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Summary  
 

Huntingtin (HTT) is a highly conserved and ubiquitously expressed, multi-functional protein. 

Mutations within exon 1 of the Huntingtin gene (HTT) are translated into a pathogenic 

expansion (>36 glutamines) of the polyglutamine (polyQ) tract, giving rise to an aggressive 

neurodegenerative disease: Huntington’s disease (HD). Aggregates are well established as a 

key hallmark which are linked to the pathogenesis of HD. A small, truncated mutant 

fragment of HTT (mHTTex1), has been identified as a component of neuronal aggregates in 

HD patient brains, and its presence recapitulates HD-like symptoms in model systems. 

However, the molecular mechanisms dictating mHTTex1 aggregation and toxicity remain 

elusive. 

 

To this end, a novel Drosophila Melanogaster (D. melanogaster) model was developed to 

investigate mHTTex1 aggregates. Transgenic fly strains were generated that pan-neuronally 

co-express HTTex1 mNeongreen (HTTex1-mNG) and HTTex1 mScarlet-I (HTTex1-mSc-I) 

fusion proteins with 17, 52, or 75 glutamine repeats (HTTex1Q17-mNG/-mSc-I, HTTex1Q52-

mNG/-mSc-I, and HTTex1Q75-mNG/-mSc-I) which enabled detection of mHTTex1 

aggregation in situ by measuring Forster Resonance Energy Transfer (FRET). Through the 

neuronal expression of this FRET-based HTTex1 aggregation biosensor, the localisation of 

HTTex1 within the fly brain was tracked. Co-expression of pathogenic mHTTex1 fusion 

proteins (HTTex1Q52-mNG/-mSc-I and HTTex1Q75-mNG/-mSc-I) resulted in the formation 

of SDS stable mHTTex1 aggregates , which correlated with reduced lifespan and mobility in 

flies. A novel FRET-based fluorescence-activated cell sorting method (FACS) was established 

which enabled quantitative readout of mHTTex1 aggregates within live cells derived from fly 

brains.  

 

To interrogate the impact of mHTTex1 aggregates on the proteome, label free quantitative 

proteomics (LC-MS) analysis of both immunoprecipitated (IP) mHTTex1 aggregates from fly 

head lysates and whole fly brain samples was performed. Immunoprecipitates and whole 

brain lysates from flies expressing mHTTex1 with both pathogenic and non-pathogenic 

polyQ tracts were compared. The results obtained revealed that mHTTex1 aggregates 

significantly associate with proteins involved in intercellular transport and lead to a global 



  

 

increase of proteins associated with the endomembrane system. The findings of this work 

establish mHTTex1 aggregates as profound disrupters of the neuronal proteome. RNAi 

knockdown of the key upregulated protein sff resulted in significant toxicity, highlighting a 

potential protective role increased sff protein levels may play against HTTex1-induced 

toxicity. 
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1. Introduction  

 

Since the beginning of humanity, we have strived to understand the minds and bodies we 

inhabit. From the earliest human remains exhibiting evidence of brain surgery 1,2, to the first 

scientific writings detailing the medical observation of brain injuries 3 , it is clear early 

humans innately understood the importance of the brain. As civilisation advanced, the brain 

was established as the origin point where “all senses are connected” 4 via nerve cells, 

dendrites, and axons, each with a specialised function 5,6. Later, this nervous system was 

found to consist of a basic cellular unit: neurons 7,8. Today, we understand the human brain 

to be a “scaled -up primate brain” consisting of 86 billion interconnected neurons 9,10. These 

neurons electrochemically transmit sensory information from our environment to the brain, 

orchestrating both our conscious and subconscious responses to external stimuli. The 

intricate quantity and biological makeup of these neurons is responsible for the vast 

spectrum of human cognitive, behavioural, and emotional responses 10–12. As neurons 

underpin every aspect of human behaviour, any disruptions in neuronal function can result 

in profound and detrimental consequences. 

 

One such consequence of neuronal dysfunction is neurodegenerative disease. 

Neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and Huntington’s disease 

(HD) are typified by the loss of neuronal density and function. Specifically, the progressive 

degeneration of selectively vulnerable neuronal populations causes an array of distinct 

cognitive and motor impairments, ultimately culminating in premature mortality 13,14. In the 

absence of a cure, individuals with neurodegenerative diseases require high quality 

palliative and therapeutic care throughout their lifetime, posing a significant challenge to 

healthcare systems worldwide 15. Therefore, the impact of neurodegenerative diseases 

extends beyond the individual, affecting families and communities, creating a ripple effect 

that reverberates throughout society 16,17. Despite centuries of research into the brain and 

its diseases, we still lack fundamental understanding of the key pathogenic mechanisms 

underlying neurodegenerative diseases. By concentrating research efforts on uncovering 

the fundamental pathogenic principles of a single neurodegenerative disease, like HD, we 
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can potentially extend the applicability of these discoveries to other neurodegenerative 

conditions.  

 

1.1. Huntington’s disease (HD)  

 
HD, formerly known as Huntington’s chorea, is a rare neurodegenerative disease that 

intersect the fields of genetics, neuroscience, and sociology. Caused by a dominantly 

inherited mutation in the Huntingtin gene (HTT), HD manifests in adulthood as a progressive 

decline in cognitive, behavioural, and motor function 18–20. The impact of HD spreads far 

beyond its genetic and clinical aspects. Due to the monogenetic and hereditable nature of 

HD, it is pervasive through small, isolated communities devastating generations of 

individuals 21,22. Furthermore, individuals with HD, both past and present, have faced social 

stigma, discrimination, and inequality 23,24. This work begins by establishing a 

multidimensional view of HD, exploring its historical roots, genetic etiology, epidemiological 

patterns, and clinical features. In doing so, this chapter aims to lay a comprehensive 

foundation for understanding the cause and impact of HD. 

 

1.1.1. History 

 

Historically, disease symptoms have often been mistakenly attributed to religious or 

spiritual origins. HD, characterised by the hallmark symptom of chorea, epitomises this 

misconception. The term 'chorea' finds its etymological roots in the ancient Greek word for 

dance, owing to the abrupt, uncontrollable muscle movements that create an illusion of 

rhythmic, involuntary dancing 25. References to chorea-like symptoms can be traced back to 

as far as the Middle Ages, where they were described as 'Dancing mania' or the 'St. Vitus 

Dance' 26. In historical accounts, groups of individuals are described as “suddenly seized with 

this disease... proceeded dancing and jumping along the road” 27 with some “continuing to 

suffer all their lives from a trembling of their limbs” 27. These individuals often found 

themselves isolated from their communities 25 and subjected to religious rituals in attempts 

to expel perceived evil spirits 26. Consequently, people afflicted with chorea were 



1. Introduction  

 3 

marginalised, and comprehensive medical knowledge about HD remained elusive until the 

industrial age. 

 

It was not until 1872, when George Huntington published 'On Chorea' 28, that a 

comprehensive medical description of “hereditary chorea” was first established. Building on 

the observations of his father and grandfather, Huntington wrote of a rare disease which 

“attended generally by all the symptoms of common chorea, only in an aggravated degree, 

hardly ever manifesting itself until adult or middle life, and often occupying years in its 

development, until the hapless sufferer is but a quivering wreck of his former self” 28. 

Unbeknownst to himself, Huntington had provided the most complete clinical description of 

the disease that would forever become synonymous with his name. Huntington’s work, 

fuelled by the rediscovery of Mendelian inheritance and the momentum of the eugenics 

movement, generated significant interest and fear regarding the hereditary nature of HD.  

 

By the early 1900’s HD was established as an autosomal dominant inherited disease 29, 

prompting reputable scientists to advocate for the compulsory sterilisation of HD patients 
30,31. Studies tracing HD-affected families ancestry reinforced archaic notions reminiscent of 

those held in the Middle Ages. Ancestors of HD patients were falsely portrayed as witches 32 

and “liable to bear the marks of a grossly psychopathic taint” 33. Although proven to be 

scientifically inaccurate 34, these studies laid the foundation for atrocious eugenics 

campaigns against HD patients that lasted well into 20th century 35. Such persecution 

compelled families to conceal their disease history out of fear. Thereby making scientific 

research into the genetic causes of HD near impossible.  

 

The discovery of the genetic locus responsible for HD in 1983 followed a decade-long 

investigation into an isolated Venezuelan population residing near Lake Maracaibo 21. This 

breakthrough, occurring more than 900 years after the initial mention of dancing mania, 

dispelled centuries of misinformation about the cause of HD, affirming its purely genetic 

nature. 
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1.1.2. Aetiology and epidemiology 

 

After the identification of the HD locus, subsequent early investigations revealed interesting 

patterns in the age of disease onset, particularly in the context of familial inheritance 36. HD 

patients were found to exhibit a phenomenon known as genetic anticipation, where disease 

onset occurred earlier with each successive generation. Notably, this phenomenon 

appeared more pronounced when HD was inherited from the paternal line 37,38.  However, 

the underlying mechanism responsible for the clinical anticipation and manifestation of HD 

were not clarified until a decade later. 

 

The pivotal breakthrough in our understanding of the genetic basis of HD occurred in 1993 

when researchers discovered the Interesting Transcript 15 (IT15) gene on chromosome 4 at 

site 4p16.3 39. Within exon 1 of the IT15 gene, now recognised as the Huntingtin gene (HTT), 

researchers uncovered a polymorphic trinucleotide repeat consisting of cytosine, adenine, 

and guanine (CAG) 39. While control individuals exhibited CAG repeats ranging from 11 to 

34, a survey of 75 HD families revealed repeat lengths between 42 and 66 39. Subsequent 

studies advanced this classification: fewer than 27 repeats as the normal range, 27-35 as 

intermediate, 36-39 as reduced penetrance, and over 40 as full penetrance 40. Interestingly, 

due the inherent instability of repeat nucleotide sequences, there have also been cases 

reported of sporadic HD 41–43  

 

From the discovery of the HTT gene, it was clear that the length of the CAG repeats 

inversely correlated with age of HD onset 39,44–46. Individuals harbouring longer CAG repeats 

experienced greater repeat instability during spermiogenesis, contributing to more 

pronounced anticipation in cases of paternal HD transmission and a higher risk of juvenile 

HD 47. However, individuals with the same CAG length are unlikely to present symptoms of 

HD at the exact same age 48 with CAG repeat length only accounting for up to 70% of the 

variability in the age of HD onset 49. Variation in HD presentation is also affected by 

differences in somatic expansion; where CAG repeats further expand in the brain cells of 

patients, result in the intracellular repeat lengths far greater than that observed in the blood 
50–52. Additionally, inherited single nucleotide polymorphisms (SNPs) in key disease 

modifying genes 48,53 have been shown to affect HD onset and symptoms. Further variability 



1. Introduction  

 5 

in HD presentation may be conveyed through difference in epigenetics influenced by 

environment, diet, and lifestyle 54.  

 

Consequently, there is a notable divergence in the prevalence of HD across various 

geographical regions. Globally, the prevalence of HD increased from 2.71 individuals per 

100,000 in 2012 to 4.88 per 100,000 in 2022 55. However, this increase is not uniform across 

all continents and populations. A comprehensive meta- analysis conducted between 2011 

and 2022, spanning 21 countries and involving 27 studies, revealed a varying distribution of 

HD prevalence 55. When examined by continent, South America exhibited the highest 

prevalence of HD at 11.42 individuals per 100,000, followed by North America at 8.87 per 

100,000, Europe at 6.37 per 100,000, Asia at 2.39 per 100,000, and Africa at 0.25 per 

100,000. Notably, isolated regions worldwide, such as Northern Scotland, are geographical 

hotspots for HD. Despite overall population decline, population clusters in Northern 

Scotland collectively exhibit the highest recorded HD prevalence rates globally, with 23.3 

per 100,000 individuals carrying the pathogenic HD mutation 56. Such isolated areas have 

historical ties to discrete populations dating back thousands of years, leading to reduced 

genetic variation due to the founder effect 57. Therefore, the modern-day population in 

these regions exhibits a heightened incidence of rare genetic conditions like HD when 

compared to the general population. 

 

The global increase in HD prevalence is unlikely due to an increase in actual HD cases. 

Instead, this phenomenon may be attributed to several influencing factors. First, 

advancements in diagnostic testing have enabled accurate identification of HTT mutations 

and measurements of CAG repeat lengths, thus leading to more HD cases being clinically 

identified 58. Second, improvements in both mental and physical healthcare have led to an 

overall increase in population longevity 59. This extension of healthy lifespan means more 

individuals reach the age at which HD symptoms typically manifest, further contributing to 

the observed rise in prevalence. Additionally, heightened awareness of hereditary diseases, 

including HD, and progress in disease-modifying trials 60 have encouraged individuals to seek 

diagnosis in the hope of participating in clinical trials aimed at finding a cure 61. This 

increased willingness to come forward for diagnosis has, in turn, led to a more accurate 

reflection of HD prevalence rates. Conversely, the low prevalence of HD in Africa and Asia 
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may not accurately represent the actual number of individuals with the pathogenic HD 

mutation in these regions. In many African and Asian countries, limitations in access to 

healthcare, scientific education about HD, and clinical diagnostic testing make it challenging 

to identify early signs of HD 62,63. Consequently, cases often go unnoticed or undiagnosed, 

contributing to the under-representation of HD in these areas.  

 

1.1.3. Clinical symptoms  

 

HD is clinically characterised by a complex combination of behavioural, cognitive, and motor 

disturbances. These clinical manifestations are underpinned by widespread 

neuropathological changes 18. 

 

The onset of HD typically occurs between the ages of 30 and 50 (Figure 1), with an average 

disease duration of 17 to 20 years 64. However, the earliest signs of HD are often subtle 

behavioural symptoms that appear decades before motor symptoms become evident 65,66. 

Initially, individuals may exhibit mild behavioural changes such as irritability, anxiety, and, in 

some cases, obsessive-compulsive tendencies 67. These behaviour changes can be 

accompanied by psychosis 68 and sleep disorders 69,70 which collectively impact day-to-day 

life. Additionally, HD patients commonly experience apathy, manifesting as decreased 

activity, self-care, and a lack of initiative 71 which worsens with disease progression 72. 

Comorbid with apathy is the most common and serious psychopathological feature of HD: 

Depression 73. A higher percentage of pre-HD diagnosis individuals have major depression 

than control populations 65,74. The rate of depression increases with proximity to motor 

symptom onset 75 and persists throughout their lifetime. Sadly, suicidal ideation in 

individuals pre-HD diagnosis and stage 2 of the disease, when independence diminishes, is 

approximately 2.5 times that of control individuals 76. As a result, 1 in 10 individuals attempt 

suicide post HD diagnosis 60 making HD patients more likely than any other 

neurodegenerative disease patients to attempt or die by suicide 77,78.  

 

Early behavioural symptoms are often compounded by a decline in cognitive functions. 

Cognitive functions such as implicit memory, attention, episodic learning, and emotional 
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recognition begin declining early in HD progression 79–82. One of the first indicators of HD is 

slower cognitive processing whereby the completion of ordinary tasks, requiring fast 

thinking and motor skills, becomes effortful 83. Individuals with HD have difficulty estimating 

time which becomes apparent as early as 15 years before motor diagnosis 84. Once punctual 

individuals begin to exhibit frequent lateness and underestimating the time required to 

complete tasks. As HD progresses, the collective decline in cognitive abilities causes 

difficulties in communication. Individuals with HD struggle to comprehend conversations 

and respond in a timely manner with clear speech, which directly impacts their social 

relationships. In later stages of HD, the progressive decline in cognitive functioning is 

diagnosed as dementia 85, whereby HD patients lose the ability to perform daily duties 

required for independent living.  

 

The manifestation of motor symptoms further reduces the independence of HD patients 

(Figure 1). Motor disturbances manifest later in disease progression, and are often the most 

apparent clinical feature in HD. The hallmark feature of HD is the initial presence of 

hyperkinetic choreiform movements which are involuntary and irregular 64. Initially small 

muscle twitches present in distal muscles such as fingers, toes, and facial muscles. 

Gradually, the muscle twitches develop into larger choreiform movements which impede 

the individual’s ability to walk 86. As HD progresses, hypokinetic symptoms such as 

hypokinesia and bradykinesia dominate causing movement to slow and range of motion to 

become restricted 87. Additionally, slow dystonia movements cause patients to exhibit an 

abnormal posture caused by the increase muscle tone 88. Problems with swallowing, also 

known as dysphagia, impact the ability of patients to eat and drink resulting in dramatic 

weight loss, which is accentuated by cachexia, a loss of skeletal muscle mass due to 

metabolic dysregulation 89–92. Motor dysfunction progressively worsens to the point of 

immobility, resulting in advanced stage HD patients becoming bed-bound and requiring full 

time care either from a professional or family member 93. Ultimately, dysphagia and 

cachexia complications, alongside suicide, are the most common causes of mortality in HD 

patients 94,95.  
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Figure 1. Timeline of the life and disease milestones of a HD patient 

A schematic showing the hypothetical impact of both life and disease milestones on the physical health (blue), 

psychological health (light blue), level of independence (purple) and social relationships (green) of a HD patient. 

