369I mutant. The advantage 

of single-cell genomics is the resolution of cell-type specific changes. Thus, in 

Chapter 3, we wanted to validate our findings by specifically manipulating Fhos 

expression in the fat body by using cell-type specific GAL4 drivers (Chapter 3). We 

can also use the cell-type specific information to demonstrate that the protective 

effects of Fhos knockdown in hTauK369I is specific to the fat body by manipulating 

Fhos in other cell types within our hTau model.  

In the sequencing experiments (Chapter 3), we found that Fhos was highly 

accessible and expressed within the glia cluster across all strains (Figure 11A, B). 

Therefore, we hypothesized that manipulation of Fhos expression in glia will 

negatively impact behavior in all strains as it is likely necessary for proper cellular 

function. Similar to the fat body, the neuronal cluster also had increased 

expression of Fhos in the hTauK369I mutant. Based on evidence that Fhos 

knockdown in neurons is beneficial for aging and disease phenotypes in 
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Drosophila, we hypothesized that increased expression of Fhos in the neuronal 

cluster would negatively affect behavior (Ordonez et al., 2018; Schmid et al., 2023 

preprint). Here, we show that appropriate levels of Fhos in glia and neurons is 

required for normal behavior in all tau contexts (both dTau and hTau), which further 

supports the specificity of our phenotype within the fat body in Chapter 3.  

 

Results and Discussion 

Fhos manipulation in glial cells 

In our initial experiments, we found that overexpression of Fhos in glia is 

developmentally lethal (at the larval and pupa stage) with few survivors. Therefore, 

we created a loco-GAL4 driver line, where expression of GAL4 is regulated by 

temperature using the GAL4/GAL80ts system. This expression system is 

described in Figure 5 for reference. The strain genotypes, description and how the 

flies are referred to in the following text are outlined in Table 1. In this system, the 

binding of GAL4 to the UAS promoter is inhibited by the GAL80ts protein when the 

flies are grown at 18C, but inhibition is lifted when the flies are kept at 29C. This 

allows for restriction of Fhos overexpression to adulthood and resulted in viable 

adult flies. Therefore, all loco-GAL4 Fhos overexpression experiments were 

conducted at 18C for development, and then adults were collected and moved to 

29C for aging. To create the double mutant with hTau and temperature controlled 

Fhos overexpression, we introduced hTau through recombination with the loco-

GAL4 line, which is described in Figure 6. This line was then crossed into our 

GAL80ts line to create a stable line with UAS/GAL4/GAL80ts with hTau. The 
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GAL80ts expression was expressed ubiquitously through the tubulin promoter 

(Figure 5). The lifecycle and aging of the fly is influenced by temperature, with flies 

aging faster at higher temperatures. Therefore, instead of using 14 days old as our 

“young” timepoint, we tested flies at 10 days of age. Similarly for the aged flies, 

instead of 30-day old flies, we used 15 days of age as the “old” age timepoint. 

These testing days were used because we found a similar phenotype in the 

hTauK369I flies compared to CS and hTauWT when reared in the 18/29C conditions 

compared to 25C (Supplemental Figure 5B, Figure 14B).  

 Our sequencing experiments show that Fhos is highly expressed in glia, 

therefore, we expected that any manipulation of Fhos expression would negatively 

impact locomotion in the flies, regardless of which Tau is co-expressed. In young 

females, we found no significant locomotion differences between Fhos 

overexpression flies and the respective controls, except hTauWT (Figure 15A). The 

hTauWT Fhos overexpression flies had significantly decreased locomotor drive 

compared to the hTauWT driver control (Figure 15A). In aged females, we found 

that both hTauWT and hTauK369I Fhos overexpression had significantly reduced 

locomotion compared to hTau driver controls (Figure 15B). In young males, there 

was a significant decrease of locomotor drive in hTauK369I Fhos overexpression 

compared to the driver control (Figure 15C). In aged males, we see a decrease of 

both hTauWT and hTauK369I Fhos overexpression compared to the respective hTau 

driver controls (Figure 15D).  The hTauK369I Fhos overexpression flies were also 

significantly lower in locomotor drive than Fhos overexpression alone (Figure 15D). 

Overall, this data shows that Fhos overexpression is most detrimental in hTauK369I. 
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However, it also negatively effects locomotion in Fhos overexpression alone and 

in the hTauWT Fhos flies in both males and females. This is similar to the fat body 

Fhos overexpression locomotion phenotype (Figure 12).  

 We then tested whether the protective effects of Fhos knockdown in the 

hTauK369I was specific to the fat body. The Fhos knockdown in glia was viable and 

thus we were able to use the UAS/GAL4 system with the loco-GAL4 driver at 25C 

(Figure 4D). Again, we used recombination to create a line with loco-GAL4 and 

the hTau, which then could be combined with the UAS-Fhos-RNAi construct 

(Figure 6). In young females, knocking down Fhos in hTauWT and hTauK369I 

significantly decreased locomotion compared to Fhos knockdown alone (Figure 

15E). hTauWT Fhos knockdown was significantly decreased from the hTauWT driver 

control as well (Figure 15E). In aged females, we also see a decrease in hTauK369I 

Fhos knockdown compared to both the driver control and Fhos knockdown alone 

(Figure 15F). hTauWT with Fhos knockdown was decreased but did not reach 

significance. This suggests that the protective effect of Fhos knockdown in 

hTauK369I females may be fat body specific. In young males, hTauWT was 

significantly decreased from the hTauWT driver control as we saw in the females 

(Figure 15G). hTauK369I Fhos knockdown was also decreased in young flies but 

was not significant (Figure 15G). In aged males, both Fhos knockdown, hTauWT 

and hTauK369I with Fhos knockdown were significantly worse than the respective 

driver controls (Figure 15H). This suggests that Fhos knockdown in glia hinders 

locomotion in aged male flies.  It follows that endogenous levels of Fhos are 

important for glial function and that knockdown of Fhos does not protect hTauK369I 
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as seen in females with fat body specific knockdown (Figure 12). The role of Fhos 

in glia has not been studied. Given that Fhos is involved in actin nucleation, it would 

be interesting if the mechanism of action was related to metabolic support of 

neurons since actin is important as an anchor for glycolysis machinery within the 

cell and can serve to activate or inactivate enzymatic function (DeWane et al., 

2021). Glia is required for proper metabolic function in neurons and thus, proper 

neuronal signaling and behavior (McMullen et al., 2023). However, since actin is 

integral to numerous cellular pathways, there are many directions in which this 

work could go to determine the mechanism of action of Fhos in glia.  

All sleep experiments had to be run in a 25C incubator due to logistical 

issues (availability of incubator space). The temperature sensitive system is not as 

robust at 25C and the flies were kept in the sleep incubator for 5 days (with one 

acclimation night). Therefore, any sleep phenotypes from Fhos overexpression 

would be due to overexpression prior to the sleep assay. Conversely, the lack of a 

phenotype could be due to the decrease in overexpression of Fhos at 25C. These 

confounders should be taken into consideration when interpreting the glial Fhos 

overexpression experiments.  

We looked at whether Fhos manipulation in glia influenced sleep 

fragmentation and quantity. As mentioned in the previous section, sleep 

fragmentation is a common issue in dementia patients (McCarter et al., 2016). We 

can measure sleep fragmentation by comparing the number of sleep bouts per day 

and the average length of the bouts. More bouts of a short length compared to the 

respective control is considered an increase in fragmentated sleep. Flies were 
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tested at 2-weeks as they age faster in 29C. Based on the expression of Fhos in 

glial cells and the role of the glia clock in sleep regulation, we expected that 

manipulation of Fhos expression could influence sleep fragmentation (Artiushin 

and Sehgal, 2020). In females, we see that the Fhos overexpression construct 

control has fragmented sleep compared with the driver control, but otherwise no 

significant changes (Figure 16A, B). Similarly in males, the Fhos overexpression 

construct control shows fragmented sleep compared to the driver control and the 

Fhos overexpression (Figure 16C, D). In contrast, Fhos overexpression in hTauWT 

and hTauK369I does not alter sleep fragmentation compared to the respective driver 

controls (Figure 16C, D). Repeating these sleep experiments at the correct 

temperature for Fhos overexpression (29C) will be helpful in confirming these 

results and Fhos’ role in sleep within glia cells. 

 Since the Fhos knockdown experiments were conducted with the 

UAS/GAL4 expression construct, the flies were grown and tested at 4-weeks of 

age at 25C. In aged females, Fhos knockdown has significant fragmented sleep 

compared to the driver control but was similar to the construct control (Figure 16E, 

F). This is likely due to difference in genetic background and not a true phenotype. 

In males, we see significant increase of average bouts per day in hTauK369I and 

hTauWT with Fhos knockdown compared to both controls and a significant 

decrease in average length compared to the driver control (Figure 16G, H). This 

suggests that Fhos knockdown is harmful to sleep quality in the hTauK369I males. 

We also see a trend towards increased fragmentation in the hTauWT flies when 

Fhos is knocked down, and in Fhos knockdown alone but to a lesser extent (Figure 
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16G, H). Together, this shows that Fhos knockdown negatively impacts sleep 

quality in males and that the hTauK369I are particularly susceptible.  

 In dementia patients, the ratio of daytime and nighttime sleep is shifted to 

more daytime and frequent waking at night (McCarter et al., 2016). Therefore, in 

addition to fragmentation of sleep, we assessed whether there are changes in 

sleep quantity in the day or nighttime. In females with Fhos overexpression, we 

found that there was an increase in daytime sleep compared to both controls in all 

conditions (Figure 17A). We see no changes from Fhos overexpression for 

nighttime sleep (Figure 17B). In total sleep, there were significant changes in the 

Fhos overexpression conditions compared to controls, which is driven by the 

changes in daytime sleep (Figure 17C). All aged female flies with Fhos knockdown 

exhibit a decrease in daytime and total sleep with Fhos alone and hTauK369I, 

reaching significance compared to the respective driver controls (Figure 17D, F). 

There are minimal changes in nighttime sleep with Fhos knockdown (Figure 17E). 

This is interesting as Fhos overexpression is leading to increased daytime sleep 

and Fhos knockdown decreases daytime sleep in all flies with the Fhos construct 

(Figure 17A, D).  This suggests that Fhos expression in glia can influence daytime 

sleep quantity. Repeating this experiment at 29C will be important to see if this 

holds when Fhos is continuously overexpressed.  