The impact of HD on the overall quality of life of an individual begins long before symptom onset and is 

considerably influenced by the wider effects of being a member of a HD family. (Adapted from19 and created 

using Biorender).  

 

However, when discussing HD symptoms, it is vital to remember HD patients are not only 

individuals with a medical condition but also members of families and communities. The 

hereditary nature of HD means many HD individuals have been caregivers to affected family 

members, bearing witness to the symptomatic decline of loved ones (Figure 1) 96,97. This 

first-hand experience makes the HD-affected individual acutely aware of their own fate, 

which inevitably places pressure on themselves, their wider family system and social circle. 

The onset of behavioural and cognitive symptoms also hinders the HD individuals' ability to 

maintain relationships and employment, leading to disrupted family functioning 98 and 

social withdrawal 99. As the disease advances into motor disturbances, independence is 

relinquished and with it a sense of self 96. 

 

In conclusion, HD is characterised by a complex interplay of symptoms, gradually 

progressing from subtle behavioural changes to cognitive decline and severe motor 

disturbances. In recognising the profound impact of these symptoms on individuals and 

their families, it becomes clear that the symptoms extend far beyond medical terminology. 

These symptoms are life-altering changes endured by HD sufferers. Therefore, it is crucial to 
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humanise the experience of HD, acknowledging not just the clinical symptoms but the 

personal, emotional, and social dimensions these symptoms affect. 

 

1.1.4. Neuropathology 

 

Multisystem neuropathological changes in HD patients underscore all clinically observed 

symptoms. The most prominent area of neurodegeneration is the striatum, located within 

the basal ganglia (Figure 2A).  

 

 

 

Figure 2. Neuropathological changes in the HD brain 

A) A cartoon of a coronal section of the human brain with key areas affected in HD labelled. (Created using 

Biorender). B) Hypothetical and conceptual model of the trends in volumetric MRI measures of HD. This 

qualitative representation was based on the observations detailed in observational studies100,101where the 

striatum undergoes the most rapid volume loss (Adapted from102,103, created using Biorender). C) Coronal 

sections of post-mortem HD brains: The left section was obtained from a control individual where the corpus 
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callosum (CC), nucleus accumbens (AC), caudate nucleus (C) and putamen (PU) are indicated. The right section 

was obtained from a HD patient which displays widening of the lateral ventricle (1), reduction of the cerebral 

white matter (2) and striatal atrophy (C and PU). (Abbreviations: AC, accumbens nucleus; C, caudate nucleus; CC, 

corpus callosum; PU, putamen; 1, widened lateral ventricle; 2, reduced cerebral white matter). (Adapted from104 

and in part created using Biorender). 

 

The striatum consists of the caudate nucleus, putamen and the globus pallidus which 

collectively control decision making, voluntary motor control, emotion, and habit formation 
105 (Figure 2A). 95% of the total neuronal population within the striatum is made up of 

GABAergic medium spiny projection neurons (MSNs) and 5% interneurons 104. MSNs are 

classified either as indirect MSNs (iMSNs) which express D2 dopamine receptors or direct 

MSNs (dMSNs) which express D1 dopamine receptors. The different classes of MSNs have 

divergent roles within the striatum; dMSNs excite while iMSNs inhibit their respective 

connected structures in the basal ganglia 106. Degeneration of the iMSNs occurs first in HD, 

which prevents motor inhibition, giving rise to the hyperkinetic movement symptoms 

observed in early-stage HD patients. Eventually, progressive degeneration of dMSNs 

prevents motor release and therefore manifests as hypokinetic motor symptoms which 

present later in HD 107. Reduction in striatal volume is detectable more than 20 years before 

symptomatic HD diagnosis 103 and is accompanied by thinning of the cortical grey matter 

and reduction in cerebral white matter volume early in HD progression 108–111 (Figure 2B). 

Later enlargement of the lateral ventricles occurs alongside neuronal loss in most other 

brain structures including but not limited to: the cerebral cortex, total white matter, 

cerebrum, and cerebellum 112–114 (Figure 2C).  

 

1.1.5. Treatment 

 

Presently, there is no causative treatment or cure for HD. Therefore, current treatment 

plans for HD patients are based around a multidisciplinary symptom management. It is 

crucial to emphasise that there is no one-size-fits-all treatment for HD. Since each patient 

presents a unique combination of symptoms, treatment plans must be tailored to each 

individual’s needs. 
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Medications primarily target the management of chorea, one of the most common 

symptoms of HD. Tetrabenazine (TBZ), the first drug approved for chorea specifically 

associated with HD, acts by reversibly inhibiting the human vesicular monoamine 

transporter 2 (VMAT2), thereby depleting monoamines from nerve terminals 115,116. While 

the precise mechanism by which TBZ mitigates chorea remains a subject of ongoing 

research, it remains the most widely prescribed treatment for HD. Olanzapine (OZ), 

traditionally prescribed as an antipsychotic for schizophrenia, is another commonly used 

medication for HD 117. Interestingly, OZ has demonstrated the ability to stabilise the 

progression of motor symptoms in HD, in addition to addressing behavioural symptoms of 

HD 118,119. Furthermore, selective serotonin reuptake inhibitors (SSRIs) are frequently 

prescribed, given that approximately 40% of HD patients experience HD-associated 

depression 60. Managing HD pharmacologically is not without its challenges. Achieving a 

balance is crucial; treatment should alleviate primary symptoms without exacerbating 

comorbid ones. For instance, while TBZ effectively manages chorea, improving mobility and 

enhancing the patient's quality of life, it may worsen depression or suicidality in patients 

who have both chorea and these comorbid conditions. In this case, a less effective chorea 

treatment may be chosen to prevent accelerated deterioration of the patient’s quality of life 

from exacerbated depression 60,120 

 

Deterioration of HD patient’s quality of life is further mitigated through non-pharmaceutical 

interventions. Physiotherapists and occupational therapists play a significant role in helping 

patients maintain mobility and comfort in daily life 121,122. Language and speech therapists 

assist those who experience speech difficulties, enabling continued communication with 

friends and family 123. Additionally, dieticians and psychologists contribute to the physical 

and mental well-being of patients 124,125. While treatment plans for HD patients are 

effective, they require taking multiple mediations and intensive therapy session throughout 

the lifetime of the patient. Therefore, a therapeutic approach aimed at directly treating the 

cause of HD rather than long term symptom management would be extremely beneficial to 

patients.  

 

To this end, current research is focused on lowering the levels of the huntingtin protein 

(HTT) by suppressing HTT gene expression. One approach is through anti-sense 
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oligonucleotides (ASOs), small single-stranded DNA molecules that bind to RNA, which 

promote degradation and consequently lower protein expression 126. While targeting of the 

mutant huntingtin gene (mHTT) is theoretically possible due to the CAG repat expansion, 

many other genes within the body also carry CAG repeats 127. Therefore, the risk for off-

target effects of mHTT-targeting ASOs is high. Hence current ASOs focus either on non-

selectively lowering the levels both wild type HTT (wtHTT) and mHTT protein or targeting 

specific single nucleotide polymorphisms (SNPs) present in HD populations. Presently, four 

ASO therapies for HD have been assessed in clinical trials: Tominersen, WVE-120101, WVE-

120102 and WVE-003 126,128–130. 

 

The non-selective HTT lowering ASO Tominersen lowers both mHTT and wtHTT huntingtin 

levels. In 2021, Tominersen phase 3 clinical trials were halted due to safety concerns 126. 

Now, a new phase 2 clinical trial called GENERATION HD2 is underway to evaluate if lower 

doses in early manifest HD patients will make Tominersen a viable treatment option for HD 
126. Unlike Tominersen, WVE-120101 and WVE-120102 target mHTT through CAG repeat 

length-associated SNPs rs362307 (SNP1) and rs362331 (SNP2) respectively. These SNPs are 

present in 40% of European HD patients 130,129. Both allele specific ASOs underwent Phase 

I/Ia clinical trials, named PRECISION-HD1 and PRECISION-HD2. However, due to the lack of 

significant mHTT lowering when compared to placebos, both trials were halted 126. In 2023, 

another SNP targeting ASO WVE-003 is currently in a phase1b/2a clinical trial called SELECT-

HD where it will be tested on early manifest HD patients. After showing successful mHTT 

lowering in HD mice, WVE-003 is a promising therapeutic candidate 126.  

 

In summary, HD still lacks a cure, and current treatment primarily focuses on symptom 

management. Recent scientific developments in HD ASO treatment have provided hope for 

a more targeted treatment of HD. However, while current ASO therapies have garnered 

much attention, careful consideration must be taken with regards to lowering HTT levels, as 

this may have adverse consequences.  
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1.2. Huntingtin protein (HTT) 

 

Up to this juncture, we have established that rare inherited CAG repeat mutations in the 

HTT gene cause a cascade of behavioural, cognitive, and motor symptoms underpinned by 

specific patterns of neurodegeneration observed in HD patients. Current research efforts 

are centred on reducing HTT protein levels through HTT gene-targeting therapies. However, 

one HTT gene gives rise to multiple transcripts and protein isoforms. 

 

The HTT gene comprises 67 exons and encodes a 3144 amino acid (aa) protein 131. The HTT 

gene undergoes canonical transcription, resulting in two major full-length transcripts: a 

'short' 10.3kb mRNA and a 'long' 13.7kb mRNA, depending on alternative polyadenylation of 

the 3' untranslated region (UTR) 132,133. These two HTT isoforms exhibit distinct tissue 

expression patterns, with the long isoform being enriched in the brain, while the short 

isoform predominates in dividing cells 133. In addition, alternative splicing of the canonical 

HTT transcript, driven by the length of CAG repeats, gives rise to a truncated HTT exon 1 

transcript (HTT1a) 131,134,135–137.  

 

Both the translation of truncated transcripts and the proteolytic cleavage of the full-length 

HTT protein leads to the formation of multiple polyglutamine (polyQ)-expanded N-terminal 

protein fragments, with the smallest being the HTT exon 1 protein (HTTex1) 135,136,138. These 

HTTex1 protein fragments have been identified in post-mortem HD brains, where they 

exhibit significant pathogenicity and often aggregate within nuclear inclusions 139. 

 

Despite extensive research efforts, the complete structure and precise function of HTT 

remains elusive. In the following section, we provide a comprehensive review of the current 

knowledge concerning the structure and function of the HTT protein and its truncated 

HTTex1 fragment, before proceeding to discuss aggregation and its implications for the 

pathogenesis of HD. 
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1.2.1. Huntingtin (HTT) Structure  

 

Full-length wild type HTT (wtHTT) is a substantial 348-kDa protein, ubiquitously expressed 

throughout life, with particularly elevated levels in the central nervous system (CNS) 134,140. 

Interestingly, homologues of HTT have been discovered in species ranging from 

invertebrates such as sea urchins to humans. Thus, highlighting HTT as a highly conserved 

and important protein 140. 

 

To date approximately 75% of the 3144 aa HTT protein, in complex with its interaction 

partner 40-kDa HTT-associated protein (HAP40), has been structurally resolved up to 2.6Å 

resolution using cryo-electron microscopy (cryoEM) (Figure 3) 141,142. These structures reveal 

that HTT can be divided into three distinct domains: the amino-terminal N-HEAT domain (aa 

91-1684), the central bridge domain (aa 1685-2091), and the carboxy-terminal C HEAT 

domain (aa 2098–3104) 141,142 (Figure 3A). The remaining 25% of the HTT-HAP40 complex 

represents highly flexible regions that remain unresolved by cryoEM. These regions 

encompass the N-terminal HTTex1 domain (aa 1-90) and an N-terminal intrinsically 

disordered region (IDR) (aa 407-665) 141 (Figure 3A). 

 

The N-terminus of the HTT protein corresponds to exon 1 of the HTT gene, and accounts for 

approximately 2% of the whole protein 141. The N-terminus consists of an initial 17 amino 

acids (N17) followed by a stretch of pure glutamine repeats (polyQ tract) and ending in a 

proline-rich domain (PRD). Although high-resolution cryo-EM has not fully resolved the N-

terminal domain, lower-resolution techniques like mass spectrometry (MS) and small-angle 

X-ray scattering (SAXS) have shed light on its structure 142 (Figure 3B and 3C).  

 

The N17 domain is predicted to form an amphipathic helix (AH) which is crucial for 

interaction with lipid membranes 143–146 and may function as a nuclear export signal (NES) 
147. Following the N17 is the polyQ tract, a highly flexible region which can adopt various 

conformations including random-coil 148–150 , beta sheet 151,152, or alpha helical 

structures 153–155. The disease-causing CAG repeat expansion in the HTT gene is translated 

to an expansion of the polyQ tract. Therefore, the length of the polyQ domain is dependent 

on the number of glutamines 142. Studies using the HTT-HAP40 complex found HTT polyQ 
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expansion induces structural changes within the N-terminus of HTT, causing the N-terminal 

domain to occupy a larger volume of conformational space when compared to controls 141 

(Figure 3B). 

 

 
 

Figure 3. The domain organisation and structure of HTT 

A) Domain organisation of HTT mapped to a schematic sequence with Exon 1 (red), N-HEAT (blue), Bridge (green), 

C-HEAT (purple) and IDR (grey) depicted. The unresolved regions of HTT-HAP40 mapped to the HTT sequence are 

depicted in grey. Within Exon 1 a polyQ expansion of 23 or 54 Q repeats was used (Adapted from 142). B) 

Integrated model of the structure of full-length HTT-HAP40 using cryo-EM, SAXS and cross-linking mass 

spectrometry data ( N-HEAT, blue; bridge, green; c-HEAT, purple; HAP40, yellow).The simulated structure of Exon 

1 (red ribbon) is illustrated in both Q23 and Q54 HTT C) The same structure depicted in B, with the simulated 

structure of the IDR (grey ribbon) in both Q24 and Q54 HTT. The IDR is spatially constrained by the conformational 

space occupied by exon 1. (Adapted from 142). 

 

Thus, the polyQ tract is currently hypothesised to function as flexible sensor, interacting 

with other regions of HTT and its binding partners 141,156,157. After the polyQ tract is the PRD, 
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which consist of two stretches of pure proline repeats separated by a proline, lysine and 

glutamine alternating region that forms a rigid left-handed type II polyproline helix 158–160. 

The PRD is known to interact with tryptophan (WW) and Src homology 3 (SH3) domain 

proteins 161–163. The role of the PRD is multifaceted, with current hypotheses suggesting the 

PRD plays a key role in stabilising the polyQ tract and mediating HTT protein-protein 

interactions (PPIs) 160. 

 

The main body of HTT (aa 91-3144) consists of several HEAT repeats, named after the four 

proteins in which a tandem array of repeats was initially detected: Huntingtin, Elongation 

factor 3, protein phosphatase 2A, TOR1 164 (Figure 4). The first N-HEAT domain (aa 91-1684) 

comprises 21 HEAT repeats, collectively forming an α-solenoid structure 142. Positioned 

between N-HEAT repeats 6 and 7 is the IDR (aa 407-665) 142, an unresolved disordered 

region extending outward from the N-HEAT domain which is subject to post-translational 

modifications (PTMs). The IDR is influenced by the conformational space occupied by the 

expanded N-terminal domain (aa 1-90), potentially affecting its accessibility to key HTT PPIs 
142 (Figure 3C). The C-HEAT (aa 2092-3137) comprises 12 HEAT repeats, forming an alpha-

helix-containing elliptical ring structure 141,142. Within the C-HEAT lies a highly conserved 

nuclear export signal (NES) motif (aa 2397-2406) 165, which may dictate the cellular 

localisation and subsequent function of HTT. The N-HEAT and C-HEAT domains are 

connected by the BRIDGE domain (aa 1685-2091), formed by 6 tandem α-helical repeats. 

The flexible BRIDGE domain and additional loop interactions loosely connect the N-HEAT 

and C-HEAT domains, conferring substantial structural flexibility to HTT. Consequently, in 

the absence of HAP40, HTT can adopt up to 100 structurally distinguishable conformations 
166 through intramolecular domain interactions 141. This structural flexibility of HTT governs 

not only the intramolecular binding between HTT domains 167 but also influences the 

function of HTT through intermolecular interactions. 

 

1.2.2. HTT function  

 

Decades of research have focused on the consequences of HTT dysfunction, yet surprisingly 

research has failed to draw a conclusive stance on HTT’s native function. Knockout of HTT in 

mice results in embryonic lethality and disrupts neuronal development in the central 
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nervous system (CNS) 168–170 , underscoring the importance of wtHTT during development. 

Yet the precise mechanisms underlying the vital neuroprotective role of HTT remains 

uncertain. To address this, researchers have assembled an ever-growing catalogue of HTT 

modifications and intermolecular interactors, which provide valuable clues about HTT's 

function. 

 

HTT undergoes various post-translational modifications (PTMs), including proteolysis and 

the addition of small proteins or functional groups to specific residues. Proteases, 

recognizing PEST sites rich in proline (P), glutamic acid (E), or aspartic acid (D), serine (S), 

and threonine (T), cleave HTT, potentially altering its function by generating smaller HTT 

fragments171 (Figure 4). In HD, increased proteolysis leads to higher levels of toxic N-

terminal protein fragments 172,173. Additionally, HTT undergoes phosphorylation, 

SUMOylation, ubiquitination, acetylation, and palmitoylation 174. These modifications, 

depending on specific residues, regulate HTT transport, degradation, PPIs, and self-assembly 
175–179. Collectively, PTMs play a pivotal role in determining HTT's sub-cellular localisation 

and protein interactions 174. 

 

An array of structural conformations and PMTs enable HTT to associate with over 2971 

proteins 180. Given this extensive network of PPIs and its conserved neuroprotective role, 

HTT is hypothesised to function as a scaffold for assembling multiple protein complexes that 

regulate various cellular processes, including protein degradation, vesicle transport, gene 

expression, and cell survival 181–185. 

 

One important cellular process regulated by HTT is autophagy, the major pathway 

responsible for degrading dysfunctional organelles and proteins. Autophagy is particularly 

critical in terminally differentiated cells such as neurons, to ensure long-term proteostasis 

maintenance 186. HTT directly interacts with cargo receptor p62 182 enhancing its affinity for 

both ubiquitinated proteins and autophagosome receptor LC3. Furthermore, HTT competes 

with the HEAT domain protein mTOR 187 for ULK1 binding 182. The HTT/ULK1 complex 

formation blocks mTOR-mediated repression of ULK1 kinase activity, thereby promoting 

autophagosome formation 187–190. Additionally, HTT enhances retrograde motility of 

autophagosomes, facilitating their transport toward the soma by directly interacting with 
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the retrograde motor dynein 191 and acting as a scaffold for forming a microtubule motor 

complex with HAP1, dynactin, and kinesin-1 192,193. This active role in autophagosome 

formation and transport underscores HTT's role in regulating the autophagic degradation of 

dysfunctional neuronal proteins. 

 

Beyond autophagy, HTT also plays a crucial role in intracellular vesicle trafficking along 

neuronal microtubules. HTT facilitates the transport of various vesicle cargoes, including 

clathrin-coated vesicles 194, synaptic vesicles 195–197, lysosomes, and endosomes 198. 

Particularly noteworthy is HTT's role in enhancing the transport of brain-derived 

neurotrophic factor (BDNF), a critical factor for protecting striatal neurons 199. Additionally, 

HTT regulates vesicle traffic velocity by interacting with glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), which provides local energy for fast axonal transport 200. The 

direction of vesicle transport is influenced by PTMs of HTT, specifically phosphorylation at 

serine 421 (S421) by kinases Akt/PKB and SGK, dictating whether cargo is transported 

anterogradely or retrogradely. 

 

 

 

Figure 4. Schematic of the HEAT repeats, PEST, and disordered regions of HTT 

The heat repeats (H) consist of two helixes which are the basic unit of the larger N-Term Heat and C-terminal  

HEAT domains. Between the domains there are PEST sites which are prone to proteolysis. HTT contains many 

disordered regions (purple) throughout the HTT protein which have yet to be structurally resolved. (Adapted from 
134). 
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HTT's involvement in gene expression and transcription is another facet of its function. The 

polyQ domain found in HTT is also present in other transcription factors (TFs), suggesting a 

role as a transcriptional regulating domain 201. HTT interacts with key transcription factors 

such as cAMP-response element (CREB)-binding protein (CBP) 202, nuclear factor-kB (NF-kB) 
203, and neuron-specific TF NeuroD 200. HTT also modulates transcriptional activation and 

repression through binding corepressors, including nuclear co-repressor (NCOR) 204 and 

transcriptional corepressor C-terminal-binding protein (CtBP) 205, as well as co-activators like 

the Gln-Ala repeat transcriptional activator CA150 205 and TAFII130 206. Of particular 

significance is HTT's sequestration of repressor element-1 transcription factor/neuron 

restrictive silencer factor (REST/NRSF) 207, promoting the transcription of brain-derived 

neurotrophic factor (BDNF) crucial for neuronal development and maintenance. 

 

Furthermore, HTT exhibits pro-survival properties. Early experiments in cells and cultured 

neurons showed HTT expression prevents stress-induced cell death 208,209. Further in vivo 

work showed lowering of HTT induced cell death, while overexpression protected neurons 

from excitotoxicity and injury 209–211, supporting HTT’s pro-survival properties. Research has 

shown HTT promotes cell survival, in part, through blocking the activation of caspase-3 and 

9, therefore inhibiting apoptosis 208. 

 

While it has become commonplace for publications to reiterate that “HTT function remains 

unclear”, the evidence reviewed above unmistakably portrays HTT as a multifaceted hub 

that orchestrates crucial pathways vital for neuronal development and survival. 

Significantly, HTT's reach extends beyond neurons, with recent studies implicating its role in 

macrophage function 212. This revelation prompts intriguing questions about how HTT's 

predominant role in the central nervous system intersects with the immune system—a topic 

ripe for further investigation. The future holds promise with advancements in higher-

resolution structural determination of HTT 142, both with and without HAP40, as well as the 

development of new PPI methods capable of detecting low-affinity interactions 213–215. 

These innovations offer the potential for a deeper insight into HTT's structure and 

interaction partners. Thus, may develop our understanding of HTT as a neuroprotective 

protein. 
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1.2.3. HTT fragments- Huntingtin exon 1 (HTTex1) 

 

In HD patients and model organisms, there exists a variety of truncated forms of the HTT 

protein, which differ in size and toxicity. These truncations can occur at both the N-terminal 

and C-terminal ends of the full-length HTT protein 216. Among these N-terminal HTT 

fragments, comprising the N17 and polyQ domains alongside other variable domains, have 

been extensively studied (Figure 5). These fragments are primarily generated through two 

main mechanisms: proteolytic cleavage and alternative splicing. 

 

Proteolytic cleavage of full-length HTT has been observed through the action of caspases 3, 

1, 6, and 2 at specific amino acid sites, and this process is dependent on the length of the 

polyQ tract 217–220. Additionally, calpain cleavage has been identified at four distinct sites 

within the N-terminus of HTT (aa 437, 465/469, 536/540, and between aa 63-111), with its 

efficiency also being influenced by the polyQ length 221,222. Research has also established 

aspartic endopeptidases can produce additional N-terminal HTT fragments 223. Recently, 

fourteen different isoforms of N-terminal fragments were identified, ranging from 250 kDa 

to 50 kDa, in HTT knock-in mouse models, with the smallest being HTTex1 173. HTTex1, 

comprising of the N17 and polyQ domains, is notably absent in WT controls 173. Any 

cleavage generating N-terminal fragments also generates corresponding C-terminal 

fragments, although research on the latter remains limited 181,203,224. Current evidence 

suggests that C-terminal fragments impair activity of the microtubule-associated protein 

dynamin 1, potentially affecting vesicle trafficking and leading to cell death 224. 

 

Alternative splicing represents another mechanism for HTT fragment generation. In the 

presence of CAG repeat mutations, one of two cryptic polyadenylation signals, located 

within intron 1 of the HTT transcript at positions 2710 and 7327 base pairs (bp), becomes 

activated. This leads to incomplete splicing of the HTT transcript between exon 1 and exon 

2, resulting in the production of a small HTT1a polyadenylated mRNA that includes exon 1 

and the 5' part of intron 1 135,136. The extent of alternative splicing is correlated with the 

length of the CAG repeat, with longer repeats producing more HTT1a transcripts 136. This 

dependence on CAG repeat length has led to the hypothesis that aberrant splicing may be 

influenced by the sequestration of spliceosome components at the CAG repeat tract or 
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dysregulation of splicing factor gene expression 225–228. Recent findings indicate that HTT1a 

transcripts, along with the full-length HTT transcript, accumulates in nuclear RNA clusters 

137.   

 

 

 

Figure 5. Schematic of HTTex1 and other N-terminal protein fragments of HTT  

The HTTex1 fragment is the smallest N terminal fragment of HTT and consists of the initial 17 N terminal amino 

acids (dark blue), the polyQ domain (light blue) and the proline rich domain (purple). The range of HTT N terminal 

fragments can present as a smear of potentially soluble or oligomerised HTT protein fragments when separated 

on 8 % polyacrylamide gels and immunodetection by the 1C2 antibody 229 (Created using Biorender). 

 

These clusters are hypothesised to either promote aberrant splicing or acting as a protective 

mechanism to sequester HTT1a transcripts and prevent their translation into HTTex1 

protein 137. It is worth noting that, apart from HTTex1, little is known about the role of 

alternative splicing in generating other HTT fragments. 

 

Both C-terminal and N-terminal HTT fragments, along with N-terminal mRNAs, have been 

detected in the brains of HD patients, HD model organisms, and patient-derived cells 
135,138,172,223,230. Early evidence suggested that small N-terminal HTT fragments are present at 
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higher levels in the striatum, the region most sensitive to neurodegeneration in HD (see 

section 1.1.4) 172. Accumulating evidence now indicates that the smallest N-terminal protein 

fragment, HTTex1, plays a significant role in driving toxicity in HD 136,139,231. 

 

A comparison of seven commonly studied N-terminal HTT fragments revealed that polyQ-

expanded mHTTex1 (Q120) is the most toxic, leading to reduced survival, impaired motor 

function, and increased neurodegeneration at any level of expression 232. In contrast, 

HTTex1 with a non-pathogenic polyQ expansion (25Q) has no toxic effect 232. Furthermore, 

the R6/2 mouse model expressing the human HTTex1 transgene exhibits the earliest onset 

and fastest disease progression among HD mouse models 231. Therefore, supporting the 

notion of mHTTex1 being the primary toxic HTT protein fragment. Aside from its toxicity, 

mHTTex1 is also unique among HTT fragments due to its abnormal migration in SDS gels; it 

migrates slower than larger HTT fragments and at an incorrect molecular weight 232. This 

suggests that mHTTex1 forms a distinct SDS-resistant structural conformation, even in its 

soluble state. Notably, lower levels of soluble mHTTex1 lead to the formation of insoluble 

structures that are retained in the pockets of SDS gels 232.  

 

These findings underscore mHTTex1 as a uniquely toxic HTT fragment with abnormal 

biophysical properties compared to other N-terminal HTT fragments. These distinct 

biophysical properties drastically impact protein folding and drive the formation of 

cytoplasmic and nuclear aggregates 233,234. 

 

1.3. HTTex1 aggregation- oligomers, fibrils, and inclusion bodies  

 

Neuronal aggregation is a hallmark feature of HD 139,235 and the presence of aggregates 

correlates with polyQ length and stage of HD 139,236,237. Post-mortem analysis of HD patient 

brains found mHTTex1 as well as other N terminal mHTT fragments to be enriched in 

inclusions 138,139. Here we outline how mHTTex1 aggregates are formed, their structure, and 

what distinct species of aggregates exist ranging from oligomers, fibrils, and inclusion bodies 

(IBs).  
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1.3.1. Aggregation kinetics  

 

The formation of aggregates is extremely complex, and highly debated. Currently, mHTTex1 

aggregation is hypothesised to follow a nucleation-dependant process 144,238 which 

kinetically proceeds via a lag phase, a primary nucleation event, a growth phase, and a 

plateau (Figure 6A). Each phase is characterised by specific mHTTex1 structural 

intermediates (Figure 6B).  

 

The lag phase is characterised by slow conformational changes which are initiated at the 

monomeric mHTTex1 level (Figure 6A and 6B). As previously mentioned, the mHTTex1 

monomer contains the intrinsically disordered polyQ domain which lacks a defined structure 

(see sections 1.2.1 and 1.2.3). As such, in a soluble state the polyQ domain is inclined to 

adopt a more thermodynamically stable conformation. Solid state NMR studies have 

highlighted that the expanded polyQ domain of the mHTTex1 monomer intramolecularly 

collapses, adopting a more stable β-hairpin structure 239,240 (Figure 6B). This β-hairpin 

consists of two anti-parallel polyQ β- strands of the same molecule, which form 

intramolecular hydrogen bonds and are connected by a β-turn consisting of several 

glutamine residues 239,240. Within the lag phase, mHTTex1 monomers reversibly self-

associate and interconvert between various oligomeric states such as dimers, trimers, and 

tetramers (Figure 6B) 241.  

 

During the lag phase, the rate limiting step is the formation of an initial “nucleus” which 

initiates aggregation (Figure 6A and 6B). The nucleus is thought to be a low abundance 

mHTTex1 oligomer, the formation of which is termed the primary nucleation event. The 

primary nucleation event is initiated by spontaneous oligomerisation of mHTTex1 

monomers and is both polyQ length and protein concentration dependant 238. Subsequently, 

multiple β-hairpins from different mHTTex1 monomers stack together using inter- and 

intramolecular interactions to form a more stable β-sheet, flanked by the PRD and N17 

domains 242. Within the β-sheet, β-hairpins stack together at angles ranging from 0° to ±11° 

creating a tilted β-sheet conformation unique to mHTTex1 242. The formation of the β-

hairpin structure, and the subsequent formation of a β-sheet is hypothesised to be the 

critical initiation step of aggregation 144,243,244. Furthermore, both the PRD and N17 domains 
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have been shown to exert different effects on the β-sheet formation. The N17 domain has 

been hypothesised to initiate mHTTex1 aggregation by mediating interaction with other N17 

domains of mHTTex1 monomers, increasing the local concentration of polyQ and therefore 

promoting β-sheet formation 144. In contrast, the PRD has been shown to supress mHTTex1 

aggregation, by possibly stabilising the helical conformation of the expanded polyQ domain 

245. 

 

The growth phase proceeds quickly whereby long planar β-sheets recruit more β-hairpin- 

containing mHTTex1 monomers to their exposed terminal β-strands, thereby increasing in 

length (Figure 6A and 6B). Additionally, a maximum of nine β-sheets laterally associate via 

interdigitating hydrogen bonds between the glutamine side chains to form filaments 246. The 

tight β-sheet core is further stabilised by intra- and inter-sheet side chain and backbone 

hydrogen bonds 239,246. Expansion of the polyQ domain increases the surface area of the β-

sheet core, thus promoting stronger lateral bonds between sheets and higher order 

bundling to form amyloid fibrils 242,246–248. Amyloid fibrils have a distinct cross- β structure, 

formed by β-sheets running parallel to the fibril axis and β- strands running perpendicular to 

the fibril axis. The mHTTex1 amyloid fibrils form a “bottle brush” like structure, with the 

polyQ domain forming a β-sheet core region which is surrounded by the protruding bristle-

like PRDs 249,250. Elongation and branching of these fibrils also occurs through secondary 

nucleation. Secondary nucleation is driven by preformed aggregation intermediates, also 

known as “seeds”. These seeds can break off from existing fibrils and either template new 

fibril formation or instigate branching of existing fibrils – overall speeding up the 

aggregation process and resulting in the formation of large complex fibril bundles 246,251,252. 