 In males, we see a similar pattern with Fhos overexpression leading to 

increased daytime sleep as we saw in females (Figure 18A). Fhos overexpression 

alone and with hTauK369I were both significantly increased compared to both 

controls, while hTauWT was significantly increased compared to the construct 
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control (Figure 18A). As we saw in females, there are also slight increases in total 

sleep (Figure 18C). It is interesting to note that, although there is an increase in 

daytime sleep, the nighttime sleep did not reduce to compensate leading to greater 

total sleep quantity. In the Fhos knockdown in males, the opposite occurred. 

Daytime sleep is unaffected in all of the conditions except hTauWT Fhos knockdown, 

which is decreased compared to the hTau driver control (Figure 18D). Nighttime 

sleep is decreased in hTauK369I with Fhos knockdown compared to the driver 

control and hTauWT Fhos knockdown compared to both controls (Figure 18D, E). 

These changes are subtle and only hTauWT Fhos knockdown has significant 

decreases in total sleep compared to the hTau driver control (Figure 18F). Overall, 

these sleep experiments show that Fhos in glia is necessary for proper sleep 

quality and duration of sleep. The general trends of increased daytime sleep with 

Fhos overexpression and reduced nighttime sleep with Fhos knockdown is 

consistent with the effect of Fhos in the fat body. However, the changes in bouts 

per day are not consistent across glia and fat body. Lastly, unlike in the fat body, 

we did not see hTauK369I specific “rescue” with Fhos knockdown. This suggests 

that proper Fhos levels are necessary for normal behaviors regardless of the Tau 

expressed.  
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Figure 14: Heterozygous hTauK369I females have reduced locomotor drive 

when aged at 29C. 

(A) Heterozygous hTauK369I females have normal locomotor drive compared to 

controls at 10-days of age when raised at 29C during adulthood. (B) 
Heterozygous hTauK369I females display reduced locomotor drive compared to 

controls at 15-days of age when raised at 29C during adulthood as seen in 

when aged at 25C in Supplemental Figure 5B. (C, D) Male heterozygous 
hTauK369I flies have no significant locomotor drive changes compared to controls 

at either age. Flies developed at 18C and moved to 29C during adulthood. 10d 
– 10-days old, 15d – 15-days old.  
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Figure 15: Fhos overexpression and knockdown in glia reduces locomotor 
drive in aged flies. 

(A) Fhos overexpression does not significantly decrease locomotor drive in young 
female flies compared to the driver controls except in hTauWT. (B, D) hTauWT and 
hTauK369I Fhos overexpression locomotor drive was significantly reduced 
locomotion compared to hTau driver controls in aged females (B) and males (D). 
(C) hTauK369I Fhos overexpression had decreased locomotion compared to hTau 
driver control in young males. (E) In young female flies, Fhos knockdown 
decreased locomotor drive in the hTau flies but not in Fhos knockdown with 
homozygous dTau. (F) In aged females, Fhos knockdown in hTauK369I flies 
significantly decreases locomotor drive compared to driver hTau control. (G)  
hTauWT Fhos knockdown flies have significantly less locomotor drive in young 
males. (H)  All aged males with Fhos knockdown have significantly decreased 
locomotion compared to driver controls. Statistics were run across all conditions 
using Kruskal-Wallis with Dunn’s multiple comparisons and Holm adjustment. 
Sample size is indicated on plots with whiskers indicating the 1.5xIQR (Interquartile 
range Q3 to Q1). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 16: Fhos knockdown in glia leads to increased sleep fragmentation in 
hTauK369I aged flies.  

(A, B, C, D) Fhos overexpression does not significantly alter sleep fragmentation 
in aged females or males compared to respective driver controls. (E, F) Fhos 
knockdown in aged females have significant fragmented sleep compared to the 
driver control but is not different from the construct control. (G, H) In aged males, 
hTauK369I and hTauWT Fhos knockdown has significantly fragmented sleep 
compared to hTau driver control. Statistics were run across all conditions using 
ANOVA with Bonferroni adjustment. Sample size is indicated on plots. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. Error bars indicate SEM. 
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Figure 17: Fhos overexpression in glia increases daytime sleep in aged 
females. 

(A, C) Fhos overexpression in all conditions resulted in increased daytime sleep 
compared to the respective construct and driver controls in aged females. These 
daytime sleep increases drive an increase in total sleep. (B) Fhos overexpression 
did not alter nighttime sleep in aged females. (D, F) hTauK369I Fhos knockdown has 
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significantly decreased daytime and total sleep compared to hTau driver control in 
aged females. (E) Fhos knockdown has decreased nighttime sleep compared to 
driver control but not construct control. Statistics were run across all conditions 
using ANOVA with Bonferroni adjustment. Sample size is indicated on plots. 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars indicate SEM. 
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Figure 18: Fhos overexpression in glia increases daytime sleep and 
knockdown in glia decreases nighttime sleep in the hTauK369I mutant males.  

(A, C) Fhos overexpression leads to increased daytime and total sleep in 30-day 
old males. (B) Fhos overexpression does not alter nighttime sleep. (D, E) Fhos 
knockdown only impacts daytime sleep in hTauWT but decreases nighttime sleep 
in Fhos alone, hTauK369I and hTauWT compared to respective driver controls. (F) 
Fhos knockdown in hTauWT decreases total sleep which is driven by the reduction 
of nighttime sleep. Statistics were run across all conditions using ANOVA with 
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Bonferroni adjustment. Sample size is indicated on plots. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. Error bars indicate SEM. 
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Fhos manipulation in neurons  

For the neuronal genetic interaction experiments, we used the Appl-GAL4 

driver to pan-neuronally express Fhos overexpression and knockdown constructs. 

This cross is outlined in Figure 4C. Fhos overexpression in neurons was 

developmentally lethal as we saw with Fhos overexpression in glia. However, it 

was only lethal in flies with homozygous dTau. We got viable offspring when Fhos 

was overexpressed with either heterozygous hTauWT or hTauK369I. This suggests 

that the presence of hTau is altering the toxicity of Fhos overexpression in the 

neurons. The mechanism behind this is unknown, but suggests that in neurons, 

Fhos could be specifically interacting with dTau, either directly or indirectly. It could 

be due to the dosage of dTau, since homozygous dTau flies died while 

heterozygous survived. Future experiments using either a deficiency line or 

crossing in the dTau deletion could help to answer this question.  

Even though Fhos overexpression in neurons was lethal in the context of 

dTau, we decided to continue to test hTau with Fhos overexpression because the 

flies survived. Future work should repeat these experiments with another neuronal 

driver to see if this is an Appl-GAL4 specific finding. In addition, there were low 

numbers of offspring available for testing in the Appl-GAL4 crosses, which could 

point to the health of the Appl-GAL4 line. Therefore, repeating this experiment 

either with Appl-GAL4/GAL80ts system or with another neuronal driver will be 

necessary to confirm these findings and investigate Fhos overexpression 

phenotypes.  
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As with the fat body and glia validation, we conducted both locomotion 

(phototaxis) and sleep experiments to assess genetic interaction of Fhos and hTau 

within neurons. We utilized the UAS/GAL4 system for pan-neuronal expression 

(Figure 4C). Our preliminary results for phototaxis with Fhos overexpression in 

neurons showed no significant changes when compared to both controls in both 

sexes and ages (Figure 19A-D). However, this is likely due to our low sample 

number. Repeating this experiment to see if this pattern holds will be important to 

understanding the role of Fhos in neurons. It is also possible that we need to 

continue to age the neuronal Fhos overexpression to see a similar phenotype to 

the fat body and glia experiments.  

Female 14-day old Fhos knockdown flies were not significantly different 

compared to controls, but the males were slightly decreased compared to the 

construct control (Figure 19E, G). Unfortunately, we had very few flies in the Fhos 

knockdown to test for locomotion phenotypes at 30 days of age. However, the 

majority of flies tested were only traveling through the first few vials in the counter-

current apparatus (i.e., low transition to light; Figure 19F, H). In aged females, we 

see a decrease in locomotion in both of the hTau Fhos knockdown flies compared 

to the hTau driver controls, but only hTauWT reached significance (Figure 19F). In 

aged males, we see a decrease in hTauWT Fhos knockdown compared to the 

hTauWT driver control, but it did not reach significance (Figure 19H). Although 

these decreases are not significant to both controls, this data suggests that 

knocking down Fhos in neurons could be impacting locomotion in both sexes, but 

to a greater extent in females. Based on the previous literature, we expected 
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knockdown of Fhos in neurons to be beneficial, as it has been shown to increase 

lifespan and improve negative geotaxis locomotion at 45-days of age when 

knocked down during adulthood (Schmid et al., 2023 preprint). Knockdown of Fhos 

has also been shown to suppress alpha-synuclein locomotion and neuronal death 

phenotypes in Drosophila, however, this was shown at a younger timepoint (20 

days of age; Ordonez et al., 2018). The benefit of Fhos knockdown that other 

groups have seen could be due to the use of a different pan-neuronal GAL4 drivers 

(elav), restriction of knockdown to adulthood or use of a different behavioral assay 

(Ordonez et al., 2018; Schmid et al., 2023 preprint).  

We again measured sleep fragmentation with Fhos overexpression and 

knockdown to see if there were similar effects in neurons as in glia and the fat body. 

Sleep fragmentation in Fhos overexpression hTau flies does not reach significance 

compared to both controls, which is likely due to the low sample number. If we 

observe the trends, we see a tendency for fragmented sleep in both the hTauWT 

and hTauK369I female flies with Fhos overexpression (more bouts per day of shorter 

length; Figure 20A-B). The males have no significant differences, similar to the fat 

body (Figure 20C-D).  

When Fhos was knocked down in females, there was a tendency for 

fragmentation in all Tau conditions, but it did not reach significance when each 

were compared to both controls (Figure 20E-F). In males, the hTauWT Fhos 

knockdown flies have significant fragmentation compared to both controls (Figure 

20G-H). Interestingly, the hTauK369I Fhos knockdown males are not significantly 

different from either control (Figure 20G-H). This could be due to the increase of 
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Fhos expression in the hTauK369I mutant. Therefore, the knockdown could be 

lowering the levels of Fhos expression but not to the extent that causes a 

phenotype like we see with the hTauWT. We saw a similar pattern in phototaxis – 

hTauWT Fhos knockdown has a phenotype, while the hTauK369I Fhos knockdown is 

similar to controls. These results again highlight the sex-specific differences when 

Fhos is manipulated, like we observed in the fat body.  

 Disruption of day and nighttime sleep is common in FTD patients (McCarter 

et al., 2016). We again wanted to determine the result of knocking down Fhos 

without hTau expression. Knockdown of Fhos in females has significantly less 

nighttime sleep compared to both controls (Figure 21E). Although not significant, 

the daytime and total are also slightly decreased in the Fhos knockdown, however, 

the sample size is low in these experiments (Figure 21D, F). This suggests again 

that proper Fhos levels are necessary for sleep quantity.  

With Fhos overexpression and knockdown in hTauWT females, we see a 

significant increase in daytime and total sleep compared to the hTauWT driver 

control (Figure 21A, C, D, F). Hence, proper levels of Fhos in neurons are needed 

in hTauWT for normal daytime sleep in females. There is no difference in sleep 

quantity in the Fhos overexpression or knockdown in hTauK369I, although repeating 

this experiment will be necessary to increase sample size (Figure 21A-F). This 

could be due to the higher levels of Fhos expression, which is counteracted by the 

Fhos knockdown in hTauK369I flies.  
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In males, there are no differences in sleep quantity from Fhos 

overexpression in any conditions (Figure 22A-C). In the Fhos knockdown, 

however, we see a slight increase in daytime sleep with knockdown alone and 

hTauWT Fhos knockdown, both reaching significance compared to the respective 

driver control (Figure 22D). hTauWT Fhos knockdown also shows a significant 

decrease in nighttime sleep compared to both controls and no change in total sleep 

Figure 22E, F). In contrast, there are no significant changes in sleep quantity in 

the hTauK369I Fhos knockdown flies from controls (Figure 22E-F). Repeating these 

behavioral experiments with restriction of Fhos overexpression to adulthood, either 

using temperature sensitive or drug inducible driver, will be necessary to 

understand the role of Fhos in neurons. Overall, this data supports that Fhos has 

a role in both locomotion and sleep control in neurons that is likely different than 

the fat body.  
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Figure 19: Knockdown of Fhos in neurons decreases locomotor drive in 
aged flies.  
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(A, B, C, D) Fhos overexpression in neurons has no significant effect on locomotor 
drive in females or males at either age. (E) Fhos knockdown in 14-day old females 
decreased locomotor drive in the hTauWT compared to the hTau driver control. (F) 
In 30-day old females, hTauWT was still significantly lower than the hTau driver 
control and hTauK369I was reduced but did not reach significance. (G) There were 
no significant locomotor changes to controls in the 14-day old males (except Fhos 
knockdown was significantly lower than the construct control). (H) In 30-day old 
males, hTauK369I Fhos knockdown was not significantly different from the hTau 
driver control. Statistics were run across all conditions using Kruskal-Wallis with 
Dunn’s multiple comparisons and Holm adjustment. Sample size is indicated on 
plots with whiskers indicating the 1.5xIQR (Interquartile range Q3 to Q1). *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 20: Overexpression and knockdown of Fhos in neurons worsens 
sleep fragmentation in females.  

(A, B) Fhos overexpression significantly increased number of bouts per day (A) 
and decreased bout length compared to hTau driver controls in 30-day old females.  
(C, D) In 30-day old males, there were no significant changes in number of bouts 
(C) or length (D). (E, F) Fhos knockdown also significantly increased number of 
bouts per day (E) and decreased bout length (F) in 30-day old females. (G, H) 
hTauWT Fhos knockdown reaches significance for both number of bouts (G) and 
length (H) compared to both controls. Statistics were run across all conditions 
using ANOVA with Bonferroni adjustment. Sample size is indicated on plots. 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars indicate SEM. 
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Figure 21: Duration of sleep is minimally impacted by Fhos overexpression 
and knockdown in neurons in aged females.  

(A, C, D, F) hTauWT Fhos overexpression and knockdown had increased daytime 
and total sleep compared to the hTau driver control but hTauK369I was unchanged 
in 30-day old females. (B, E) Fhos overexpression and knockdown did not 
influence nighttime sleep in hTau flies. (E) Fhos knockdown significantly 
decreased nighttime sleep compared to both controls. Statistics were run across 
all conditions using ANOVA with Bonferroni adjustment. Sample size is indicated 
on plots. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars indicate SEM.  



   

 

 123  
 

 

 

Figure 22: Fhos knockdown in neurons can impact nighttime sleep duration 
in aged hTauWT males. 

(A, B, C) Fhos overexpression had no effect on sleep quantity in 30-day old males. 
(D) Fhos knockdown increased daytime sleep with hTauWT and homozygous dTau 
flies reaching significance. (E) Fhos knockdown decreases nighttime sleep in 
hTauWT compared to controls but had no effect on hTauK369I. (F) Fhos knockdown 
had no effect on total sleep for any conditions. Statistics were run across all 
conditions using ANOVA with Bonferroni adjustment. Sample size is indicated on 
plots. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars indicate SEM. 
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4.2 Patterns of Neurodegeneration in hTauK369I FTD 

mutant 

Experimental Rationale 

Manipulation of Fhos expression in the fat body modulated both locomotion 

and sleep in hTau flies. We decided to assess if Fhos could also impact 

neurodegeneration in the context of hTauK369I. There are a few ways to test for 

neuronal loss such as TUNEL (DNA fragmentation) or staining for apoptosis 

(caspase) and counting neuron numbers in a brain region. Another is to serially 

section the Drosophila brain and assess for neurodegenerative vacuoles. This 

allows for systemic evaluation of each brain. Vacuoles are dark, round holes that 

are visible in multiple sections and indicate cell or axon degradation. The neuropil 

of the Drosophila brain are the neuronal processes, and the cell bodies are within 

the cortex (Figure 23). In this dataset, we were limited by the number of brains 

and thus, we will discuss general observations that can be further classified in 

future work. We have previously seen neurodegenerative vacuoles at 60 days of 

age in the hTauV337M FTD-associated mutant (Cassar et al., 2020). Due to low 

sample numbers with aging, we decided to use 45-day old female flies. 
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Figure 23: Neuroanatomical organization of Drosophila adult brain.  

(A) AL antennal lobe, P protocerebrum. Optic Lobe: LO lobula, ME medulla, LA 
lamina. (B) EB ellipsoid body, FB fan-shaped body, MB mushroom body.  
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Results and Discussion 

It is important to note that it is expected that hTauWT flies will also have some 

neurodegeneration as vacuoles increase with age in normal flies (Figure 24A). 

Neurodegenerative vacuoles have been seen in brains as early as 30 days of age 

(Sunderhaus and Kretzschmar, 2016). The size of vacuoles in the brain can be 

highly variable ranging from a few microns to 40-micron large holes or larger (large 

holes pictured in Figure 24C, F). In future work, counting the number of holes and 

binning based on size may help to elucidate differences between FTD-associated 

mutants and wildtype. We saw general trends when images were classified by 

existence of small, medium, and large holes. There were more small and medium 

vacuoles in the hTauWT and hTauK369I alone as well as with hTau Fhos 

overexpression (Figure 24A, D). However, we had very low numbers for hTauK369I 

so this would need to be confirmed with more samples. Interestingly, we saw many 

examples of large holes in the Fhos knockdown flies in both hTauWT and hTauK369I 

(Figure 24C, F). While the other conditions had more medium sized vacuoles 

(Figure 24A, B, D, E).  

There has been extensive characterization of brain regions in the 

Drosophila and other insect systems (Ito, 1994; Ito et al., 2014). This allows us to 

generally classify regions where neurodegeneration is occurring. 

Neurodegenerative vacuoles are a late-stage phenotype in our model, which 

recapitulates the late-stage atrophy seen in FTD patients. Quantification of 

susceptible regions and determining whether Fhos manipulation alters 

accumulation of vacuoles will help to better understand the progression of disease 
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in the context of Fhos. It could also reveal where to focus future efforts for 

behavioral or cellular phenotypes. This pilot analysis showed potential susceptible 

regions when Fhos is manipulated in the fat body. In particular, there are a few 

large holes near the fan-shaped body and ellipsoid body in the hTauWT Fhos 

knockdown (Figure 24C). The fan-shaped body and ellipsoid body are part of the 

central complex (Figure 23). There is research connecting these regions to 

homeostatic sleep and locomotor control (Donlea et al., 2018). Interestingly, the 

females with hTauWT Fhos knockdown had decreased locomotion and increased 

fragmentation (Figure 13). This may be coincidental; however, it will be interesting 

if further sectioning of these flies shows these regions to be particularly susceptible 

and if holes in these regions are found in other conditions as well. In addition, 

repeating the experiment with males will be interesting since many of the 

behavioral phenotypes are sex specific.  

In the hTauK369I Fhos knockdown, the majority of the holes were in or near 

the antennal lobe (Figure 24F). This region is responsible for olfaction and 

interestingly, olfactory changes are one of the symptoms in FTD patients 

(Carnemolla et al., 2020; Rybak et al., 2016). We could test whether olfactory 

behavior is altered in the hTauK369I mutant with aging and with Fhos manipulation 

in the fat body. Lastly, the hTauK369I Fhos knockdown flies also had large vacuoles 

in the suboesophageal zone or the nearby cortex, which is the primary taste center 

(Figure 24F; Sterne et al., 2021). One could use a food choice assay to see if taste 

is altered in hTauK369I flies. This is also an interesting region as FTD patients have 

changes in sucrose preference and increased caloric intake (Ahmed et al., 2016).  
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The pilot data for neurodegenerative vacuoles suggests that Fhos knockdown may 

cause the large neurodegenerative vacuoles, but this will need to be confirmed 

with Fhos knockdown alone. From this preliminary data, it appears that Fhos 

knockdown may be more prone to develop large neurodegenerative vacuoles 

compared to Fhos overexpression. However, this may be due to a selection of 

“healthier” Fhos overexpression flies as “sicker” flies could have already died by 

45-days of age. Completing a lifespan assay of these flies will help determine 

whether 45-days of age is selecting for survivors in any of the genotypes. If this is 

the case, repeating this experiment in younger flies could help to see the overall 

variation in neurodegeneration before the majority of flies have died. Overall, this 

preliminary work shows potential for investigating regional neurodegeneration in 

the mutants. 
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Figure 24: Neurodegenerative vacuoles in hTauWT and hTauK369I Fhos flies.  