 

Finally, a plateau phase is detectable in in vitro models of mHTTex1 aggregation. Within an 

in vitro system there is a limited amount of mHTTex1 monomers, which are depleted by 

incorporation into higher order fibrils. Thereby resulting in no available monomers to 

potentiate further aggregation. A similar phenomenon may occur in vivo, whereby the 

mHTTex1 amyloid fibrils act as thermodynamic sinks, depleting available monomers which 

are being constantly produced by the protein synthesis machinery of the cell. Interestingly, 

depletion of soluble mHTTex1 in in vivo HD models correlates with the increase of large SDS 

stable HTTex1 structures 173,232. 
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Figure 6. The aggregation kinetics of HTTex1 

A) Schematic of the sigmoidal aggregation kinetics curve of HTTex1, illustrating spontaneous aggregation with 

lag, growth, and plateau phases. Seeded aggregation, initiated by small aggregated HTTex1 forms (seeds), 

accelerates aggregation kinetics by templating the formation of an ordered aggregate structure. B) Illustration 

of theoretical HTTex1 protein structures during corresponding aggregation phases: Soluble HTTex1 monomers 

undergo slow conformational changes, forming b-hairpin structures that self-associate into oligomers, marking 

the primary nucleation event. Multiple oligomers with b-hairpin structures form a stable b-sheet, and 

interactions between b-sheets create the cross- b  core of an amyloid fibril. Maturing fibrils can laterally associate 

to form branched structures. HTTex1 seeds template fibril elongation and further aggregation through secondary 

nucleation. Inspired by 144,253,254 and Anne Ast’s Doctoral Thesis, 2018, unpublished. Created using Biorender. 
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1.3.2. Defining aggregates and aggregate species 

 

As mentioned above, mHTTex1 aggregation proceeds through a series of distinct 

intermediate structures: monomers, small oligomers (dimers, trimers, and tetramers), β-

sheet containing filaments and amyloid fibrils. Crucially, the term "aggregate" is broad and 

often used ambiguously in the literature, leading to confusion. To provide clarity, in this 

work an aggregate is defined, at minimum, as the self-assembly of two or more monomers 

of the same protein into a supra-molecular structure. Consequently, aggregates can range 

from dimers to small pre-fibrillar oligomers and large branched amyloid fibrils. In addition to 

these aggregate species, that are generally formed of many monomers of the same protein 

like HTTex1, IBs have been observed in HD patient brains and model systems that contain a 

large number of different mostly insoluble proteins 255 (Figure 7). Each of these mHTTex1 

aggregate species exhibit distinct properties, existing in varying degrees of solubility, size, 

and stability within either the cytoplasm or nucleus of cells 256,257. 

 

Non-pathogenic HTTex1 primarily exists in a monomeric state, whereas pathogenic polyQ 

expansions result in the absence of detectable mHTTex1 monomers. Instead, the expanded 

mHTTex1 self assembles into oligomers consisting of dimers, trimers, or tetramers 258 

(Figure 7). The formation of these small soluble oligomers is more prevalent with HTTex1 

proteins that contain very short, non-pathogenic polyQ lengths (<Q8), whereas longer polyQ 

lengths lead to faster oligomerisation and subsequent fibril nucleation 259. Soluble mHTTex1 

oligomers are hypothesised to exist in vivo in oligomeric pools, the size of which inversely 

correlates with the formation of insoluble aggregates in HD mice 260. Larger sedimentable 

oligomers, which can be detected by HTT antibodies, exhibit morphological heterogeneity, 

with in vivo oligomers having spherical or annular morphologies 261,262. These larger 

oligomers can resist SDS treatment, appearing as a smear on SDS-PAGE gels above the 

expected monomeric size 263. Importantly, the presence of insoluble oligomers precedes the 

detection of IBs and the onset of HD symptoms in various HD models 260,264,265. Thus, it is 

reasonable to assume the existence of a rapidly interconverting, heterogeneous population 

of soluble, sedimentable pre-fibrillar oligomers and fibrillar structures within HD cells. The 

conversion from a pre-fibrillar oligomeric state to an insoluble fibrillar state can be 

considered the rate-limiting step in mHTTex1 aggregation reactions, with oligomers serving 
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as precursors to amyloid fibrils and IBs in cells 262,266. It is essential to recognise that 

oligomers are ephemeral in nature: they are rapidly formed and then transition into higher-

order structures, making a thorough analysis of their properties challenging 262. 

 

 

Figure 7. Pathogenic HTTex1 adopts multiple aggregation intermediates 

Non-pathogenic expansion (Q17) results in a stable native monomer, while pathogenic polyQ expansion (Q75) 

produces a low-abundance misfolded monomer. Misfolded monomers preferentially co-aggregate to form small 

soluble oligomers (dimers, trimers, and tetramers). Soluble oligomers self-associate, accumulating into larger, 

sedimentable, and non-sedimentable pre-fibrillar and fibrillar oligomers with diverse morphologies. A structural 

transition to an ordered b sheet conformation promotes amyloid fibril formation. Oligomers can directly 

accumulate on the fibril, causing branching and elongation. Seeds also bind to monomers , driving a self-

propagating aggregation mechanism. Amyloid fibrils co-aggregate with other species and cellular components 

to form large inclusion bodies. At any moment, various HTTex1 aggregate species with distinct structures, sizes, 

and stabilities coexist within the cell. The interconversion between aggregate species becomes less energetically 

favourable with increasing aggregate size and stability (arrows). (Adapted in part from 262and created using 

Biorender). 

 

Like oligomers, mHTTex1 fibrils also exhibit heterogeneity, allowing mHTTex1 aggregation to 

manifest in various fibril types. This heterogeneity arises from the tilted stacking 

orientations within the fibril core, a unique feature of mHTTex1 fibrils when compared to 

other amyloid fibrils 242. Furthermore, fibrils can laterally associate with monomers causing 

secondary nucleation and branching, resulting in polymorphic fibril species (Figure 7). In 

vitro studies initially revealed that temperature directly influences the structure and 

subsequent toxicity of mHTTex1 fibrils 267,268. Fibrils grown at 4 °C (T-fibrils) displayed a non-
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bundled structure with higher flexibility in the PRD, while fibrils grown at 37°C (N-fibrils) 

exhibited a thicker, bundled structure with a less flexible PRD. The dissociation of T- and N-

fibrils gave rise to smaller protofibrils (P-fibrils), which were shown to act as seeds, initiating 

monomeric mHTTex1 aggregation. Importantly, all three fibril subtypes were found to be 

interconvertible 269. Small seeding-competent fibril structures resembling P-fibrils have been 

identified in vivo in HD mouse and Drosophila Melanogaster (D. melanogaster) models, 

preceding the onset of HD symptoms 253,270,271. Similar seeding-competent structures have 

also been found in HD patient brains, with seeding activity positively correlating with 

disease progression253,272. 

 

In the nucleus and cytoplasm, large mHTTex1 fibrils can co-aggregate to form distinct types 

of IBs (Figure 7). Cytoplasmic IBs have a skeletal structure consisting of a dense fibrillar core, 

resistant to protease and detergent treatment 273,274. This core is believed to form through a 

polyQ-dependent liquid-to-solid phase transition, driven by interactions between the polyQ 

and PRD regions of mHTTex1, increasing the local concentration of mHTTex1 to the critical 

level required for phase separation 275. Lipids, intracellular vesicles, and other mHTTex1 

aggregate species become entrapped within and around the IB core 266,276,277. Additionally, 

cytoplasmic IBs sequester transcriptional regulators, molecular chaperones, components of 

the unfolded protein response (UPS) and autophagolysosomal pathways 278,279. An outer 

shell of mHTTex1 fibrils surrounds the core and associates with critical cellular components 

such as mitochondria and the endoplasmic reticulum network (ER) 276,280–282. In contrast, 

nuclear IBs exhibit a different morphology characterised by a fibril- dense round shape with 

an absence of membranes, organelles, or vesicles inside or at the periphery 276. Cells with 

nuclear inclusions display altered nuclear ultrastructure, including changes in nuclear 

condensation, membrane structure, and pore density 276,283. IBs, predominantly composed 

of mHTTex1, have been identified in the cortex and striatum of post-mortem brains from HD 

patients, as well as in animal and cell models 135,138,282. Typically, IBs are detected before the 

onset of clinical symptoms in HD 237 and increase in density in a polyQ-dependent manner 
284. Patients with juvenile-onset HD tend to have more nuclear IBs, while adult-onset HD 

patients typically exhibit cytoplasmic IBs 237,284,285, suggesting that IB localisation may impact 

HD pathogenesis. However, the formation of IBs does not consistently correlate with HD 
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symptoms and proteotoxicity 253,286. Consequently, mHTTex1 IBs appear to play 

contradictory roles within the cell. 

 

It is important to remember the cell is not a closed system. Multiple polymorphic types of 

oligomers and fibrils can co-exist within the same crowded environment 257. These diverse 

aggregate species interact and co -aggregate forming larger IB assemblies which associate 

with an array of proteins in difference cellular compartments and neuronal subtypes. As a 

result, dissecting the precise role of each aggregate species in HD pathology is challenging. 

Therefore, the collective pathogenic impact of aggregates needs to be further clarified in 

depth. 

 

1.4. Molecular pathogenesis of HD 

 

Although research on HD has been ongoing for centuries, the true pathogenic mechanism 

underlying HD remains inconclusive. As described previously, HD is caused by a CAG repeat 

expansion in the HTT gene, which is translated into a polyQ expansion of the HTT protein 

(see sections 1.1.2 and 1.2.1). Current research proposes two contrasting perspectives on 

the pathogenesis of HD: one highlighting a toxic gain-of-function due to the polyQ 

expansion in the HTT protein or CAG expansion in the HTT transcript, and the other 

suggesting a loss-of-function effect resulting from altered wtHTT function. 

 

The prevailing theory attributes HD pathogenesis to a toxic gain-of-function, initiated by 

expansion of the polyQ domain. It is important to note that HD is one of nine inherited 

neurodegenerative diseases stemming from polyQ expansions 287. These include six 

spinocerebellar Ataxias (SCAs) (SCA1, SCA2, SCA3/Machado-Joseph disease, SCA6, SCA7, and 

SCA17), spinal and bulbar muscle atrophy (SBMA), and dentatorubral-pallidoluysian atrophy 

(DRLPA). Despite the polyQ expansion occurring in functionally distinct proteins, these nine 

polyQ diseases share many features. These include genetic inheritance, adult-onset disease 

manifestation, primary central nervous system degeneration, and the presence of mutant 

polyQ-containing protein aggregates 288,289. Strikingly, a common thread among all polyQ 

diseases is the direct correlation between the length of CAG repeats and the age of disease 
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onset 288,289. Longer CAG repeats lead to earlier disease onset, strongly implicating CAG 

repeat expansion and subsequent polyQ expansion as the driver of a toxic gain-of-function 

mechanism. 

 

Contrary to the gain-of-function theory, there is a body of evidence suggesting a significant 

contribution of wtHTT loss-of-function to HD pathogenesis. Previous studies involving HTT 

knockdowns and knockouts have emphasised the essential role of wtHTT in normal cellular 

function. For instance, HTT knockdown in mice results in embryonic lethality 168–170. 

Additionally, wtHTT plays a pivotal role in mediating interactions with a diverse array of 

proteins and functions as a structural scaffold for the assembly of multiple protein 

complexes involved in crucial cellular processes 181–185. As such, a loss of normal wtHTT 

function may also significantly contribute to the pathogenesis of HD. 

 

The impact of CAG repeat expansion on HD pathogenesis is undoubtedly complex. CAG 

repeat expansion results in the production of the truncated HTT1a transcript, which 

translate to into a monomeric mHTTex1 protein 135,136. Additionally, polyQ- dependant 

cleavage of full length HTT can also form other small protein fragments 173 (see section 

1.2.3). These fragments can form oligomers, fibrils and eventually co-aggregate along with 

organelles, vesicles, and other subcellular structures into large IBs (see section 1.3.2) 256,257. 

Thus, CAG repeat expansion results in the formation of different types of potentially 

pathogenic molecules: RNA transcripts, soluble HTT proteins, and aggregates 135,136. 

Therefore, to unravel how CAG repeat expansion leads to the vast neurodegeneration 

observed in HD patients, we must first address how each form of HTT may contribute to HD 

pathogenesis. 
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Figure 8. Mechanisms of molecular pathogenesis in HD 

A schematic depicting the evidenced (solid arrow line) and hypothesised (dotted arrow line) RNA, protein, and 

aggregate-mediated mechanism of toxicity in HD. In the nucleus, CAG repeat expansion of the HTT gene (mHTT) 

can promote anti-sense transcription which generates non-coding RNAs (HTTAS_V1 and HTTAS_V2), inhibiting 

HTT expression. Canonical transcription produces HTT pre-mRNA, spliced into mHTT mRNA or HTT1a mRNA. Both 

transcripts form hairpin RNA structures, accumulating in nuclear RNA foci, hypothesised to promote nuclear 

aggregation and inclusion body formation, disrupting cellular processes. RNAi foci may serve as hubs for 

alternative splicing which may potentiate the formation of HTT1a transcripts. Both mHTT and HTT1a transcripts 

are translated into their respective proteins. In the cytoplasm, full-length mHTT protein undergoes proteolytic 

cleavage, generating N-terminal HTT and other fragments. Full-length mHTT with a polyQ tract can undergo 

altered post-translational modifications, disrupting cellular localization and function. mHTTex1 protein forms 

misfolded monomers, co-aggregating into higher order aggregates and inclusion bodies. These aggregates 

undergo altered post-translational modifications, interacting or sequestering proteins and organelles, disrupting 

cellular function. RAN translation produces non-polyQ HTT proteins (polyAla, polySer, polyLeu, polyCys), 

contributing to HD pathology through misfolding and co-aggregation (inspired by19,216 and created using 

Biorender). 
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1.4.1. RNA-mediated toxicity 

 

To understand the role of RNA-mediated toxicity in HD, we can draw valuable insights from 

other CAG repeat disorders. A prime example is spinocerebellar ataxia type 12 (SCA12), an 

inherited neurodegenerative disease caused by CAG repeat expansion in the 5' untranslated 

region (UTR) of the protein phosphatase 2A gene (PPP2R2B) 290. Unlike polyQ diseases, this 

CAG expansion leads to the transcription of a CAG-containing mRNA but does not result in 

the translation of a polyQ-expanded protein. Nevertheless, patients with SCA12 exhibit 

neuronal atrophy and motor symptoms 291. Expanding upon this, studies involving 

transgenic model organisms expressing transcripts with extended CAG repeats in the 3' UTR 

show the development of pathogenic features even in the absence of detectable polyQ-

expanded proteins 292,293. Collectively, these results indicate that CAG expansion in RNA 

alone is sufficient to induce toxicity. 

 

One proposed explanation for this RNA-mediated toxicity lies in the alteration of RNA 

structure induced by CAG repeats (Figure 8). This leads to abnormal folding of the mutated 

RNA into a hairpin motif, facilitated by hydrogen bonds between G- and C- bases on 

opposing strands. Consequently, both the stability and accessibility of RNA are affected in a 

CAG repeat-dependent manner 225,294,295. Such RNA hairpin structures are observed in mHTT 

transcripts and accumulate in nuclear RNA foci through aberrant RNA-protein interactions 
295. These mHTT RNA foci are known to sequester muscleblind 1 (MBNL1), a crucial regulator 

of alternative splicing, resulting in mRNA splicing dysregulation 295. Importantly, as 

mentioned earlier, evidence from HD mice shows that RNA foci consist of both alternatively 

spliced HTT1a RNA and full-length HTT RNA 137 (see section 1.2.3). Therefore, RNA foci could 

potentially act as hubs for alternative splicing, promoting the formation of HTT1a transcripts 

that, in turn, translate into the highly toxic HTTex1 protein 137. Conversely, it is worth noting 

that RNA foci might also serve as a protective mechanism by sequestering HTT1a 

transcripts, preventing the expression of the toxic HTTex1 protein 137. 

 

In addition to polyQ-encoding HTT mRNA, other forms of HTT associated RNAs exist within 

the cell due to antisense transcription (Figure 8). In HD, an antisense HTT transcript is 

generated which can be alternatively spliced into two short non-coding RNAs (HTTAS_v1 
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and HTTAS_v2) 296,297. Overexpression of the HTTAS_v1 transcript has been shown to inhibit 

HTT expression, and CAG repeat expansion reduces HTTAS_v1 expression, consequently 

increasing HTT levels 296. These findings collectively provide compelling evidence that HD 

could indeed originate from the toxic gain-of-function of the CAG repeat length at the RNA 

level. 

 

1.4.2. Soluble protein mediated toxicity  

 

Earlier, we established HTT as an essential protein which is extensively modified and 

scaffolds key protein assemblies to conduct vital cellular functions (see section 1.2.2). 

Therefore, any alterations in HTT interaction, localisation or structure will impact HTT 

function, contributing to cellular toxicity and disease. At the soluble protein level, polyQ 

expansion leads to 1) aberrant PPIs, 2) alterations in post-translational modifications, and 3) 

the generation of smaller HTT fragments. These effects are intricately interconnected, with 

changes in one process directly impacting the others, collectively contributing to the cellular 

dysfunction underlying HD (Figure 8). 

 

Aberrant interactors are proteins which interact with mHTT and not wtHTT (Figure 8). 