(A) Cortex and antennal lobe holes in hTauWT/CS. (B) hTauWT Fhos 
overexpression brain with vacuole near suboesophageal zone in the cortex. (C) 
Large vacuole in hTauWT Fhos knockdown in the ellipsoid body. (D) hTauK369I/CS 
brain with vacuole in suboesophageal zone and cortex. (E) hTauK369I Fhos 
overexpression brain with protocerebrum and cortex near antennal lobe. (F) 
hTauK369I Fhos knockdown brain with large vacuole in suboesophageal zone. 
Total heads examined: A-9, B-16, C-6, D-3, E-7, and F-7. White arrows indicate 
vacuoles. 
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4.3 Screening differentially expressed candidate genes 

for genetic interaction with FTD-associated hTauV337M 

mutant 

Experimental Rationale 

In Chapter 3, we found Fhos as a potential target for hTauK369I toxicity. 

However, there were many interesting targets in the differential expression 

analysis that could give insight on the pathways that hTauK369I could be modifying. 

Behavior is one way to screen for genetic interactions, however, this can be time 

intensive with a large number of candidates and requires aging. An alternative is 

to use the rough eye phenotype. This assay allows for quickly assessing whether 

there could be a genetic interaction between hTau and the candidate of interest. 

The highly ordered structure of the Drosophila eye makes it easy to determine if 

the structure of the ommatidia are altered. This manifests as a “roughness” that is 

visible under a light microscope. For this experiment, we utilize the UAS/GAL4 

system to overexpress hTauV337M in the developing eye (Figure 25A). We chose 

the V337M mutation because it is neurotoxic when overexpressed with the GMR-

GAL4 driver, creates a rough eye phenotype, and was available as a stock (Fulga 

et al., 2007). This system also allows for the overexpression or knockdown of 

candidate genes in the eye with and without co-expression of hTauV337M (Figure 

25B, C). If the manipulation of the candidate gene alters the hTau mutant 

phenotype, then those are potentially interesting pathways to investigate further. 
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Figure 25: Schematic of expression system for rough eye screen. 

(A) hTauV337M overexpression with the UAS/GAL4 expression system in the eye 
(GMR promoter). (B) Expression of RNAi construct or gene construct of candidates 
of interest from the snRNA-seq experiment in Chapter 3. (C) Co-expression of 
hTauV337M and candidate of interest construct in the eye. 

 

One of the limitations of this assay is the gene must be expressed in the 

eye to see a result when using knockdown construct. Therefore, if there is no 

alteration to the hTauV337M phenotype with co-expression of candidate gene 

knockdown, that does not mean that the candidate should be excluded from future 

investigation. Another limitation is the subjectivity of the roughness measure. As 



   

 

 132  
 

 

we see in this experiment, “rough” can be overgrowth, necrosis, smaller eye, and 

abnormal shaping. Therefore, it was important to compare directly under the 

microscope to the hTauV337M (note that we included multiple images of hTauV337M 

(blue) based on the experiment date). For closer inspection of the rhabdomere 

structure, you can also section the head, similar to the neurodegeneration vacuole 

assay, but in the sagittal plane. Another option is to use electron microscopy to 

determine roughness. These are more time intensive but could be utilized to 

confirm our findings. Overall, this assay is beneficial for identifying promising 

candidates. These genes can then be validated by another behavioral or cellular 

assay relevant to dementia-related phenotypes and/or based on the function of the 

gene of interest. 

 

Results and Discussion 

We tested candidate genes from Chapter 3 differential expression in the fat 

body (Figure 10) that are involved in pathways associated with 

neurodegeneration: cytoskeleton, lipid dynamics, autophagy, insulin signaling, and 

mitochondrial function (Table 3). There were two formin genes (actin dynamics), 

Fhos and Frl, that were differentially expressed in the heterozygous hTauK369I 

compared to heterozygous hTauWT in the fat body. Fhos had increased expression 

while Frl had reduced expression (Table 3). We found that Fhos overexpression 

and Frl knockdown exacerbated the hTauV337M phenotype with smaller and rougher 

eyes (Figure 26B2, E2). This suggests that the dysregulation of these transcripts 

in hTauK369I could be detrimental, and this supports the previous work showing that 



   

 

 133  
 

 

Fhos overexpression negatively impacted behavior. Knocking down Fhos did not 

change the hTauV337M phenotype with either RNAi construct tested. Another 

cytoskeletal related gene was CLIP-190 but we found that neither knockdown nor 

overexpression altered the hTauV337M phenotype (Figure 32B2, C2). However, this 

gene was also found in studies of Parkinson’s and Tau and thus could be tested 

further (Kaltenbach et al., 2007; Feuillette et al., 2020).  

Apolpp and Apoltp function in lipid transport between organ systems (Palm 

et al., 2012). We found that knocking down these genes in the eye did not alter the 

hTauV337M phenotype (Figure 27B2, D2). An alternative experiment to test these 

targets could involve lipid droplet formation in the fat body. Marf has been linked 

to lipid droplet and mitochondria function (Bosch et al., 2020; Dorn et al., 2011; Liu 

et al., 2015; Yang et al., 2022). When Marf was knocked down in the hTauV337M 

flies, we saw no effect on the roughness (Figure 32J2). Another candidate gene 

involved in lipid mobilization and ER stress was Xbp1 (Zhao et al., 2021). Xbp1 

had reduced expression in hTauK369I compared to hTauWT in a subcluster of the fat 

body cluster, which we presume to be female due to the expression of female-

specific transcripts (Supplemental Figure 1E, Cluster 3 (C3)). Ire1 is upstream of 

Xbp1 in the lipid mobilization pathway and Ire1 also has significantly lower 

expression in the hTauK369I mutant in the fat body cluster (Zhao et al., 2021). We 

tested Xbp1 and found that overexpression with hTauV337M did not alter the 

phenotype, but it would be interesting to test Ire1 in the future (Figure 32I2). Klar 

is another exciting candidate as it is an ortholog of Nesprin (nuclear membrane 

protein in LINC complex) and has been shown to interact with lipid droplets 
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(Patterson et al., 2004; Girard et al., 2021). Expression of klar was reduced in the 

hTauK369I fat body compared to hTauWT (Table 3). Interestingly, overexpression of 

klar appears to exacerbate the hTauV337M rough eye phenotype with smaller 

rougher eyes while knockdown did not alter the phenotype (Figure 31B2, C2). This 

could mean that reduced klar expression in the fat body could be beneficial for the 

hTau mutant. For now, this supports that one of the functions of klar may overlap 

with pathways that are impacted by hTauV337M.  

Another pathway that has been extensively studied in tauopathy models is 

autophagy. Atg17 and Atg13 are both involved in the initiation of autophagy (Kim 

et al., 2017). Atg17 overexpression and Atg13 knockdown in hTauV337M flies 

appear to improve the hTauV337M phenotype in terms of shape and roughness 

(Figure 32G2, H2). Gyf is also involved in autophagy and overexpression of Gyf 

rescues the hTauV337M phenotype while knockdown does not alter the hTauV337M 

phenotype (Figure 29B2, D2). In our differential expression analysis, Gyf had 

reduced expression in hTauK369I compared to hTauWT (Table 3). These results 

imply that the autophagy pathway could be a target for future work. In addition to 

autophagy, Gyf has also been linked to the insulin signaling pathway (Giovannone 

et al., 2003; Giovannone et al., 2009; Vinayagam et al., 2016).  

In the differential expression analysis, we found many genes within the 

insulin signaling pathway (Figure 33). The insulin receptor InR had reduced 

expression in hTauK369I compared to hTauWT (Table 3). When we knocked down 

InR in the eye, we found that there was partial rescue of the rough eye phenotype 

in the hTauV337M mutant (Figure 28B2). Notably, overexpressing InR alone lead to 
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a drastic overgrowth phenotype (Figure 28D1). This is pictured both in the sagittal 

view and front view to capture the overgrowth compared to control. When InR was 

co-expressed with hTauV337M, we saw smaller, rough eyes that still appear to have 

an overgrowth compared to hTauV337M alone (Figure 28C2, D2). In addition to Gyf 

and InR, srl and Xrp1 are also associated with the insulin signaling pathway. Srl is 

known to couple mitochondrial activity to insulin signaling (Tiefenböck et al., 2010). 

Overexpression of srl rescued a Drosophila model of Parkinson’s with increased 

dopamine neuron numbers, decreased mitochondrial size, and increased 

locomotion (Ng et al., 2017). In the rough eye screen, srl knockdown did not alter 

the hTauV337M phenotype (Figure 32E2). Based on the previous literature, an 

overexpression of srl could potentially rescue the rough eye if tested. Xrp1 has 

been linked to an ALS model in Drosophila and inter-organ growth coordination 

through Drosophila insulin like peptide 8 (dilp8; Boulan et al., 2019; Mallik et al., 

2018). Xrp1 knockdown with hTauV337M shows no change in phenotype from 

hTauV337M alone (Figure 30B2). Interestingly, Xrp1 overexpression shows severe 

cell death with a glossy appearance and smaller eye (Figure 30C1). When Xrp1 

is overexpressed with hTauV337M, the eye is much smaller with a few necrotic areas 

(Figure 30C2). This suggests that Xrp1 and hTauV337M may act in similar pathways 

and that Xrp1 is a promising candidate for future studies with both the hTauK369I 

and hTauV337M mutants. Overall, this screen yielded interesting targets, InR, Gyf, 

and Xrp1 for future study and highlights the insulin pathway as a potential modifier 

of Tau toxicity.  
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Table 3: Rough eye phenotypes in differentially expressed genes in 
hTauK369I from the fat body cluster. 

Gene 
Avg. 