Structurally polyQ expansion inherently promotes aberrant PPIs, as it elongates the 

intrinsically disordered polyQ domain of HTT. This in turn encourages the interaction of 

mHTT with other IDR- containing proteins 298,299. Specifically, expansion of the polyQ domain 

has been shown to induce mHTT interaction with proteins involved in mitochondrial 

function and RNA processing, processes known to be affected in HD 298,300. Additional to 

promoting aberrant PPIs, the expanded polyQ domain has been shown to also abnormally 

stabilise wtHTT interactions 301,302. One example is polyQ expanded HTT interacts with its 

binding partner huntingtin-associated protein 1 (HAP1) stronger than wtHTT 301, which 

dysregulates downstream autophagy and receptor trafficking critical for neuronal 

function303. Therefore, the polyQ dependant gain of aberrant interactions and modulation 

of wtHTT interactions could be a key instigator of HD.  
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One mechanism by which the polyQ domain modulates mHTT interactions is through the 

alteration of PTMs (Figure 8). The polyQ domain resides within the PEST 1 domain 174, which 

is a key site for PTMs (see section 1.2.2). In mice expressing mHTT, an increase in PEST 1 

phosphorylation (at serine 1181 and 1201) and a decrease in acetylation (at lysine 919, 1204 

and 1246) was observed, which directly impacted mHTT subcellular localisation when 

compared to WT mice 304. Furthermore, expansions of the polyQ domain have been shown 

to directly reduce HTT’s interaction with the huntingtin interacting protein 14 (HIP14), 

reducing HIP14-mediated mHTT palmitoylation and increasing neurotoxicity 305. Thus, 

directly linking alterations in PPIs with changes in PTMs and subsequent HD pathogenesis.  

 

Proteolytic cleavage is another key PTM of HTT, which produces N terminal HTT fragments 

that have been consistently detected in human HD brains and HD mouse models 172,173,306 

(Figure 8). These N terminal fragments have been shown to be sufficient to induce 

neurotoxicity 231 and inhibition of HTT cleavage drastically reduces the toxicity of mHTT 307–

309. Therefore, the increase of proteolytic cleavage in HD and the association of N terminal 

fragments with increased toxicity strongly implicates the generation of small HTT fragments 

as a key event in HD. Collectively, the gain of aberrant PPIs or modulation of wtHTT 

interactions effects a broad range of downstream cellular processes which can lead to the 

neuronal dysfunction observed in HD. Additionally, polyQ driven alterations in PTMs can 

produce small, toxic mHTT fragments and alter the localisation of mHTT. At the protein level 

the toxic gain-of-function of the polyQ tract is a key instigator of cellular dysfunction, 

considerably driving molecular pathogenesis in HD. 

 

The complexity of HD pathology is further compounded by antisense repeat associated non-

ATG (RAN) translation proteins (Figure 8). RAN translation, a mechanism initiated by 

secondary RNA structures, can produce proteins without the need for an AUG start codon 

on the mRNA 310. This can shift the reading frame at CAG repeats, resulting in translation of 

polyalanine (polyAla), polyserine (polySer), polyleucine (polyLeu), and polycystine (polyCys) 

tracts 311. The production of RAN translation proteins is CAG length dependant, with longer 

CAG repeats promoting the formation of RAN translation proteins 311,312. In HD, RAN 

translation products have been detected in the brains of patients, aggregating in the most 

affected regions, such as the caudate and putamen 311. Contradicting research has both 
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implicated 311 and refuted 313 RAN translation products as contributors to HD pathology. 

Future efforts focusing on the precise physiological levels of RAN translation proteins, and 

their corresponding effects on molecular mechanisms will be key to understanding the 

broader impact of RAN translation in HD.  

 

In summary, CAG repeat expansion and the accompanying polyQ expansion induce changes 

at both the RNA and soluble protein levels. These changes in mHTT RNA structure coupled 

with alterations in mHTT PTMs, PPIs and size directly impact mHTT function. While a 

definitive single molecular mechanism that serves as the primary driver of HD remains 

elusive, it is evident that the pathology of HD is a complex process. Mitochondrial function, 

transcription, intracellular trafficking, and proteostasis are all significantly impaired in the 

disease 303,314. These interconnected pathways collectively contribute to the cellular 

dysfunction observed in HD. However, whether HD pathogenesis is primarily driven at the 

RNA or protein level remains to be conclusively determined.  

 

1.4.3. The role of aggregates – protective or toxic? 

 

Aggregates have long been regarded as a hallmark feature of HD (see section 1.3), yet the 

debate over their role in inducing toxicity remains complex and contentious. This debate 

extends not only within the HD research community but also resonates in the broader 

context of neurodegenerative diseases. The core of this debate hinges on the subjective 

definition of what qualifies as an aggregate. Earlier, aggregates were defined as the self-

assembly of two or more monomers of the same protein into a supra-molecular structure. 

(see section 1.3.2). Consequently, our definition encompasses a wide spectrum of 

molecules, ranging from dimers to small pre-fibrillar oligomers and extensive branched 

amyloid fibrils.  

 

In dissecting the toxicity of aggregates, it is essential to distinguish aggregates from IBs. 

Although mHTT IBs have a fibrillar aggregate core, they associate with other proteins to 

form large visible puncta within the cell (see section 1.3.2). Early research into HD identified 

IBs within the nucleus, cytoplasm, and neuronal processes of HD patient neurons 255. IBs 
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were found to precede the onset of HD symptoms and neuronal atrophy 315, and were 

thought to be the predominant form of misfolded mHTT. Additionally, the incidence of IBs 

increased proportionally with CAG repeat length 236. Thus, leading to the traditional view 

that these large structures must cause HD. Subsequent research reinforced this hypothesis, 

revealing that IBs sequester crucial proteins such as molecular chaperones, ubiquitin 

proteasome proteins, transcription factors, and RNA binding proteins 316, leading to a 

widespread loss of cellular function. Moreover, IBs were found to disrupt the nuclear, ER, 

Golgi and mitochondrial membranes 276,317,318. Thereby, impacting organelle organisation 

and downstream processes such as transcription, proteostasis, vesicular trafficking and 

metabolism 317,319. 

 

Paradoxically, IBs have been more frequently observed in the cerebral cortex than the 

striatum, where severe atrophy is observed in advanced HD patients237,320. When identified 

in the striatum, IBs have been found in interneurons instead of the more atrophy– prone 

medium spiny neurons 321. The presence of IBs in neurons that are relatively spared from 

neurodegeneration contradicts the notion that IBs are the cause of HD, instead suggesting 

they may confer a protective effect 322. In support of this concept, studies using neuronal HD 

models have highlighted that neurons can die without the detection of IBs. Instead, IB 

formation appears to enhance neuronal survival by reducing the availability of soluble mHTT 

within the neuron 323. Furthermore, highly pathogenic N-terminal HTT protein fragments 

have been identified as a key component of the IBs found in HD patient brains 135,138,324, 

indicating IBs may reduce the available mHTT fragments within the neuron as a protective 

response 323,325. Additional research indicated that presence of IBs does not always correlate 

with HD pathogenesis 237,325,326, strongly suggesting that IBs are not the main toxic species in 

HD320,327. Thus, it becomes evident that the role of IBs in HD is nuanced. Initially serving as a 

protective buffer for toxic mHTTex1 aggregates, IBs later develop into structures that 

sequester various proteins and organelles, leading to the disruption of essential cellular 

processes. 

 

Crucially, disruptions in cellular processes occur prior to the observable formation of IBs. 

Research findings indicate that alterations in transcription factor pathways 328,329 and 

impediments in neuronal processes such as axonal transport 330,331 precede IB formation. 
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Thus, indicating that before visible IBs form, smaller mHTT aggregate species already 

instigate detrimental cellular effects. Building upon this, analysis of the structure of IBs 

further reveals the presence of vesicles, organelles, and lipids sequestered within the 

fibrillar IB core 276. This suggests that smaller mHTT aggregate species sequester key cellular 

components prior to IB development. Consequently, the origin point of HD pathogenesis 

may be traced back to the beginning of IB formation, possibly at the aggregate level. 

 

As outlined previously, mHTT aggregation is a multi-step process populated by intermediate 

species: misfolded monomers, oligomers, and fibrils (see sections 1.3.1 and 1.3.2). While it 

is apparent mHTT aggregates exert a toxic effect in various model systems  231, the extent to 

which each aggregate species individually contributes to HD pathogenesis remains unclear. 

Recent evidence has pointed to small, seeding-competent mHTT structures as robust 

markers of HD phenotypes, which exhibit a stronger correlation with HD pathogenesis than 

IBs  257. Furthermore, research utilising yeast models has emphasised mHTT oligomers as 

potent templates for aggregation, which are required for toxicity 332. This toxic role of 

oligomers is further supported by the observation that cells harbouring mHTT oligomers 

experience faster cell death compared to those with IBs or monomers 264. With increasing 

size and stability, the toxic effect of mHTT aggregates decreases, suggesting that smaller 

aggregate species are the main driver of toxicity in HD 333,334,419. Nevertheless, elucidating 

the specific structural characteristics of these small oligomeric intermediates responsible for 

HD toxicity remains challenging due to current scientific limitations 257,335. It is also plausible 

that a single, specific species is not the primary driver of HD. Rather, an abnormal mHTT 

fold, mediated by the expanded polyQ domain, may act as a "toxic surface" inherently 

attracting other molecules 320. In doing so, this toxic surface could catalyse further 

aggregation and perpetuate toxicity through interactions with an increasing array of 

proteins and organelles within the cell. 

 

In conclusion, revisiting the question—Are aggregates toxic? Based on the evidence 

reviewed, it is clear that aggregates inherently possess toxicity (Figure 8). However, 

discerning the specific species responsible for the highest toxicity remains a challenge, 

primarily due to experimental limitations in identifying and distinguishing various oligomers 

and small pre-fibrillar aggregates. Furthermore, the question of whether aggregate-
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mediated toxicity is the primary driver of HD remains unanswered. The potential influence 

of RNA and perturbations in soluble protein dynamics cannot be entirely dismissed (see 

sections 1.4.1 and 1.4.2) (Figure 8). Thus, additional research on the role of aggregates in 

HD should prioritise the establishment of in vivo models, allowing for the monitoring of 

mHTT aggregation within its native context and elucidating its relationship with RNA and 

monomeric protein changes. 
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2. Aims  

 

In HD, neuronal mHTTex1 aggregates are a consistent and defining pathological feature. 

However, the precise relationship between mHTTex1 aggregation and the development of 

HD pathology remains incompletely understood. Emerging evidence also suggests that RNA 

and monomeric protein alterations play pivotal roles in driving toxicity in HD. To gain a 

comprehensive understanding of the causal mechanisms underpinning HD pathology, it is 

imperative to explore the influence of aggregates on RNA and protein dynamics in an in vivo 

context.  

 

Therefore, the primary aim of this research project was to establish a novel D. melanogaster 

model to explore the impact of mHTTex1 aggregates on the proteomic, cellular, and 

phenotypic in vivo landscape. To achieve this, a construct was designed which enables the 

co-expression of HTTex1 mNeongreen (HTTex1-mNG) and HTTex1 mScarlet-I (HTTex1-mSc-I) 

fusion proteins independently within the same model system, with the goal of leveraging 

Förster resonance energy transfer (FRET) to determine whether mHTTex1 aggregates can be 

visualised within D. melanogaster neurons. Moreover, this work aimed to uncover whether 

FRET can be used as a selection marker for live cells containing HTTex1-mNG/-mSc-I 

aggregates and whether the presence of such aggregates relates to any phenotypic effects 

in the model.  

 

The second aim of this project was to employ the newly developed in vivo D. melanogaster 

model to investigate how aggregates impact RNA and protein mechanisms within the cell. 

To achieve this aim, both isolated mHTTex1 aggregates and whole brain samples were 

analysed using mass spectrometry (MS). Thus, enabling the profiling of proteins that are 

associated with aggregates and the identification of global proteome dysregulation in fly 

model brains.  

 

Finally, the third aim was to functionally interrogate the role dysregulated proteins may play 

in HD, using RNA interference (RNAi) knockdown experiments conducted in vivo. The effects 

of RNAi knockdown were assessed through a combination of phenotypic and biochemical 

assays, to provide insights into the impact of proteins dysregulated in the presence of 
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mHTTex1 aggregates on HD phenotypes. By addressing these aims, potential mechanisms 

underlying toxicity in HD are intended to be uncovered, thereby enhancing our 

understanding of the role mHTTex1 aggregation plays in HD pathology.  
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3. Results 

 

3.1. FRET as a technique to study mHTTex1 aggregation in vitro and in vivo 

 

The mHTTex1 protein is known to form aggregates, and such aggregates are a pathological 

hallmark of HD (see section 1.3). Understanding the role of mHTTex1 aggregates in HD 

necessitates a comprehensive examination of their neuronal distribution, associated 

proteins, and broader proteomic consequences. Therefore, investigation of mHTTex1 

aggregation requires a method that provides a clear, easily detectable readout and is 

compatible with both in vitro and in vivo systems.  

 

While previous studies have used mHTTex1 fused to single fluorophores to visualise 

mHTTex1 aggregation 276,336,337, this approach has presented limitations. A single 

fluorophore can generate a fluorescent signal for both soluble and aggregated mHTTex1. 

Hence, relying on a single fluorescence signal alone does not enable accurate differentiation 

between these two protein states. Therefore, studies must turn to techniques such as 

fluorescence recovery after photo-bleaching (FRAP), electron microscopy (EM) or co-

localisation analysis to infer mHTTex1 aggregation. A way to combat the restrictions of 

single fluorophore mHTTex1 aggregate detection is to employ Förster resonance energy 

transfer (FRET), a technique relying on the distance-dependent transfer of energy between 

two fluorophores with overlapping emission and excitation spectra 338 (Figure 9A). When 

proteins tagged with FRET compatible fluorophores are soluble, the fluorescence of both 

the donor and acceptor molecules can be measured, with minimal background FRET. 

However, when such proteins co-aggregate, the donor and acceptor fluorophores come into 

proximity. Subsequent excitation of the donor fluorophore causes energy to be transferred 

to the acceptor fluorophore via intermolecular long-range dipole-dipole coupling. 

Therefore, resulting in FRET which can be measured as a quenching of the donor 

fluorescence and an increase in the acceptor fluorescence 338,339 (Figure 9B). 

 

To provide an alternative method to monitor mHTTex1 aggregation free from the 

aforementioned limitations, the first aim of this work was to create a FRET-based HTTex1 
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aggregation biosensor which would be compatible with both in vitro and in vivo model 

systems (Figure 9C).  

 

  
 

Figure 9. FRET principles and using FRET to model mHTTex1 aggregation 

A) A schematic showing the absorbance (dashed lines) and emission spectra (solid lines) of mNG (green) and 

mSc-I (red) 340 B) A Jablonski diagram showing how FRET occurs between two fluorophores. Absorption of a 

photon by the donor fluorophore (mNG) causes an electron to be excited from ground state (S0) to a higher 

energetic state (S1). This excited state is unstable, and the electron relaxes back to ground state. The energy 

released from the relaxation of the donor fluorophore electron is transferred via FRET, causing excitation of an 

A. B. 

C. 

Wavelength (nm)
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electron of the acceptor fluorophore (mSc-I). When the acceptor electron relaxes back to ground state, this causes 

the emission of acceptor fluorescence rather than the donor fluorescence. Adapted from  341 and created using 

Biorender. C) A schematic showing how FRET can be used to model mHTTex1 aggregation both in vitro and in 

vivo. Upon co-expression of non-pathogenic HTTex1Q17-mNG and HTTex1Q17-mSc-I fusion proteins, FRET does 

not occur as the fusion proteins have a very low propensity to aggregate. Whereas co-expression of pathogenic 

HTTex1Q75-mNG and HTTex1Q75-mSc-I fusion proteins would result in aggregation which brings both the donor 

and acceptor fluorophores into close proximity, therefore enabling FRET. Created using Biorender.  

 

3.2. An in vitro mHTTex1 FRET-based aggregation sensor model 

 

3.2.1. Designing a novel mHTTex1 FRET- based aggregation sensor with mNeongreen (mNG) 
and mScarlet-I (mSc-I) HTTex1 fusion proteins  

 

The first step in creating an in vivo and in vitro compatible FRET-based HTTex1 aggregation 

biosensor was to create a custom plasmid to facilitate the co-expression of two copies of 

HTTex1 proteins either fused the next generation fluorophores mNeongreen (mNG) or 

mScarlet-I (mSc-I) within the same model system (Figure 10A).  

 

Each plasmid consisted of one copy of HTTex1 coding sequence with either 17, 52 or 75 

glutamines (HTTex1Q17, HTTex1Q52 and HTTex1Q75) fused C-terminally to a mNG coding 

sequence followed by a C-myc sequence, to enable the expression of HTTex1-mNG FRET 

donor fusion proteins with a C-myc epitope tag. The C-myc epitope tag was incorporated as 

a control tag which could be used for detection of the HTTex1-mNG fusion proteins, in the 

event detection of the mNG protein was not possible. A second copy of the HTTex1Q17, 

HTTex1Q52 and HTTex1Q75 coding sequences was subsequently cloned into the 

corresponding HTTex1-mNG plasmids. These coding sequences were fused C-terminally to a 

mSc-I coding sequence followed by a V5 sequence, to facilitate the expression of HTTex1-

mSc-I FRET acceptor fusion proteins with a V5 epitope tag. Like the inclusion of the C-myc 

tag for the HTTex1-mNG fusion proteins, the V5 tag was included to act as a control method 

of detecting the HTTex1-mSc-I fusion proteins. Thus, the resulting HTTex1-mNG/-mSc-I 

plasmids were designed to enable the independent co-expression of both HTTex1-mNG and 

HTTex1-mSc-I fusion proteins from the same construct (pUAST-HTTex1Q17-mNG/-mSc-I, 

pUAST-HTTex1Q52-mNG/-mSc-I and pUAST-HTTex1Q75-mNG/-mSc-I) (Figure 10A).  
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Figure 10. The design of the FRET-based HTTex1 aggregation biosensor constructs  

A) Schematic of the HTTex1Q17-mNG/-mSc-I, HTTex1Q52-mNG/-mSc-I and HTTex1Q75-mNG/-mSc-I constructs 

and their respective proteins. B) Schematic of the mNG-mSc-I (FRET positive), mNG/-mSc-I (FRET negative), mNG 

and mSc-I constructs and their respective proteins. Created in Biorender. 

 

For FRET measurement, it was essential to have single fluorophore controls as well as FRET 

positive and FRET negative controls to allow accurate detection of FRET generated from 

HTTex1 fusion protein co-aggregation. Therefore, plasmids were created which would 

enable the expression of both mNG and mSc-I proteins individually (pUAST-mNG and 

pUAST-mSc-I), independently from the same plasmid (pUAST-mNG/-mSc-I) and as fusion 

protein (pUAST-mNG-mSc-I). These plasmids served as single fluorophore, FRET negative 

A.

B.
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and FRET positive controls respectively (Figure 10B). All final plasmids (Supplementary 

Table 1) were subject to analytical digestion and sanger sequencing to confirm their 

sequence identity (Supplementary Figure 1E and 1H). 

 

3.2.2. Pathogenic HTTex1-mNG/-mSc-I fusion proteins co-aggregate and cause FRET in vitro 

 

Previous work using mHTTex1 protein fragments conjugated to FRET compatible 

fluorophores has shown FRET to be a reliable measure of amyloidogenic mHTTex1 

aggregate formation 257. Hence, it was hypothesised that co-aggregation of pathogenically 

expanded mHTTex1-mNG and mHTTex1-mSc-I fusion proteins (HTTex1Q52-mNG/-mSc-I and 

HTTex1Q75-mNG/-mSc-I) would bring the mNG and mSc-I fluorophores into proximity, 

which should generate a FRET signal corresponding to mHTTex1 aggregate formation 

(Figure 9C). To assess whether the co-expression of HTTex1-mNG/-mSc-I fusion proteins 

indeed resulted in a detectable FRET signal upon HTTex1-mNG/-mSc-I co-aggregation, a 

HEK293 cell model was first employed. 

 

To induce the co-expression of the HTTex1-mNG/-mSc-I fusion proteins from their 

respective pUAST vectors (Figure 10A and Supplementary Table 1), the yeast transcription 

activator protein GAL-4 must be expressed from the pCMV-GAL4 vector and bind to the UAS 

sequences upstream of the transgene 342.Therefore, HEK 293 cells were co-transfected with 

pUAST-HTTex1-mNG/-mSc-I vectors and a titration of pCMV-GAL4, to determine the optimal 

amount of pCMV-GAL4 necessary for HTTex1-mNG/-mSc-I fusion protein co-expression. 

Subsequent western blot (WB) analysis was performed using the anti-HTT antibody 

MAB5492 (Figure 11A), anti-C-myc antibody to detect HTTex1-mNG (Supplementary Figure 

2B) and anti-mCherry to detect HTTex1-mSc-I (Supplementary Figure 2A). Distinct bands 

were observed slightly above the expected molecular weight for HTTex1Q17-mNG/mSc-I, 

HTTex1Q52-mNG/-mSc-I and HTTex1Q75-mNG/-mSc-I across all blots (expected molecular 

weight: ~45kDa, ~49kDa and ~51kDa, observed molecular weight: ~48kDa, ~50kDa and 

~60kDa respectively). This discrepancy in observed versus predicted molecular weight of 

HTTex1 has been previously identified and is due to the polyQ repeat domain decreasing 

protein mobility therefore causing slower migration through SDS-PAGE gels 343. 
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Furthermore, the immunodetection of the corresponding protein bands using both the anti-

C-myc and anti-mCherry antibodies confirmed the independent co-expression of both 

HTTex1-mNG and HTTex1-mSc-I fusion proteins in transfected cells (Supplementary Figure 

2A and 2B). Upon closer analysis, a decrease in band size with increasing polyQ length was 

observed, which indicated a higher abundance of HTTex1Q17-mNG/-mSc-I fusion protein in 

comparison to HTTex1Q52-mNG/-mSc-I or HTTex1Q75-mNG/-mSc-I fusion proteins. Such 

bands were absent in the 0µg pCMV-GAL4 and mNG-mSc-I co-expressing control samples, 

which validated the observed bands were due to HTTex1-mNG/-mSc-I fusion proteins only 

(Figure 11A).  

 

The mHTTex1 protein has been shown to form aggregates in both in vivo and in vitro models 

of HD 343. However, there is evidence that the presence of fluorescent tags may alter 

mHTTex1 aggregation 276. Therefore, after WB confirmation of soluble HTTex1-mNG/-mSc-I 

fusion protein co-expression it was vital to investigate whether these fusion proteins were 

able to aggregate in vitro. To this end, cell lysates were analysed using a denaturing filter 

retardation assay (dFRA). This technique involves applying heat and SDS-denatured lysate 

onto a cellulose acetate membrane. After vacuum filtration, the soluble denatured protein 

passes through the membrane pores, but the large SDS-stable structures are retained on 

the membrane and can be identified using immunodetection. Therefore, the dFRA enables 

specific detection of large, SDS-stable mHTTex1 aggregates 344. Cells co-expressing 

HTTex1Q75-mNG/-mSc-I fusion proteins were found to harbour large, SDS-stable mHTTex1 

structures which were not present in HTTex1Q17-mNG/-mSc-I co-expressing cells (Figure 

11B). To investigate the morphology of these mHTTex1-mNG-/mSc-I aggregates, cells were 

analysed using confocal microscopy. Cells co-expressing HTTex1Q52-mNG/-mSc-I and 

HTTex1Q75-mNG/-mSc-I fusion proteins exhibited large puncta. In contrast, such puncta 

were absent in HTTex1Q17-mNG/-mSc-I co-expressing cells, therefore suggesting these 

structures may be co-aggregated mHTTex1-mNG/-mSc-I fusion proteins (Figure 11C).  

 

To qualitatively determine whether the co-aggregation of mHTTex1-mNG/-mSc-I fusion 

proteins resulted in FRET, transfected HEK293 cells were assessed using confocal 

microscopy (Supplementary Figure 3A). To detect FRET, samples were excited with a laser 

corresponding to the mNG excitation wavelength (490nm) and emission was detected in 
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range corresponding to mSc-I emission (580-630nm), thereby enabling qualitative detection 

of FRET positive structures. The large puncta observed in HTTex1Q52-mNG/-mSc-l and 

HTTex1Q75-mNG/-mSc-l co-expressing cells were strongly FRET positive, which suggests the 

puncta were the result of HTTex1-mNG/-mSc-I fusion protein co-aggregation.  

 

 

Figure 11. HTTex1-mNG/-mSc-I fusion proteins aggregate generate FRET in vitro 

A) WB analysis of the HTTex1-mNG/-mSc-I fusion protein in HEK293 cell lysates derived from cells co-transfected 

with 0, 0.5, 1.5 and 2.5 µg of pCMV-GAL4 plasmid and 1.5µg of pUAST-HTTex1-mNG/-mSc-I plasmids. Anti-HTT 

a.a 1-10 (MAB5492) antibody and Anti-cyclophilin B were used for immunodetection. B) dFRA analysis of SDS-

stable HTT structures in cell lysates. 80 µg protein loaded per dot. Anti-HTT a.a 1-10 (MAB5492) antibody used 

for immunodetection. C) Confocal images of HEK293 cells co-transfected with 7.5 µg pCMV-GAL4 and 4.5µg 

respective pUAST-HTTex1-mNG/-mSc-I plasmids. Scale bar=25 µm. D) FRET efficiency of pUAST-HTTex1-mNG/-

mSc-I transfected HEK293 cells. Each dot represents a separate biological replicate (3 per group). Statistical 

significance assessed by unpaired T-test. (**= P<0.01, ***=P<0.001). Error bars= SEM 

 

In contrast, a diffuse weaker FRET signal distributed throughout the cytoplasm was present 

in HTTex1Q17-mNG/-mSc-I and mNG/-mSc-I co-producing cells. Thus, supporting the 
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hypothesis HTTex1 fusion proteins with non-pathogenic polyQ tracts have a low aggregation 

propensity. As a control, cells expressing the mNG-mSc-I FRET positive control fusion protein 

were analysed and showed a uniformly distributed FRET signal (Supplementary Figure 3A). 

Therefore, collectively these results indicated the observed puncta were the result of 

mHTTex1-mNG/-mSc-I fusion protein co-aggregation.  

 

Previous work has shown mHTTex1 aggregates possess an amyloid-like structure 238. 

Therefore, to investigate whether the observed puncta were in fact co-aggregated HTTex1-

mNG/-mSc-I fusion proteins, transfected HEK293 cells were stained with Amytracker 480; a 

fluorescent tracer molecule which emits light in the blue spectra range (excitation maximum 

= 420nm, emission maximum = 480nm) when bound to amyloid fibrils, protofibrils and 

protein aggregates 345,346 (Supplementary Figure 2D). The puncta in cells co-expressing 

HTTex1Q52-mNG/-mSc-I and HTTex1Q75-mNG/-mSc-I fusion proteins were positive for 

Amytracker 480 signal (Supplementary Figure 2C). Therefore, confirming the observed 

puncta were amyloid-like structures, consistent with previous descriptions of mHTTex1 

aggregates. 

 

Finally, to assess whether the co-aggregation of mHTTex1-mNG/-mSc-I fusion proteins into 

amyloid-like aggregates resulted in quantitative FRET, the FRET efficiency of transfected 

HEK293 cells was calculated using plate reader-based sensitised emission measurements 

(Figure 11D). As a FRET positive control, cells expressing the mNG-mSc-I fusion protein were 

analysed which exhibited a high mean FRET efficiency (80.8%), indicating that the mNG-

mSc-I fusion is a bright and well performing FRET donor/acceptor pair. For the FRET 

negative controls, cells co-expressing mNG and mSc-I (mNG/-mSc-I), as well as those 

independently expressing the single fluorophores mNG or mSc-I were analysed. These 

displayed low mean FRET efficiencies (8.6%, -110.7% and -0.1% respectively), suggesting 

little background FRET from either fluorophore. As a background control, untransfected cells 

and cells transfected with the empty pUAST-attB-rFA plasmid were also analysed, which 

likewise showed low mean FRET efficiencies (-113.2% and -42.5% respectively). Overall, it 

was confirmed by these control experiments that FRET detection required mNG and mSc-I 

co-expression and for both fluorophores to be in proximity.  
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Importantly, both HTTex1Q52-mNG/-mSc-I and HTTex1Q75-mNG/-mSc-I co-expressing cells 

exhibited a significant increase in mean FRET efficiency (28.6% and 23.1% respectively) 

when compared to that of HTTex1Q17-mNG/-mSc-I co-expressing cells (3.8%), confirming 

FRET measurements can be used to infer the co-aggregation of pathogenically expanded 

HTTex1Q52-mNG/-mSc-I and HTTex1Q75-mNG/-mSc-I fusion proteins. Thus, supporting the 

functionality of the FRET-based HTTex1 aggregation biosensor for in vitro. 

 

3.2.3. Development of a FRET-based fluorescence-activated cell sorting (FACS) method for 
isolation of HTTex1-aggregate containing cells 

 

After confirming pathogenically expanded mHTTex1-mNG/-mSc-I fusion proteins co-

aggregated and form FRET positive puncta, it was clear FRET signals can be used to visualise 

mHTTex1-mNG/-mSc-I co-aggregates. Expanding on these results, it was postulated that 

FRET may also be used as a selection marker for the enrichment of cells containing HTTex1-

mNG/-mSc-I co-aggregates. To investigate this hypothesis, transfected HEK293 cells were 

taken forward for fluorescence activated cell sorting (FACS). To enable detection of FRET in 

cells, a previously published sequential FRET FACS gating strategy was optimised for use 

with mNG and mSc-I fluorophores 347. 

 

FACS is a flow cytometry base method, in which single cells are separated from a 

homogenous sample solution into fluid droplets which pass through a laser beam. 

Depending on the characteristics of the cell i.e. size, granularity and fluorescence, the laser 

beam light is scattered in a forward or sideward direction (FSC/SSC) 348. This pattern of 

scattering can be used to selectively sort and enrich for specific cellular populations.  

Cells were first analysed using FSC/SSC, using these gates debris and doublet cells were 

excluded, therefore only single cells were taken forward for subsequent analysis (Figure 

12A). To establish the gates corresponding to mNG and mSc-I fluorescence, cells expressing 

the either mNG or mSc-I fluorophores individually were analysed. A gate was drawn to 

include mNG events along the X axis and mSc-I events along the Y axis. Using this gating, 

double positive cells expressing both mNG and mSc-I were detected as events which resided 

between the X and Y axis (Figure 12B). Interestingly, cells co-expressing the non- 

aggregating HTTex1Q17-mNG/-mSc-I fusion proteins had a larger percentage population 
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(30.4%) of double positive cells than cells co-expressing the aggregation prone HTTex1Q52-

mNG/-mSc-I (24.6%) and HTTex1Q75-mNG/-mSc-I (18.4%) (Figure 12E). Therefore, this FACS 

data further supported the notion that there was a higher abundance of HTTex1Q17-mNG/-

mSc-I fusion protein than HTTex1Q52-mNG/-mSc-I and HTTex1Q75-mNG/-mSc-I fusion 

proteins in co-transfected cells.  

 

Next, to determine what proportion of the double positive cell population were also FRET 

positive, double positive cells co-expressing mNG and mSc-I individually (mNG/-mSc-I) and 

as a fusion protein (mNG-mSc-I) were analysed using FRET and mNG fluorescence (Figure 

12C). The FRET positive mNG-mSc-I control cell population displayed a distinct upward shift 

in the Y axis in comparison to the FRET negative mNG/-mSc-I control, indicating a higher 

FRET fluorescence. FRET gates were subsequently drawn based on these FRET positive 

control events. Upon analysis of HTTex1-mNG/-mSc-I transfected cells, cells co-expressing 

HTTex1Q52-mNG/-mSc-I or HTTex1Q75-mNG/-mSc-I formed a new sub-population within 

the FRET gates, which was absent in cells co-expressing HTTex1Q17-mNG/-mSc-I (Figure 

12C). This sub-population exhibited a higher FRET fluorescence than mNG donor 

fluorescence, which was comparable to that of the mNG-mSc-I FRET positive control, and 

therefore were classified as FRET positive.  

 

Subsequent quantification of the FRET-FACS data confirmed cells expressing the mNG-mSc-I 

fusion exhibited a high mean percentage of FRET positive cells (40.5%). Whereas 

untransfected cells, as well as cells co-expressing mNG/-mSc-I, mNG and mSc-I had a low 

mean percentage of FRET positive cells (0%, 1.1%, 0% and 0% respectively), therefore 

validating that the FRET-FACS approach enabled detection of FRET within cells (Figure 12F). 