Log2FC 
Adj. P-
value 

Differential Expression in 
Fat Body Cluster (5-day 

old) 

Func. 
(Ref) 

RE 

KD OE 

Fhos 1.17 9.81E-39 Up in hTauK369I and dTaudel Actin (Patel et al., 2018) +/0,0 +/- 

Frl -0.26 6.27E-08 Down in hTauK369I Actin (Dollar et al., 2016) +/-  

apolpp -0.28 5.12E-21 Down in hTauK369I 
Lipid carrier (Palm et al., 

2012) 
+/0  

Apoltp -0.43 4.25E-18 Down in hTauK369I 
Lipid transfer (Palm et 

al., 2012) 
+/0  

InR -0.31 2.28E-07 Down in hTauK369I 
Insulin receptor 

(Vinayagam et al., 2016) 
+/+ -/- 

Gyf -0.27 1.70E-07 Down in hTauK369I 
Autophagy, insulin (Kim 
et al., 2015; Giovannone 

et al., 2009) 
+/0 +/+ 

Xrp1 -0.27 2.98E-07 Down in hTauK369I and dTaudel 
Transcription factor 
(Boulan et al., 2019) 

+/0 -/- 

klar -0.27 1.56E-06 Down in hTauK369I 
Nuclear, lipid droplets 
(Patterson et al., 2004; 

Girard et al., 2021) 
+/0 +/- 

CLIP-190 -0.40 3.72E-19 Down in hTauK369I 
Cytoskeleton (Beaven et 

al., 2015) 
+/0 +/0 

lqf 0.71 4.07E-28 Up in hTauK369I 
Autophagy (Csikós et al., 

2009) 
+/0  

srl -0.28 1.49E-12 Down in hTauK369I 
Insulin signaling, 

mitochondria 
(Tiefenböck et al., 2010) 

+/0  

jing -0.28 2.16E-14 Down in hTauK369I 
CNS development (Sun 

et al., 2006) 
+/0-  

Atg17 -0.29 1.76E-07 Down in hTauK369I 
Autophagy (Cheong et 

al., 2005) 
 +/0+ 

Atg13 0.56 4.79E-03 Up in hTauK369I 
Autophagy (Cheong et 

al., 2005) 
+/0+  

*Xbp1* -0.37 3.80E-12 Down in hTauK369I 
ER stress, lipid 

mobilization (Zhao et al., 
2021) 

 +/0 

Marf 0.71 1.94E-20 Up in hTauK369I 
Mitochondria (Dorn et 

al., 2011) 
+/0  

Before (/) indicates the single mutant phenotype: + and - denote no phenotype or 
rough phenotype, respectively. After (/) indicated the double mutant phenotype 
with hTauV337M: +, 0, and – denote suppression of hTauV337M, no change from 
hTauV337M and exacerbation of hTauV337M phenotype, respectively. Multiple 
symbols used if the phenotype was questionable and would need follow up. 
Differential expression using Wilcoxon Rank Sum test with a Bonferroni adjustment. 
Asterisk indicates that the gene was not differential expressed in the entire fat body 
cluster but was significant in the presumed female fat body cluster (C3, classified 
by the expression of Yp1 and fit, which are female-specific).   
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Figure 26: Fhos overexpression exacerbates hTauV337M retina neurotoxicity. 

(A1) GMR-GAL4 control for B1, C1, D1, and E1. 
(A2) hTauV337M rough eye control for B2, C2, D2, and E2. 
(B2) Fhos overexpression does not impact eye development. 
(B1) Fhos overexpression exacerbates hTauV337M rough eye with smaller eyes 
and bubblier texture.  
(C1) Fhos knockdown (31400 stock) has no phenotype.  
(C2) Fhos knockdown (31400 stock) with hTauV337M does not alter hTauV337M 

phenotype.  
(D1) Fhos knockdown (51931 construct, used in Chapter 3 and 4) has no 
phenotype.  
(D2) Fhos knockdown (51931 construct, used in Chapter 3 and 4) with hTauV337M 

does not alter hTauV337M phenotype.  
(E1) Frl knockdown has no phenotype.  
(E2) Frl knockdown with hTauV337M appears to worsen the size hTauV337M 

phenotype. 
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Figure 27: Apolipoproteins apolpp and apoltp do not alter hTauV337M retina 
neurotoxicity. 

(A1) GMR-GAL4 control for B1. 
(A2.1, A2.2) hTauV337M rough eye control for B2. These images highlight the 
variability in the rough eye phenotype within conditions (A2.1 right versus A2.2 
left eye).  
(B1) apolpp knockdown does not change eye structure.  
(B2) apolpp knockdown with hTauV337M does not alter hTauV337M phenotype.  
(C1) GMR-GAL4 control for D1. 
(C2) hTauV337M rough eye control for D2.  
(D1) Apoltp knockdown has no effect on normal eye development. 
(D2) Apoltp knockdown with hTauV337M does not change hTauV337M phenotype.  
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Figure 28: Insulin receptor InR modifies hTauV337M retina neurotoxicity. 

(A1) GMR-GAL4 control for B1. 
(A2.1, A2.2) hTauV337M rough eye control for B2. These images highlight the 
variability in the rough eye phenotype within conditions (A2.1 right versus A2.2 
left eye).  
(B1) InR knockdown does not change eye structure.  
(B2) InR knockdown with hTauV337M partially rescues the hTauV337M phenotype.  
(C1.1, C1.2) GMR-GAL4 control for D1.1 and D1.2. 
(C2.1, C2.2) hTauV337M rough eye control for D2.1 and D2.2. The front view 
(C2.2) highlights the smaller eyes compared to GMR-GAL4 (C1.2). 
(D1.1, D1.2) InR overexpression causes large, bulbous, and rough eyes. 
(D2.1, D2.2) InR overexpression with hTauV337M worsens hTauV337M phenotype 
and results in small, bulbous, and rough eyes. 
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Figure 29: Gyf overexpression rescues hTauV337M retina neurotoxicity. 

(A1) GMR-GAL4 control for B1. 
(A2.1, A2.2) hTauV337M rough eye control for B2. These images highlight the 
variability in the rough eye phenotype within conditions (A2.1 right versus A2.2 
left eye).  
(B1) Gyf knockdown does not change eye structure.  
(B2) Gyf knockdown with hTauV337M does not alter the hTauV337M phenotype.  
(C1) GMR-GAL4 control for D1 
(C2) hTauV337M rough eye control for D2.  
(D1) Gyf overexpression has no rough eye phenotype.  
(D2) Gyf overexpression with hTauV337M suppresses the hTauV337M phenotype 
and results wildtype-like eyes. 
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Figure 30: Xrp1 overexpression results in glazed rough eye phenotype, 
which is worsened with hTauV337M co-expression. 

(A1) GMR-GAL4 control for B1 and C1. 
(A2) hTauV337M rough eye control for B2, C2.1 and C2.2.  
(B1) Xrp1 knockdown does not change eye structure.  
(B2) Xrp1 knockdown with hTauV337M does not alter the hTauV337M phenotype.  
(C1) Xrp1 overexpression has a smaller size and glazed appearance suggesting 
cell death.   
(C2.1) Xrp1 overexpression with hTauV337M exacerbates both Xrp1 
overexpression and hTauV337M phenotypes and results in smaller, glazed eyes 
(C2.1) and necrotic spots (C2.2). 
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Figure 31: klar overexpression may increase rough eye phenotype in 
hTauV337M. 

(A1) GMR-GAL4 control for B1 and C1. 
(A2.1, A2.2) hTauV337M rough eye control for B2 and C2. These images highlight 
the variability in the rough eye phenotype within conditions (A2.1 right versus 
A2.2 left eye).  
(B1) klar knockdown has no rough eye phenotype.   
(B2) klar knockdown with hTauV337M does not alter the hTauV337M phenotype.  
(C1) klar overexpression has no rough eye phenotype.  
(C2) klar overexpression with hTauV337M exacerbates the hTauV337M phenotype 
and results slightly smaller and rougher eyes. 
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Figure 32: Candidate genes from differential expression analysis in the fat 
body cluster with subtle or no rough eye phenotype.  

(A1) GMR-GAL4 control for B1-J1. 
(A2) hTauV337M rough eye control for B2-J2. 
(B1) CLIP-190 knockdown does not change eye structure.  
(B2) CLIP-190 knockdown with hTauV337M does not alter the hTauV337M 

phenotype.  
(C1) CLIP-190 overexpression has no rough eye phenotype. 
(C2) CLIP-190 overexpression with hTauV337M does not change the hTauV337M 

phenotype.  
(D1) lqf knockdown does not change eye structure.  
(D2) lqf knockdown with hTauV337M does not alter the hTauV337M phenotype.  
(E1) srl knockdown does not change eye structure.  
(E2) srl knockdown with hTauV337M does not alter the hTauV337M phenotype.  
(F1) jing knockdown does not change eye structure.  
(F2) jing knockdown with hTauV337M slightly worsens the hTauV337M phenotype.  
(G1) Atg17 overexpression has no rough eye phenotype. 
(G2) Atg17 overexpression with hTauV337M partially rescues the hTauV337M 

phenotype.  
(H1) Atg13 knockdown does not change eye structure.  
(H2) Atg13 knockdown with hTauV337M slightly improves the hTauV337M phenotype.  
(I1) Xbp1 knockdown does not change eye structure.  
(I2) Xbp1 knockdown with hTauV337M does not alter the hTauV337M phenotype.  
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(J1) Marf knockdown does not change eye structure.  
(J2) Marf knockdown with hTauV337M does not alter the hTauV337M phenotype.  
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4.4 Model of Fat Body Metabolic Dysregulation in 

hTauK369I FTD mutant 

Experimental rationale 

A benefit of single-cell genomics is the ability to perturb a system and 

observe the system wide changes. Differentially expressed genes between mutant 

and wildtype within specific cell types give insight into the pathways that are 

modulated by the presence of mutant Tau. In this section, we will briefly review the 

metabolic changes seen in the hTauK369I mutant within the fat body. The brain is a 

metabolically demanding organ and the breakdown of metabolic function with 

aging and oxidative stress has been extensively linked to neurodegeneration 

(Butterfield et al., 2022). As the fat body serves as the liver, adipose tissue, and 

the immune system of Drosophila, any perturbations of metabolic output or storage 

could impact the function of the brain. We present a proposed metabolic map 

based on the differentially expressed genes within the fat body of heterozygous 

hTauK369I compared to heterozygous hTauWT. It is important to note that not all of 

these hits were specific to just hTauK369I, some were also altered when comparing 

dTaudel or CS to hTauWT. We chose to include these in the metabolic map to create 

a more complete picture of the pathways (Figure 33). However, if these hits were 

to be validated, it is important to know that the genes are also altered in the CS 

control compared to hTauWT (DE both down or up: aay, FASN1, Mondo, PyK, Rel, 

tobi, Treh, and Lsd-2). Based on the findings in the metabolic map, we did a pilot 

experiment to assess body weight and look at lipid droplets in aged flies.  
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Results and Discussion 

Glycolysis and Oxidative Phosphorylation 

The fruit fly lab diet is high in carbohydrates, which the fat body can utilize 

as fuel through glycolysis. Trehalose is the major sugar in circulation in the 

Drosophila hemolymph (Tellis et al., 2023). In the fat body, glucose is converted 

to trehalose and transported to other tissues through Tret1-1, which is 

downregulated in hTauK369I (Figure 33; Tellis et al., 2023). Trehalose can also be 

converted to glucose with Treh, which we see downregulated in hTauK369I (Zappia 

et al., 2021). Glucose is broken down through glycolysis, and we find three of the 

glycolysis enzymes differentially expressed in hTauK369I fat body cells. Hex-A and 

Pfk are upregulated while the rate limiting enzyme, Pyk, is downregulated. 

Whether these glycolysis enzymes are upregulated at the protein level will require 

further testing. In future work, we could also assess glycolytic output by measuring 

metabolite levels. Interestingly, complex IV oxidative phosphorylation genes were 

also upregulated (COX8, COX7A, COX7C and Cyt-c-p).  Based on these findings 

and the dysregulation of lipogenesis and lipolysis (discussed later), it appears that 

the hTauK369I fat body cells are relying on glycolysis and oxidative phosphorylation. 

Future experiments probing the metabolic state of these cells will be necessary to 

understand the entire picture (discussed in Conclusions). 

 

Glutathione  

Glutathione is important in the reduction of reactive oxygen species that can 

damage the cell. In hTauK369I, Cbs is downregulated compared to hTauWT (Figure 
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33). Cbs is an enzyme in the pathway to convert homocysteine to cysteine, which 

is upstream of glutathione synthesis (Sbodio et al., 2019). Hence, the levels of 

glutathione synthesis could be lower in hTauK369I making the flies more susceptible 

to reactive oxygen species. The conversion of homocysteine to cysteine requires 

serine. Aay, a fly ortholog of an enzyme in the biosynthesis pathway of serine, is 

downregulated in hTauK369I (Sonn et al., 2018). This further supports that 

glutathione could be lower in these flies and thus reactive oxygen species could 

be elevated. Homocysteine synthesis is also involved in the process where methyl 

groups are liberated, which can then be used to methylate DNA. Therefore, in 

addition to glutathione levels, there could be changes in epigenetic control due to 

change in methyl groups availability (Sbodio et al., 2019).  

 

Lipogenesis, Lipolysis and Insulin Signaling 

Both the lipolysis and lipogenesis pathways are downregulated in the 

hTauK369I mutant (Figure 33). The lipolysis pathway is downregulated at both the 

transcription factor level (Hnf4, Atf3) and import into the mitochondria for fatty acid 

oxidation (whd). In addition, it appears that the insulin pathway could also be 

diminishing the transcription of lipolytic genes. The insulin signaling pathway 

inhibits Foxo, which controls expression of bmm, a lipase that converts TAGs to 

fatty acids and glycerol for oxidation (Heier et al., 2021). In hTauK369I, the insulin 

receptor, InR, is downregulated, but downstream activator Pdk1 is upregulated. 

Pdk1 serves to activate Akt, which in turn inhibits the entry of Foxo into the nucleus 

through phosphorylation (Heier et al., 2021). In contrast, Rel is downregulated. Rel 
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is controlled by a different signaling pathway and serves to inhibit Foxo. In addition, 

in response to chronic starvation, endoplasmic reticulum protein, Ire1, activates 

splicing of Xbp1, which then translocates to the nucleus to inhibit Foxo and thus 

transcription of lipolysis genes (Zhao et al., 2021). Ire1 is downregulated in 

hTauK369I in the fat body cluster and Xbp1 is downregulated in the putative female 

portion of the fat body cluster (Supplemental Figure 1E, Cluster 3 (C3)). Hence, 

the inhibition of Foxo could be decreased with starvation. This hints at the 

complexity of the system and poses the question of whether these opposing forces 

could be balancing out.  

Lipogenesis is also downregulated with decreased expression of Mondo, a 

transcription factor that activates lipogenesis genes, and FASN1, an enzyme 

involved in the de novo synthesis of fatty acids (Heier et al., 2021). The decreased 

expression of FASN1 in hTauK369I should serve to lower the amount of triglyceride 

(TAG) storage in the fat body lipid droplets (Heier et al., 2021; Ugrankar et al., 

2019). Similarly, downregulation of apolpp in hTauK369I should have the same effect. 

Ugrankar et al. (2019) showed that knockdown of FASN1 reduced lipid droplet in 

the cell interior while apolpp knockdown decreased the lipid droplets at the 

periphery. Apoltp is also reduced in the hTauK369I mutant and is involved in the 

transport of lipids throughout the body (Heier et al., 2021). This could also impact 

the lipid droplets by either reducing transport from the gut or lowering the 

mobilization to other tissues.  

The Akh hormone signaling pathway serves to upregulate lipolytic pathways 

upon starvation and inhibit lipogenesis. Plc21C and Cam are upregulated in 
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hTauK369I. These proteins are activated by Akh signaling and involved in the 

inhibition of lipogenesis (Baumbach et al., 2014). This further supports that 

lipogenesis could be decreased in the hTauK369I flies. Akh signaling also activates 

Lsd-1, which regulates lipid droplets in the interior of the cell by providing structural 

support and activating lipase, Bmm (Heier et al., 2021; Zheng et al., 2016). Lsd-2, 

in contrast, inhibits Bmm and associates with lipid droplets in the periphery (Zheng 

et al., 2016). Lsd-1 is downregulated, and Lsd-2 is upregulated in hTauK369I. This 

suggests that Bmm is inhibited and thus there could be less lipolysis. Measuring 

the levels of triglycerides and diglycerides will be necessary to see if the lipid 

system is perturbed in the hTauK369I flies.  

Some FTD patients have increased cravings for carbohydrate rich foods 

based on caregiver questionnaires (Miller et al., 1995). In an ad libitum meal test, 

FTD patients preferred the high sucrose foods compared to controls and AD 

patients (Ahmed et al., 2016). Although this may not be tied to the changes seen 

in the lipid synthesis and mobilization in the fat body in our Drosophila model, it is 

something to consider. Future experiments could test dietary preference and food 

consumption in our Drosophila model to see if these expression changes are 

modifying behavior.  

 



   

 

 150  
 

 

 

 

Figure 33: Metabolic map of differentially expressed genes in hTauK369I fat 
body cells from 5-day old flies with genes involved in insulin signaling, lipid 
dynamics, glycolysis, and mitochondrial function. 
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The insulin signaling pathway is activated by Drosophila-like insulin peptides 
(DILP) through the insulin receptor (InR). Downstream through the PI3K/Akt 
pathway and others, the transcription factor Foxo, which controls lipolysis genes, 
is inhibited. Tobi is another gene involved with the insulin pathway, but its role has 
not been fully elucidated. In response to chronic starvation, the ER stress pathway 
of Ire1/Xbp1 can be activated to also inhibit Foxo. Lastly, immune response 
transcription factor Rel can also inhibit Foxo in a starvation dependent manner. 
Hnf4 and Atf3 are two other transcription factors that control expression of lipolysis 
genes. Lipogenesis transcription factor controls expression of lipogenic genes 
such as FASN1, which is involved in de novo lipid synthesis. Lipogenesis is 
inhibited by the Akh hormone pathway through Plc21C and cAMP/PKA. Lipid 
droplet stabilizing proteins, Lsd-1 and Lsd-2, associate with lipid droplets in the fat 
body and can inhibit or activate lipolysis proteins such as Bmm. Apolpp and Apoltp 
are involved in lipid transport across tissues. Lipolytic enzymes breakdown the 
triglycerides into free fatty acids and glycerol. The free fatty acids can then be 
broken down in the mitochondria through beta oxidation. Whd is responsible for 
the adding acyl carnitines to long-chain fatty acids to allow for transport into the 
mitochondrial matrix. Trehalose is the main sugar in the hemolymph of Drosophila, 
and it can be transported in and out of cells with Tret1-1. Treh is an enzyme that 
converts trehalose to glucose. Glucose can then be broken down for ATP and the 
resulting acetyl-CoA from glycolysis can be used by the citric acid cycle (TCA). 
The TCA cycle provides electron donors for oxidative phosphorylation and further 
ATP production. Oxidative phosphorylation generates reactive oxygen species, 
and these are scavenged by glutathione. Glutathione is produced through the 
cysteine synthesis pathway (Baumbach et al., 2014; Diaconeasa et al., 2013; Heier 
et al., 2021; Mattila et al., 2017; Molaei et al., 2019; Palanker et al., 2009; Palu and 
Chow, 2018; Ugrankar et al., 2019; Ugrankar-Banerjee et al., 2023; Zappia et al., 
2021; Zhao et al., 2021; Zheng et al., 2016).  

 

Alterations in body weight of hTauK369I flies  

Based on the metabolic map findings, we began pilot experiments to assess 

if the differentially expressed genes could impact body weight or lipid droplets 

within the fat body. We decided to measure body weight at two timepoints: young 

11-day old and old 30-day old. The flies were crossed with the same numbers of 

females and males to control for density of offspring. We weighed males and 

females separately as Drosophila females are significantly larger than males. Due 

to the sensitivity of the scale, the flies had to be weighed in groups of 4-10 flies 
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and then we analyzed the per fly weight. Interestingly both the aged hTauK369I 

females and males were significantly heavier than the hTauWT (Figure 34B, D). 

Young males were also significantly heavier than the hTauWT control (Figure 34C). 

Canton-S was also consistently heavier than all hTau flies (Figure 34C). This 

preliminary experiment suggests that the metabolic changes we see could be 

impacting both the hTau flies. Future experiments could utilize a high fat diet to 

see if there is a different outcome. The standard diet is high in carbohydrates, 

which could be helpful for the hTauK369I fly based on the differentially decreased 

expression of lipid associated genes.  

The following should be considered for future experiments evaluating body 

weight. First, multiple generations of parent flies should be grown with density 

control. The parent flies used for this experiment were taken from long term stocks 

and thus there could be more variation based on varying living conditions and how 

well the flies grow in the 18C incubator (used for long-term stock maintenance). 

Second, it would be helpful to look at homozygous hTau flies to see if the difference 

in body weight between hTauWT and hTauK369I is greater than what we see with the 

heterozygotes (Figure 34A-D). Third, more timepoints throughout the lifespan of 

the fly would help to determine whether hTauK369I is consistently larger throughout 

life. Fourth, due to time limitations, the body weight measure ranged from early 

morning to late afternoon. This could have influenced the body weight measure 

depending on egg production and food intake. Consistency of weighing time may 

help minimize the variability we see in weight measurements. Lastly due to low 

numbers, the weights were taken with 4-10 flies and then divided by the total 
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weighed. It would be helpful to consistently weigh the same number of flies to 

reduce variation and improve the accuracy of the weight measure.   