Moreover, cells co-expressing HTTex1Q75-mNG/-mSc-I displayed a statistically significant 

increase in the mean percentage of FRET positive cells (7.035%) when compared to the 

HTTex1Q17-mNG/-mSc-I co-expressing control (0.845%) (Figure 12F). Likewise, HTTex1Q52-

mNG/-mSc-I co-expressing cells displayed an increase in the mean percentage of FRET 

positive cells (2.223%) when compared to HTTex1Q17-mNG/-mSc-I co-expressing control 

cells (0.845%), however this increase was not found to be statically significant (Figure 12F). 

Regardless, these data pointed toward a polyQ-dependant increase of FRET, which 

suggested FRET increased relative to the aggregation propensity of the corresponding 
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mHTTex1-mNG/-mSc-I fusion proteins. Indeed, when these FRET positive cells were sorted 

and imaged using confocal microscopy, large intracellular puncta were present only in cells 

co-expressing the more aggregation-prone HTTex1Q52-mNG/-mSc-I or HTTex1Q75-mNG/-

mSc-I fusion proteins (Supplementary Figure 3B), indicating the detected FRET was due to 

aggregation.  

 

To confirm if FRET was an accurate measure of cells containing mHTTex1-mNG/-mSc-I 

aggregates, FRET positive cells were further analysed using pulse shape analysis (PuLSA). 

PuLSA is based on the principle that fluorescent mHTTex1 aggregates display higher pulse 

heights and narrower pulse widths of fluorescence when analysed using FACS 349,350. Hence, 

it was hypothesised that if FRET is indeed an indicator of mHTTex1-mNG/-mSc-I 

aggregation, it should be possible to similarly use the pulse height and width measurements 

of FRET fluorescence (FRET-PuLSA) to detect cells containing co-aggregated mHTTex1-

mNG/-mSc-I fusion proteins.  

 

FRET- PuLSA analysis of cells co-expressing pathogenic HTTex1-mNG/-mSc-I fusion proteins 

(HTTe1Q52-mNG/-mSc-I and HTTex1Q75-mNG/-mSc-I) revealed the presence of a new sub 

population to the left of the main events peak (Figure 12D). The cells within this sub-

population displayed a higher FRET pulse height and narrower FRET pulse width, therefore 

were gated as PuLSA positive. Upon quantification, cells co-expressing HTTex1Q75-mNG/-

mSc-I exhibited the highest mean percentage of FRET-PuLSA positive cells (5.85%) (Figure 

12G) followed by HTTex1Q52-mNG/-mSc-I co-expressing cells (1.395%). In contrast, a 

negligible FRET-PuLSA positive cell population was observed in HTTex1Q17-mNG/-mSc-I, 

mNG-mSc-I and mNG/-mSc-I co-expressing control cells (0.61%, 1.035% and 0.535% 

respectively) (Figure 12G). Thus, indicating that FRET-PuLSA measurements, like the FRET 

FACS measurements (Figure 12F), followed a polyQ dependant trend whereby the 

percentage of FRET-PuLSA positive cells increased relative to the aggregation propensity of 

the HTTex1-mNG/-mSc-I fusion protein.  
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Figure 12. FACS detection of FRET positive mHTTex1 aggregates in HEK293 cells 

FACS cytograms showing: A) Debris exclusion (side scatter area (SSC-A) vs forward scatter area (FSC-A) and 

doublet exclusion (forward scatter height (FSC-H) vs FSC-A). B) Double positive gating (mSc-I pulse area (mSc-I A) 

vs mNG pulse area (mNG-A)), C) FRET donor-corrected gating (FRET pulse area (FRET A) vs mNG pulse area (mNG-

A)) and D) FRET PuLSA gating (FRET-A vs FRET-W). Arbitrary units (a.u.) of exactly 50,000 cells (n=50,000) plotted. 

Plots depicting: E) percentage double positive, F) percentage FRET positive, and G) percentage FRET PuLSA 

positive HEK 293 cells from total cell population measured by FACS. Each dot represents a separate biological 

replicate (2 per group). Statistical significance assessed by unpaired T-test (NS=P>0.05, *=P<0.05). Error 

bars=SEM. 
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Collectively, the detection of FRET using FACS, combined with confocal microscopy and 

PulSA measurements, strongly indicate that FRET measurements can be used both to 

specifically detect mHTTex1 aggregation in vitro and as a selection marker for cells 

containing HTTex1 aggregates. 

 

3.3. Establishing an in vivo FRET-based aggregation sensor model  

 

3.3.1 Creating transgenic D. melanogaster models of mHTTex1 co-aggregation  

 

The results obtained from the HEK293 cells experiments showed pathogenically expanded 

mHTTex1-mNG/-mSc-I fusion proteins (HTTex1Q52-mNG/-mSc-I and HTTex1Q75-mNG/-

mSc-I) can co-aggregate, and this co-aggregation can be detected using FRET. However, this 

model was limited to detecting mHTTex1-mNG/-mSc-I co-aggregation in an in vitro context, 

and therefore lacked insight into the potentially neurotoxic effects exerted by mHTTex1 

aggregates. Therefore, to investigate the relationship between mHTTex1-mNG/-mSc-I co-

aggregates and neuronal dysfunction in HD, it was imperative to create a model system 

which combined the FRET based detection of mHTTex1-mNG/-mSc-I co-aggregation and 

provided a phenotypic readout of toxicity. To this end, transgenic D. melanogaster strains 

co-expressing HTTex1-mNG/-mSc-I fusion proteins were generated. 

 

To generate such transgenic fly strains, D. melanogaster embryos were co-injected with 

pUAST HTTex1-mNG/-mSc-I, mNG-mSc-I, mNG/-mSc-I, mNG, mSc-I (Supplementary Table 1) 

plasmid DNAs and a site-specific bacteriophage integrase (phiC31). At the time of injection, 

the embryos exist as one multinucleated cell (syncytium) into which both the plasmid DNA 

and phiC31 integrase are co-injected at the posterior end. Following subsequent budding 

and cellularisation, germline precursor cells (pole cells) form at the posterior inject site and 

accept the injected DNA (Figure 13A). The injected embryos harboured a bacteriophage 

attachment site (attP) at position 68E on chromosome 3 (genotype: yw; M{3xP3-

RFP.attP’}ZH-68E). Consequently, within the pole cells the phiC31 integrase mediates B/P 

recombination between the attB sites within the pUAST plasmids and the complementary 

68E chromosome 3 attP docking site. Through this site-specific germ line integration of the 
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transgenic DNA, chromosomal position effects are avoided and as such generated 

transgenic fly strains can be directly compared. The injected embryo then develops into an 

adult transgenic fly containing germline integration of corresponding transgenes. 

Subsequent mating of the transgenic flies with white negative (white-) flies results in 

progeny which contain the transgene in all cells. Successful transformant progeny were 

selected based on the mini-white genetic marker, which results in an easily discernible 

orange eye colour (Figure 13A). Transformants were then mated with the balancer strain 

(CyO/Sp;TM6/MKRS) to create stable transgenic fly lines (CyO/+:TM6/Transgene). In total, 7 

new transgenic fly lines were generated: HTTex1Q17-mNG/-mSc-I, HTTex1Q52-mNG/-mSc-I, 

HTTex1Q75-mNG/-mSc-I, mNG-mSc-I, mNG/-mSc-I, mNG and mSc-I (Supplementary Table 

2). 

 

 

Figure 13. Generating transgenic HTTex1-mNG/-mSc-I flies 

A) Schematic depicting the injection of plasmid DNA into the fly embryo (G0 embryo also known as the 

syncytium). Adapted from 351 B) Schematic of the elavGS hormone (RU486) inducible system. Adapted from 352. 

Created using Biorender.   

 

To confirm the transgenic identity of the 7 newly generated fly strains (Supplementary 

Table 2), genomic DNA was extracted and used as the template for PCR amplification. PCR 

A. B. 
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products of the expected sizes were amplified and visualised via agarose gel electrophoresis 

(Supplementary Figure 4A and Supplementary Table 3). Subsequent sanger sequencing of 

the PCR amplified fragments confirmed the correct transgenic identity of the newly 

generated flies.  

 

3.3.2. Temporally controlled co-expression of pathogenic mHTTex1-mNG/mSc-I fusion 
proteins results in SDS- stable aggregates and neuronal puncta  

 

In generating the transgenic flies, the aim was to create a model system to investigate the 

phenotypic effects of mHTTex1-mNG/-mSc-I fusion protein co-aggregation, and thus provide 

insight into the wider effects mHTTex1 aggregates may play in the neurological toxicity 

observed in HD. The first step in addressing this aim was to drive the independent co-

expression of both HTTex1-mNG and HTTex1-mSc-I fusion proteins within the neurons of 

the transgenic flies.  

 

To achieve this, the GAL4/UAS elavGS inducible system 342 was initially used. As outlined 

previously (see section 3.2.1), the GAL4 protein is a transcriptional activator originally 

derived from yeast, which binds to UAS sequences and initiates transgene expression 342. In 

the elavGS system, the GAL4 DNA binding domain is combined with a steroid hormone 

receptor transcriptional activation domain. Only when bound to the hormone RU-486 is 

GAL-4 able to bind the UAS sequence and induce transgene expression 353 (Figure 13B). The 

expression of the hormone inducible GAL4 protein in the elavGS system is under the control 

of the tissue specific embryonic lethal abnormal vision (elav) promotor. Elav is a vital protein 

which is pan-neuronally expressed, regulating axon guidance, synapse formation and 

photoreceptor development in flies 354. Therefore, when GAL4 is under the control of the 

elav promoter, it is only expressed in post mitotic neurons, neural progenitor cells and glial 

cells354. To use the elavGS system to control gene expression in flies, two fly strains are 

required. The first is termed the driver strain, which expresses the hormone-inducible GAL4 

pan-neuronally. The second is the responder strain, which contains the transgene under the 

control of the UAS sequence. In the responder flies, there is no transgene expression, as 

there is no GAL4 present. When the driver and responder strain are crossed, the resulting 

progeny both express the hormone inducible GAL4 protein and contain the transgene under 
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the control of the UAS. Upon feeding the progeny with hormone (RU486) infused food, the 

GAL4 will bind the UAS sequence and drive transgene expression in the neurons of the flies 

(Figure 13B).  

 

Using this system, the responder strains, containing the HTTex1-mNG/-mSc-I, mNG-mSc-I, 

mNG/-mSc-I, mNG and mSc-I transgenes were mated with the elavGS driver strain. The 

resulting progeny will herby referred to as elavGS;HTTex1-mNG/-mSc-I, elavGS;mNG-mSc-I, 

elavGS;mNG/-mSc-I, elavGS-mNG, elavGS-mSc-I. Using the female progeny, three RU486 

hormone dosing conditions were applied to assess whether the developmental timing of 

mHTTex1-mNG/-mSc-I co-expression in neurons influenced the flies. In the first condition, 

flies were aged for three days and then placed on hormone-infused food for six days, before 

being placed back onto non-hormone food for the remainder of the experiment, thereby 

enabling short-term HTTex1-mNG/-mSc-I co-expression (6d-ON/OFF). In the second 

condition, from the first day post-occlusion flies were placed on hormone-infused food and 

were maintained on hormone food thought the duration of the experiment which enabled 

constitutive co-expression of HTTex1-mNG/-mSc-I (ON). In the third condition, flies were 

never placed onto hormone food and therefore should not co-express HTTex1-mNG/-mSc-I 

(OFF) (Figure 14A).  

 

To analyse whether the elavGS driver tightly controlled HTTex1-mNG/-mSc-I fusion protein 

co-expression in fly neurons, crude head lysates from ON and OFF flies were analysed by 

WB. As a negative control, head lysates from driver flies which were treated with hormone 

(elavGS ON) were analysed using MAB5492, anti-C-myc and anti-mCherry antibodies for 

immunodetection. Only background, non-specific bands were visible in the subsequent 

blots, thus validating the specificity of the selected antibodies for HTTex1, mNG and mSc-I 

proteins respectively. It must be noted however the elavGS OFF control exhibited unequal 

protein amounts (Figures 14B, 14C and 14D respectively), possibly due to the dark red 

colour of the fly eyes, which may interfere with the colorimetric bicinchoninic acid assay 

(BCA) assay used to assess protein amount in fly head lysates. As a HTTex1-mNG/-mSc-I 

negative and C-myc negative control, head lysates from elavGS;mNG-mSc-I ON flies were 

analysed which showed a band at the predicted size (~60kDa) when probed with the anti-

mCherry antibody only, further validating the specificity of the antibodies.  
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Figure 14. SDS- stable aggregates are formed upon constitutive HTTex1Q75-mNG/-mSc-I co-expression  

A) Schematic of treatment conditions of fly strains with RU486 to temporally control transgene expression. 

Created using Biorender. WB analysis of the HTTex1-mNG/-mSc-I fusion proteins in head lysate derived from 27-

day old flies using B) anti-HTT a.a 1-10 (MAB5492), C) anti c-Myc (to detect HTTex1-mNG-c-myc) and D) Anti-

mCherry (to detect HTTex1-mSc-I-V5) antibodies. Gel pockets shown above the dotted line. An anti-tubulin 

antibody was used as a loading control for immunodetection. 20 µg protein loaded per lane.  

 

Using MAB5492, anti-C-myc and anti-mCherry antibodies for immuno-detection (Figures 

14B, 14C and 14D respectively), bands were visible in elavGS;HTTex1-mNG/-mSc-I ON 

samples corresponding to soluble HTTex1Q17-mNG/-mSc-I, HTTex1Q52-mNG/-mSc-I and 

HTTex1Q75-mNG/-mSc-I fusion protein expression (~48kDa, ~50kDa and ~60kDa 

respectively). As was previously found in the HEK293 cell model WB data (Figure 11A), the 

observed bands displayed a higher molecular weight than expected due to the polyQ repeat 

domain which decreases soluble HTTex1 protein mobility during SDS-PAGE 343. Surprisingly, 

when probing with the MAB5492 antibody, bands were also observed in all elavGS;HTTex1-

mNG/-mSc-I OFF samples which indicates the expression of HTTex1-mNG/-mSc-I fusion 

proteins in the absence of GAL4-induced protein expression (Figure 14B). Previous work has 

found similar results with some GAL4-UAS systems exhibiting “leaky expression”, where 

low-level transcription and translation occur even in the absence of GAL4 expression 355–357. 

Interestingly, in elavGS;HTTex1Q75-mNG/-mSc-I ON samples there was a signal visible in the 

gel pockets when probed with anti-C-myc antibody (Figure 14C). This was accompanied with 

a visible decrease in the soluble HTTex1Q75-mNG/-mSc-I band intensity when compared to 
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elavGS;HTTex1Q17-mNG/-mSc-I ON and elavGS;HTTex1Q52-mNG/-mSc-I ON samples. 

Protein retention within the gel pocket is characteristic of mHTTex1 aggregates 270, which 

are resistant to SDS therefore remain too large to pass though the pores of the gel during 

electrophoresis. Thus, these findings demonstrated that the constitutive expression of 

HTTex1Q75-mNG/-mSc-I fusion proteins, which resulted in co-aggregation in the HEK293  

in vitro cell model (see section 3.2.2), also may lead to the formation of SDS-stable 

aggregates in vivo. 

 

Subsequent confocal microscopy analysis of 6d ON/OFF, ON and OFF elavGS;HTTex1-mNG/-

mSc-I fly brains was performed to investigate whether the SDS-stable mHTTex1-mNG/-mSc-I 

aggregates could be visualised in vivo (Figure 15A,15B and 15C). In the brains of all 

elavGS;HTTex1-mNG/-mSc-I OFF flies there was a noticeable background fluorescence 

(Figures 15A, 15B and 15C). Thus, providing further support to the WB data findings that 

the elavGS system does not tightly control HTTex1-mNG/-mSc-I fusion protein expression. 

Interestingly, across all conditions all samples displayed a striking red fluorescence within 

the optical neurons which was absent in the elavGS controls (Figure 15A, 15B, 15C and 

Supplementary Figure 4B). To eliminate the possibility that this fluorescence was due to 

mSc-I expression, brains from transgenic flies which express mHTTex1 without a fluorescent 

tag were also imaged (Supplementary Figure 4C). Both elav;HTTex1Q17-V5 and 

elav;HTTex1Q75-V5 flies expressed HTTex1 without a florescent tag, yet still exhibited the 

same red fluorescence in the optical neurons. Thus, indicating the observed fluorescence to 

be a characteristic feature of transgenic fly lines in the lab. Deeper analysis of the genotype 

of the transgenic flies revealed all were generated from phiC31 integration of transgenes 

into the yw; M{3xP3-RFP.attP’}ZH-68E strain. This strain contains a red fluorescent protein 

(RFP) marker controlled by a 3xP3 promoter flanked by LoxP sites, which results in RFP 

expression in the eyes and ocelli (simple eyes). Therefore, due to retention of the 3xP3-RFP 

marker, RFP is expressed in all the transgenic strains and was subsequently identified as a 

distinct band running at ~27kDa on anti-mCherry immunodetected blot (Figure 14D). To 

circumvent this expression of RFP in the eyes, subsequent imaging focused only on the mid-

brain of the flies.  
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Figure 15. Pathogenic mHTTex1-mNG/-mSc-I fusion proteins form neuronal puncta in vivo using temporally 

controlled elavGS expression system 

A), B) and C) Confocal images of transgenic elavGS;HTTex1-mNG/-mSc-I brains derived from 27-day old flies. 