Based on the increased body weight of the hTauK369I flies and decrease in 

expression of both lipolysis and lipogenic pathways, we wanted to investigate lipid 

droplets within the fat body. This was a single experiment to see if there were any 

obvious changes in lipid droplets in the hTauK369I flies and to troubleshoot the 

dissection and staining protocol. In this initial experiment, we did not see any 

qualitative changes in the hTauK369I fat body lipid droplets compared to CS or 

hTauWT (Figure 34E). Optimize this staining protocol to reduce the signal to noise 

ratio is necessary before we can determine whether the changes seen in the 

differential expression are translating to changes in lipid storage. It could be helpful 

to repeat this experiment at a younger timepoint. In addition, adding a plasma 

membrane and nuclear staining will allow for quantification of the periphery and 

interior lipid droplets in the fat body. Based on the decreased mRNA levels of 

apolpp and FASN1 in our hTauK369I mutant, we could expect to see both the 

peripheral and cell interior lipid droplet populations impacted. This experiment 

could also be expanded by starving the flies and then looking at the lipid droplets 

in the fat body once the system has been challenged. Inducing fasting conditions 

in the flies will test the metabolic flexibility of the hTauK369I flies and will challenge 

energy mobilization. Starvation should result in decrease TAGs and thus 

decreased lipid droplet size in the fat body (Zhao et al., 2021). This could also be 

assayed by measuring levels of TAG in the fly in both the fed and starved state. 

These tests could also include starving the flies and measuring survival time by 
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counting the number of dead flies every 12 hours to see if the hTauK369I flies are 

more susceptible. Based on the metabolic map, the hTauK369I flies could struggle 

without carbohydrate food sources due to the decrease in expression of lipolytic 

transcription factors (Hnf4), fatty acid oxidation (whd) and lipid droplet stabilizing 

proteins (Lsd-1, Lsd-2).  

To investigate whether Fhos manipulation impacts body weight, we 

conducted the body weight experiment for our double mutants with hTau and Fhos. 

We saw that AkhR hTauK369I flies were not heavier than the AkhR hTauWT flies 

(Figure 35A, B, C, D). This is similar to what we saw with the behavioral assays in 

Chapter 3. However, we do see that hTau flies with Fhos overexpression are 

consistently heavier than hTau alone with the greatest increase in aged females 

(Figure 35B). This suggests that Fhos could impact the metabolic state of the 

hTauK369I mutant but a more sensitive assay like food consumption or TAG levels 

will be needed to better understand the function of Fhos in the fat body.  
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Figure 34: hTauK369I mutation modifies body size in females and males.  

(A, B, C, D) Heterozygous hTauK369I mutants have increased body size compared 
to heterozygous hTauWT across sex and age (11 and 30 days of age). (E) Example 
fat body preps showing variation in lipid droplets at 45 days of age. Numbers on 
images denote animal with letters indicating multiple images from one animal. 
Statistics were run across all conditions using Kruskal-Wallis with Dunn’s multiple 
comparisons and Holm adjustment. Sample size is indicated on plots with whiskers 
indicating the 1.5xIQR (Interquartile range Q3 to Q1). *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 
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Figure 35: Fhos overexpression in the fat body increases body weight in 
aged female hTauK369I mutant. 

(B) Fhos overexpression increases body size at 30 days of age in hTauK369I 
females compared to driver hTau control. (A, C, D) Fhos overexpression did not 
significantly change body weight in 11-day old females (A), 11-day old males (C) 
or 30-day old males (D). (E, F, G, H) Fhos knockdown did not significantly alter 
body weight. Statistics were run across all conditions using Kruskal-Wallis with 
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Dunn’s multiple comparisons and Holm adjustment. Sample size is indicated on 
plots with whiskers indicating the 1.5xIQR (Interquartile range Q3 to Q1). *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. 
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Conclusion 
 A deeper understanding of the physiological versus pathological functions 

across different cell types is needed to further elucidate how changes in Tau can 

lead to such varied disease phenotypes. The Tau 2022 global conference 

emphasized that Tau likely has varying functions across cell types, and that the 

initial discovery of Tau’s role in MT stabilization has slowed discovery of its diverse 

functions (Sexton et al., 2024). Single-cell genomics allows for systems wide view. 

However, the biological effect size of a particular genomic change can be hard to 

determine. Validation of candidate hits using both molecular and behavioral 

techniques will be necessary to more fully understand the complicated onslaught 

of changes induced by the hTauK369I mutation and beyond. However, determining 

how to validate can be difficult. In another study of the hTauR406W mutation using 

single-cell transcriptomics, the authors found that the NF-B (Relish/Rel in 

Drosophila) was perturbed both in a human dataset of AD and in the hTauR406W 

model (Wu et al., 2023). From this analysis, they postulated that reducing levels of 

Rel could potentially rescue or slow neurodegenerative vacuole formation in hTau 

flies. However, there was no change in vacuole number with Rel knockdown. This 

highlights similar limitations to what we encountered in this dissertation. 

Phenotypes can be subtle, progress too quickly or can be difficult to quantify. In 

addition, it could be that the GAL4 drivers used for validation do not directly align 

with the cells that have changes within the single-cell assay. There are some 

efforts to utilize single-cell expression profiles to create GAL4 drivers for specific 

clusters. In the case of this dissertation, manipulating Fhos was lethal in neurons 
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and glia. It also led to a more subtle phenotype due to genetic background changes 

when adding the UAS/GAL4 constructs. That being said, the genetic tools in 

Drosophila are vast, and with time and troubleshooting, the ability to validate 

candidates from single-cell datasets will help to pinpoint potential modifiers for 

study in higher order systems.  

 

Chapter 3: Summary and Future Directions 

The evidence laid out in this dissertation points to the fat body as a cell type 

of interest for understanding the brain:body axis in tauopathies. This work also 

further supports Fhos as a gene of interest, but more effort is needed to parse the 

mechanism of Fhos within the fat body and how it could be modifying behavior. 

The early change in Fhos accessibility in the hTauK369I and dTaudel in chromatin 

accessibility and gene expression positions Fhos as a potential driver of 

phenotypes related to fat body dysregulation. We originally focused on hTauK369I 

due to the increased levels of HP1 and the previous studies, which showed that 

heterochromatin structure is altered with aging and in tauopathy models (Frost et 

al., 2016; Haithcock et al., 2005; Scaffidi and Misteli, 2006). Locomotor defects 

and loss of heterochromatin in the Drosophila hTauR406W model were rescued by 

knocking down histone demethylases in the CNS, which suggests that FTD 

phenotypes are linked to the heterochromatin state in Tau mutants. The fat body 

also has a breakdown of Lamin structural integrity with aging, which is thought to 

impact heterochromatin stability (Chen et al., 2016). Therefore, we propose 

assessing the nuclear architecture changes by mapping heterochromatin regions 



   

 

 161  
 

 

in the hTauK369I model. We could accomplish this by conducting single-cell 

CUT&Tag on hTauK369I adult heads for 5-day and 30-day old flies for 

heterochromatin marks, H3K9me and HP1. Heads would include the CNS as well 

as the pericerebral fat body nuclei. This experiment would determine how the 

nuclear organization of heterochromatin changes between pre- and post-

symptomatic ages. Additionally, it would show whether heterochromatin 

distribution is modified in our FTD mutant and if the regions of heterochromatin 

correspond to the differentially accessible and expressed regions found in Chapter 

3. Further profiling the epigenetic changes will advance our understanding of the 

role of Tau in the nucleus and provide novel targets, which is key to developing 

targeted therapies to slow FTD progression. 

Similarly, given the evidence of Lamin breakdown with aging and disease, 

we would like to look at both the brain (perhaps using the regions of interest from 

Chapter 4.3) and within the fat body to look for disruptions in Lamin in an aged 

timepoint. This could give us clues to whether the hTauK369I mutant has similar 

mechanisms to the hTauR406W mutant, and whether Fhos could be impacting Lamin 

(Frost et al., 2016). We could also use the antibody created in Shwartz et al. (2016) 

to stain for Fhos and a Lamin antibody to see if Fhos is co-localizing with the 

nuclear membrane or regions of blebbing/invaginations (Frost et al., 2016). As 

mentioned in the introduction, FHOD1 and Fhos are found in the perinuclear region 

(Anhezini et al., 2012; Ménard et al., 2006). Mammalian FHOD1 can interact with 

the LINC proteins in the nuclear membrane and associates with actin (Antoku et 
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al., 2015). Therefore, it is possible that Drosophila Fhos could have a similar 

function.  

Fhos nucleates actin and can promote bundling (Patel et al., 2018). With 

aging, there is increased actin rod formations in the brain and knocking down Fhos 

ameliorates this phenotype (Schmid et al., 2023 preprint).  Since Fhos is increased 

in fat body cells, it would be beneficial to assess whether there are increased actin 

bundles in the hTauK369I fat body. For these experiments, it would be easiest to first 

check in the fat body located in the abdomen of the adult fly due to accessibility. 

However, one could also dissect or section for the pericerebral fat body. If actin 

bundling is altered, there are many further questions that could be asked in this 

system. First, we would want to know if changes in actin dynamics is impacting 

autophagy given that it has been linked to neurodegeneration (Kast and 

Dominguez, 2017). Second, we would also stain for actin and Lamin to see if there 

are actin foci associated with regions of nuclear disruption, which was found in the 

hTauR406W Drosophila brains (Frost et al., 2016). If we find this in the hTauK369I fat 

body, evaluating whether manipulation of Fhos expression could alter this 

phenotype would provide insight for the possible mechanism of Fhos within the 

hTauK369I fat body.  

It would be interesting to further characterize the FTD mutant behaviors 

such as learning/memory defects or depression, which are seen in patients. We 

would like to characterize these behaviors in the FTD mutants and then see how 

manipulation of Fhos in the fat body alters these phenotypes. Past work in the lab 

has looked at spatial memory but there are other learning and memory tests to use 
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in the Drosophila system (Law et al., 2022). One option is to use odor detection. 

One can use an aversive (electric shock) or appetitive (sucrose) stimulus 

associated with an odor then also introduce the flies to another odor without an 

external association. The flies are then given an odor choice in a T-maze (Mariano 

et al., 2020). If the flies formed a short-term memory, then the flies will avoid the 

adverse stimulus or prefer the appetitive stimulus. There are also ways to assess 

depression-like behavior such as inducing stress through vibration and then 

tasking wing-clipped flies with crossing an “insurmountable” gap (Pick and Strauss, 

2005; Ries et al., 2017). Flies with increased depression-like behavior will have 

reduced crossing attempts. Additional characterization of the hTau mutant 

phenotypes will aid in the limitation discussed at the beginning of the chapter. For 

example, if a candidate gene is known to be involved in the mushroom body (the 

memory center of the Drosophila brain), then it would be beneficial to have 

behavioral validations to test if the candidate can alter the hTau memory 

phenotype.  

In Chapter 3, we saw that the increased accessibility and gene expression 

of Fhos was specific to hTauK369I, it would be interesting to know if this is the case 

for the behavioral experiments as well. Repeating the behavioral validation for the 

hTauV337M and hTauP301L would show if the recovery with Fhos knockdown is 

specific to hTauK369I. hTauK369I with Fhos knockdown had comparable locomotor 

drive and sleep fragmentation as hTauK369I alone. Perhaps if the flies were aged 

longer, we could see more of a “rescue” in the Fhos knockdown hTauK369I flies. 
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This would also indicate whether there is a specific window where the knockdown 

is helpful or if it is throughout aging.  

 

Chapter 4: Summary and Future Directions 

In Chapter 4.1, we presented Fhos manipulation in the hTauK369I flies within 

glia and neurons to demonstrate that the Fhos fat body phenotype was cell-type 

specific. However, there were some limitations in these experiments that should 

be addressed. In Chapter 4.1, we utilized a temporal- and tissue-specific GAL4 to 

overexpress Fhos in glia due to lethality when using the tissue specific loco-GAL4.  

This meant that the flies developed at 18C and were aged at 29C to allow for 

overexpression of Fhos only in adulthood. For the sleep experiments, due to 

incubator availability, the flies were kept at 25C. Temperature can influence 

activity rhythm in Drosophila (Majercak et al., 1999). At 29C, flies have less 

activity in the late evening and more activity in the early night compared to flies at 

25C (Majercak et al., 1999). This would mean that flies will sleep more during the 

day and less at night when raised in 29C. Although we do not see this in our flies 

aged at 29C compared to the 25C, the flies could be transitioning to the new 

temperature and have changes in sleep due to the temperature change. Although 

both controls and experimental conditions are undergoing the same temperature 

shift, it is possible that the control or experimental conditions could respond 

differently to the change in temperature. Therefore, to improve the validity of the 

interpretations, I would repeat this experiment maintaining the flies at 29C to 
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ensure that the overexpression of Fhos is consistent. An alternative method would 

be to use the gene-switch system, which is a drug inducible system rather than 

temperature. Future work should assess the function of Fhos in glia because it is 

interesting that Fhos overexpression was lethal while Fhos knockdown was viable. 

This is likely a later developmental phenotype because there were necrotic larva 

and pupa. Glia at this stage of development are responsible for engulfing neurons 

undergoing programmed cell death (Freeman et al., 2015). It is possible that the 

disruption of Fhos could be impacting the phagocytic mechanisms.  

For the neuronal validation, only Fhos overexpression in homozygous dTau 

flies died while hTau flies with Fhos overexpression survived. Figuring out this 

mechanism is another interesting side project to understand the function of Fhos 

in neurons. I suspect it could be due to the dosage of dTau in the flies. To test this, 

we could create a fly with a dTau homozygous deletion and Fhos overexpression. 

If these survived, then the lethality is likely due to the interaction between dTau 

and Fhos. I would also create a fly with heterozygous dTau deletion and Fhos 

overexpression. If this fly survives, then the viability of the hTau flies is likely due 

to the lower dosage of dTau. We could confirm the expression of dTau in both 

these flies using quantitative PCR. If the heterozygous dTau deletion was still lethal, 

then it is a gain of function of the hTau that leads to the viability in hTau flies. Again, 

the lethality seemed to occur later in development based on the necrotic larva, but 

you can use agar sucrose plates to count each stage of development and 

determine when the majority of the flies are no longer viable. It is important to 

understand this lethality paradigm because the hTau flies with Fhos 
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overexpression survive and have minimal behavioral phenotypes besides 

increased sleep fragmentation in females. Dissection of the lethality phenotypes 

will help to get a firmer picture of the interaction between Fhos and Tau across 

tissues.  

Chapter 4.2 shows some potentially interesting patterns in 

neurodegeneration regions within the hTau Fhos fat body knockdown. The Fhos 

overexpression hTau flies appear to have less neurogenerative vacuoles but as 

stated in the chapter, it could be due to selection of more robust flies. Meaning that 

most of the flies have died before 45 days of age and thus we were analyzing the 

long-lived flies. This assertion is based on the numbers of flies that were available 

for behavioral experiments. Therefore, before repeating this experiment, a lifespan 

assay for the Fhos hTau flies will help to determine a reasonable timepoint. 

Specifically, when there are disease phenotypes like locomotion but also high 

survival to allow for the assessment of progression rather than late-stage 

neurodegeneration. Also, repeating this experiment will be necessary to determine 

whether the seemingly vulnerable regions (ellipsoid body, fan-shaped body, and 

antennal lobe) in the Fhos hTau knockdown flies are consistent across many 

samples.  

For Chapter 4.3 and 4.4, I would like to repeat the single-cell gene 

expression experiment for an older timepoint to see if the metabolism pathways in 

the fat body that are changed at 5-days of age persist with age. Although, not 

discussed in this dissertation, there were also metabolic changes in neurons and 

glia and thus repeating the whole head will allow for comparison in all cell types. 
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This would also provide insight into whether there are more cytoskeleton genes 

altered with aging. Similarly, repeating the single-cell gene expression experiment 

with the hTau Fhos fat body knockdown flies could give insight into the mechanism 

of Fhos in the hTauK369I mutant. The main candidates of interest from Chapter 4.3 

were InR, Xrp1, and Gyf due to the modification of the hTauV337M rough eye 

phenotype. All of these genes have been implicated in the insulin pathway and 

patients with neurodegenerative diseases can exhibit insulin resistance (Boulan et 

al., 2019; Giovannone et al., 2003; Giovannone et al., 2009; Kim and Arvanitakis, 

2023; Vinayagam et al., 2016). This motivates evaluating whether the protein 

levels of InR are altered in the hTauK369I mutant. It would also be interesting to look 

at the phosphorylation of Akt and nuclear localization of Foxo to assess whether 

the activation of the InR signaling pathway is altered (Figure 33).   

To test if pathways in the Chapter 4.4 metabolic map are in fact altered in 

the hTauK369I mutant, we could utilize the Agilent Seahorse XFp for dissected fat 

body tissue. This will allow for both the glycolytic rate and oxidative 

phosphorylation to be compared to wildtype (Fernandez-Acosta et al., 2022). It 

would also be beneficial to measure the ATP production in the hTauK369I mutant 

and conduct a lipidomic analysis of the fat body (Fernandez-Acosta et al., 2022). 

One can also use microscopy to assess reactive oxygen species using 

Dihydroethidium (DHE; Fernandez-Acosta et al., 2022). These assays would 

complement morphological analysis of lipid droplets in the fat body. Based on 

preliminary lipid droplet staining, we would repeat the experiment in younger flies 

and also include a membrane staining to distinguish peripheral and interior lipid 
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droplets. Quantification of lipid droplet position within the cell would be particularly 

interesting due to the changes in mRNA levels of apolpp and FASN1, which have 

been shown to impact peripheral and interior droplets, respectively (Ugrankar et 

al., 2019). Also, introducing a starvation challenge will allow for the assessment of 

susceptibility of the flies and could indicate problems with lipid mobilization as 

discussed in Chapter 4.4. In addition to imaging lipid droplets, we could also 

measure the TAG and trehalose levels (Aditi et al., 2016; Wat et al., 2020). FTD 

patients have hyperphagia, increased caloric intake and higher BMI compared to 

controls and other neurodegenerative diseases (Ahmed et al., 2014a; Ahmed et 

al., 2014b; Ahmed et al., 2016). We observed that the hTauK369I flies have higher 

body weight than the hTauWT (Figure 34). To see if flies also have hyperphagia or 

preference for high sucrose foods, we could conduct feeding preference assay 

using the FLIC Fly Liquid-Food Interaction Counter, which allows for high-

throughput testing and preference measures (Ro et al., 2014). All of these assays 

are well established in mouse models and thus in the future, it would be interesting 

to see how the different model systems coincide. This work could also be 

expanded to assess patients because, unlike the brain, the adipose tissue can be 

biopsied; however, there is risk of hemorrhage from this procedure (Kettwich et al., 

2012). Alternatively, patients could be worked up with lipid panels and other 

metabolic tests that are commonly used in clinic for cardiovascular health 

assessment and metabolic disorders.  
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In sum 

 The Drosophila model system allows for a quicker assessment of 

disease phenotypes due to the low cost and quick lifespan. Based on these 

findings, there are many avenues to pursue in this model, which can then be further 

validated in a high order model organism, such as mice. This work also highlights 

why single-cell genomics is useful. Although previous research has linked FTD to 

metabolic dysregulation, we did not start this project wanting to investigate this 

particular aspect. However, given the number of changes in the fat body at an early 

age, we decided to characterize the changes within the fat body in the hTauK369I 

mutant. The major questions from this dissertation are the following: (1) What is 

the function of Fhos in neuron and glia in development? (2) Could Fhos be 

interacting with the LINC complex and are actin dynamics changed in the hTauK369I 

mutant? (3) How is h TauK369I changing heterochromatin distribution, and does it 

correspond to the changes in accessibility? (4) Do the metabolic gene expression 

changes in the fat body persist with aging? (5) Is the metabolic function altered in 

the hTauK369I mutant and do we see similar changes in the other FTD-associated 

mutants? (6) Are there regions of susceptibility for neurodegeneration when Fhos 

is manipulated in the fat body and what could be the mechanistic basis for this 

susceptibility?  

Throughout this work, I have come back to one of my favorite lines by Joni 

Mitchell: “I've looked at clouds from both sides now; From up and down and still 

somehow; It's cloud illusions I recall; I really don't know clouds at all.” No matter 

how you look at the clouds of cells within a UMAP or any scientific question. There 
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will always be more to know, more to discover and more to show you how much 

we don’t know. It was my goal with this dissertation to highlight some interesting 

tidbits from my studies of these clouds and I hope that one day the clouds will part, 

and we will have a more complete understanding. 
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