Scale bar= 100 µm. 

 

In the mid-brain of elavGS;HTTex1Q52-mNG/-mSc-I and elavGS;HTTex1Q75-mNG/-mSc-I 

flies, noticeable fluorescent puncta were observed (Figure 15B and 15C). These puncta were 

most apparent in elavGS;HTTex1Q75-mNG/-mSc-I ON samples, with fewer observed in 

elavGS;HTTex1Q52-mNG/-mSc-I ON and none present in elavGS;HTTex1Q17-mNG/-mSc-I 

ON samples. Similarly, a small number of puncta were observed in the mid-brain of 

elavGS;HTTex1Q75-mNG/-mSc-I and elavGS;HTTex1Q52-mNG/-mSc-I 6d ON/OFF flies.  
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Whereas the puncta were completely absent in elavGS;mNG/mSc-I and elavGS:mNG-mSc-I 

fly brains (Supplementary Figure 4B).  

 

When considered together with the WB data (Figure 14), the identification of puncta in fly 

brains expressing pathogenic mHTTex1-mNG/-mSc-I fusion proteins implies that co-

expression of these fusion proteins results in the formation of aggregates in vivo in a polyQ-

dependent manner. Furthermore, short-term expression of pathogenic mHTTex1-mNG/-

mSc-I fusion proteins was sufficient to produce fluorescent aggregates in the brains of 

transgenic flies, while constitutive co-expression predictably led to more mHTTex1-mNG/-

mSc-I aggregates. 

 

3.3.3. Temporally controlled co-expression of pathogenic mHTTex1-mNG/-mSc-I fusion 
proteins reduces lifespan and motility of HD transgenic flies 

 

As previously mentioned, research has linked the presence of mHTTex1 aggregates with the 

symptom onset and progression of HD 358,359 (see section 1.4.3). Hence, following the 

observation that pathogenic mHTTex1-mNG/-mSc-I fusion proteins (HTTex1Q52-mNG/-mSc-

I and HTTex1Q75-mNG/-mSc-I) co-aggregate in vivo in the FRET HD fly model, it was 

examined whether the formation of such aggregates in fly neurons was associated with any 

behavioural phenotypes.  

 

First, it was assessed whether the developmental timing of HTTex1-mNG/-mSc-I expression 

influences the survival of transgenic elavGS;HTTex1-mNG/-mSc-I fly strains. Survival was 

measured by the counting of dead flies until the last fly in the experiment died. Based on the 

survival curves (Figure 16A), the median lifespan was calculated (Figure 16B), which 

represents the time point at which half the population died. A negligible difference in the 

median lifespan of flies upon short term, constitutive or non- induced HTTex1Q17-mNG/-

mSc-I co-expression (elavGS;HTTex1Q17-mNG/-mSc-I 6d ON/OFF ~100 days, 

elavGS;HTTex1Q17-mNG/-mSc-I ON ~100 days, elavGS;HTTex1Q17-mNG/-mSc-I OFF flies ~96 

days respectively) was observed (Figure 16B). Thus, indicating pan-neuronal long or short-

term co-expression of HTTex1Q17-mNG/-mSc-I does not reduce survival of flies. 
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Similarly, both short term and non-induced co-expression of HTTex1Q52-mNG/-mSc-I and  

HTTex1Q75-mNG/-mSc-I resulted in comparable median lifespans (elavGS;HTTex1Q52-

mNG/-mSc-I 6d ON/OFF ~100 days, elavGS;HTTex1Q52-mNG/-mSc-I OFF flies ~94 days, 

elavGS;HTTex1Q75-mNG/-mSc-I 6d ON/OFF ~96 days and elavGS;HTTex1Q75-mNG/-mSc-I 

OFF ~97 days) (Figure 16B).  

 

 

Figure 16. Pathogenic mHTTex1-mNG/-mSc-I fusion proteins reduce survival only when constitutively co-

expressed using the elavGS system 

A) Lifespan plotted as percentage of alive flies from 1 biological replicate per strain (N≈100 flies per biological 

replicate). B) Median lifespan calculated using IC50 values from lifespan curve depicted in A). Each dot represents 

1 biological replicate.  

 

Therefore, indicating that the small amount of aggregates present in both these strains 

(Figure 15B and 15C) were not sufficient to alter survival. In comparison, constitutive co-

expression of HTTex1Q52-mNG/-mSc-I resulted in a slight reduction of median lifespan 

(elavGS;HTTex1Q52-mNG/-mSc-I ON ~86 days), whereas co-expression of HTTex1Q75-mNG/-

mSc-I resulted in a more pronounced reduction in median lifespan (elavGS;HTTex1Q75-

mNG/-mSc-I ON ~74 days) (Figure 16B). Interestingly, this observed polyQ-dependant 

decrease in survival complimented the observation that constitutive expression of 
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HTTex1Q75-mNG/-mSc-I resulted in more aggregates than constitutive expression of 

HTTex1Q52-mNG/-mSc-I (Figure 15B and 15C). Thus, supporting the hypothesis that 

mHTTex1 aggregates may play a neurotoxic role in HD 139,257,173,. Jointly, these data suggest 

that only long-term co-expression of HTTex1Q52-mNG/-mSc-I and HTTex1Q75-mNG/-mSc-I 

negatively affects survival. Therefore, implying only the presence of considerable amounts of 

HTTex1-mNG/-mSc-I aggregates conveys a pathogenic effect in vivo. 

 

To ensure the observed changes in survival were solely due to HTTex1-mNG/-mSc-I 

expression, the survival of flies expressing mNG and mSc-I proteins individually (mNG and 

mSc-I), in combination (mNG/-mSc-I) or as a fusion (mNG-mSc-I) was measured (Figure 16A 

and 16B). Short-term, constitutive and non-induced expression of mNG, mSc-I, mNG/-mSc-I 

and mNG-mSc-I proteins resulted in similar median lifespans of the corresponding flies 

(Figure 16B). Therefore, evidencing that the pan-neuronal expression of fluorescent 

proteins alone conveys no toxic effect on survival. Hence, the observed differences in 

survival of elavGS;HTTex1Q52-mNG/-mSc-I ON and elavGS;HTTex1Q75-mNG/-mSc-I ON flies 

was the result of constitutive co-expression of the corresponding mHTTex1 protein 

fragments. 

 

3.3.4. Constitutive co-expression of HTTex1-mNG/mSc-I fusion transcripts in vivo 

 

After phenotypic assessment of HTTex1-mNG/-mSc-I transgenic flies, only constitutive co-

expression of HTTex1Q52-mNG/-mSc-I and HTTex1Q75-mNG/-mSc-I fusion proteins 

resulted in a mild reduction in lifespan when compared to controls. However, previous work 

has shown that constitutive expression of untagged pathogenically expanded mHTTex1 

results in a drastic reduction in median lifespan to approximately	33 days 257. Therefore, it 

was hypothesised the modest effect of pathogenic mHTTex1-mNG/-mSc-I fusion protein co-

expression on lifespan may be the result of either: 1) the elavGS driver not efficiently driving 

transgene expression or 2) the fusion proteins themselves were not sufficiently toxic. 

Therefore, to first rule out the elavGS driver's potential inefficiency in driving transgene 

expression, an alternative gene expression system was implemented. 
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Figure 17. Constitutive elavX mediated co-expression of HTTex1-mNG/-mSc-I 

A) Schematic of the elavX system. Adapted from 352. Created in Biorender. B) RNA prepared from the heads of 

27-day old flies from the indicated strains was analysed by qPCR to obtain Ct values for HTTex1-mNG (grey bars) 

and HTTex1-mSc-I (blue bars) transcript expression using mNG and mSc-I specific primers, respectively. Log fold 

gene expression calculated using the 2–∆∆Ct method 360, normalised to elavX;W1118 and tubulin (aTub848). 

Each dot represents 1 biological replicate (3 analysed per sample). Statistical significance assessed by ordinary 

one-way ANOVA multi-comparisons (NS=P>0.05, *****=P<0.0001). Error bars= standard deviation. C) qPCR 

analysis performed with the same conditions as described for B) to detect mNG tagged (grey bars) and mSc-I 

tagged (blue bars) transcripts in control flies using mNG and mSc-I specific primers, respectively. Each dot 

represents 1 biological replicate (2 analysed per sample, with the exception of elavX;mNG and  elavX;mSc-I where 

1 was analysed). Statistical significance assessed by ordinary one-way ANOVA multi-comparisons (NS=P>0.05). 

Error bars= Standard deviation 

 

To this end, the GAL4/UAS elavX system was employed. This system uses the GAL4/UAS 

method of transgene expression as outlined previously (see sections 3.2.1 and 3.3.1). Like 

the elavGS system, the elavX system consists of a driver strain which expresses GAL4 under 

the control of the pan-neuronal elav promoter. However, unlike the elavGS system, the 

GAL4 protein does not require the administration of hormone to bind the UAS sequence. 

Instead, upon crossing of the elavX driver strain with the HTTex1-mNG/-mSc-I responder 

strain, the resulting progeny express a constitutively active GAL4 which drives constant pan-

neuronal expression of the transgene throughout the lifetime of the fly (Figure 17A). Hence, 

if in fact the HTTex1Q52-mNG/-mSc-I and HTTex1Q75-mNG/-mSc-I fusion proteins were 
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significantly toxic, constitutive co-expression of these fusion proteins from the embryonic 

stage would result in more drastic phenotypic disturbances in adult flies.  

 

After the HTTex1-mNG/-mSc-I responder strains were mated with the elavX driver strain, it 

was imperative to assess whether the HTTex1-mNG and HTTex1-mSc-I transgenes were 

independently co-expressed within the elavX;HTTex1-mNG/-mSc-I progeny. As a negative 

control, the white negative background strain W1118 was mated with the elavX driver. 

HTTex1-mNG/-mSc-I transcript levels present in 27-day old adult fly heads were quantified 

using qPCR (Figure 17B and 17C). To calculate fold gene expression, the 2−ΔΔCt method 360 

was employed, where the obtained cycle threshold (Ct) values were normalised to the 

internal control tubulin (aTub84b) and elavX;W1118 flies. The resulting fold changes were 

log transformed for statistical analysis. First, to validate the qPCR primer specificity, flies 

which expressed the GAL4 protein, but contain no transgene (elavX;W1118) as well as flies 

with either mNG or mSc-I transgenes (elavX;mNG and elavX;mSc-I respectively) were 

analysed. 

 

No mNG or mSc-I transcripts were detected in the elavX;W1118 flies (Figure 17B) and 

expression of only mNG or mSc-I transcripts was detected in the respective elavX;mNG and 

elavX;mSc-I flies (Figure 17C) . Thereby, confirming the specificity of the designed qPCR 

primers and the lack of sequence overlap between the mNG and mSc-I transcripts. In flies 

containing the mNG and mSc-I transgenes either independently (elavX;mNG/-mSc-I) or as a 

gene fusion (elavX;mNG-mSc-I), both mNG and mSc-I transcripts were present (Figure 17C). 

Similarly, in HTTex1-mNG/-mSc-I transgenic flies (elavX;HTTex1Q17-mNG/-mSc-I, 

elavX;HTTex1Q52-mNG/-mSc-I and elavX;HTTex1Q75-mNG/-mSc-I), the presence of both 

mNG and mSc-I HTTex1Q17, HTTex1Q52 and HTTex1Q75 fusion transcripts was detected 

(Figure 17B). This confirmed the ability of the elavX driver to independently drive co-

expression of the two separate UAS controlled HTTex1-mNG/-mSc-I transgenes within the 

same fly strain. Further statistical analysis was performed, which highlighted no significant 

difference between the expression of mNG or mSc-I HTTex1Q17, HTTex1Q52 and 

HTTex1Q75 fusion transcripts (Figure 17B). Therefore, it can be assumed both mNG and 

mSc-I transcripts were expressed at similar levels with the heads of the transgenic fly 

strains, regardless of which UAS sequence the transgene expression was controlled by. 
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3.3.5. Constitutive co-expression of pathogenic mHTTex1-mNG/-mSc-I fusion proteins results 
in the formation of large SDS-stable aggregates  

 

After confirming the independent co- expression of HTTex1-mNG/-mSc-I fusion transcripts 

in the elavX;HTTex1-mNG/-mSc-I transgenic fly strains, it was important to assess whether 

the corresponding HTTex1-mNG and HTTex1-mSc-I fusion proteins are co-produced in fly 

heads.  

 

To this end, fly head lysates from 27-day old flies were analysed by WB using the anti-HTT 

antibody MAB5492, anti-C-myc and anti-mCherry antibodies for immunodetection (Figure 

18A, 18B and 18C). Bands slightly above the estimated size, as was observed previously (see 

sections 3.2.2 and 3.3.2), were identified corresponding to the respective HTTex1-mNG/-

mSc-I fusion proteins (HTTex1Q17-mNG/-mSc-I= ~48kDa, HTTex1Q52-mNG/-mSc-I= ~50kDa 

and HTTex1Q75-mNG/-mSc-I= ~60kDa). In contrast, no such bands were observed in the 

elavX;W1118 control. Hence confirming the independent co-expression of both HTTex1-

mNG and HTTex1-mSc-I fusion proteins within the neurons of the transgenic flies. It must be 

noted, in the anti-mCherry blots a distinct band can be seen for all elavX;HTTex1-mNG/-

mSc-I samples at approximately 28kDa which is absent in the elavX;W1118 controls, due to 

the previously described expression of RFP in all transgenic strains (see section 3.3.2). 

Interestingly, as was observed using the HEK293 cell model (see section 3.2.2), a decrease in 

band size with increasing polyQ length was observed, which indicated a higher abundance 

of HTTex1Q17-mNG/-mSc-I than of HTTex1Q52-mNG/-mSc-I or HTTex1Q75-mNG/-mSc-I 

fusion proteins. Additional exposure of the anti-C-myc and MAB5492 blots revealed the 

decrease in soluble HTTex1Q75-mNG/-mSc-I fusion protein band intensity was accompanied 

by an increase in insoluble signal in the gel pockets. As protein retention within the gel 

pocket is characteristic of mHTTex1 aggregates 270, these results indicated the presence of 

SDS-stable HTTex1Q75-mNG/-mSc-I aggregates in the fly heads.  

 

To confirm the presence of large SDS-stable mHTTex1-mNG/-mSc-I aggregates, head lysates 

from 27-day old flies were further analysed by dFRA using both the MAB5492 antibody and 

PHP2 antibodies for immunodetection (Figure 18D and 18E). The PHP2 antibody binds to 

the proline-rich domain of HTTex1, which has been shown to be exposed in mHTTex1 fibrils 
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361. Since mHTTex1 aggregates contain many exposed epitopes, PHP2 can be considered as 

an antibody that preferentially detects mHTTex1 aggregates 270.  

 

 

Figure 18. Constitutive co-expression of pathogenic mHTTex1 mNG/-mSc-I fusion proteins in fly neurons 

results in the formation of large, SDS-stable aggregates 

WB analysis of the HTTex1-mNG/-mSc-I fusion proteins in 27-day old fly head lysates in 3 biological replicates (1 

per lane). A) Anti-HTT a.a 1-10 (MAB5492) B) anti-C-myc and C) anti-mCherry antibodies used for 

immunodetection. Membranes were exposed for 20 seconds (top blot) and 5 minutes (bottom blot). Gel pockets 

shown above the dotted line. Anti-tubulin antibody used for immunodetection as a loading control. 20 µg lysate 

loaded per lane. D) Anti-HTT a.a 1-10 (MAB5492) and E) PHP2 dFRA analysis of fly head lysates from 3 biological 

replicates of 27-day old flies (indicated by I, II and II). 70 µg protein loaded per dot. (performed by Frederick 

Wieshmann). F) Quantification of relative MAB5492 intensities and G) PHP2 intensities from dFRA blots. Each 

dot represents a biological replicate (N=3), the average of 2 technical replicate measurements per each biological 

replicate was plotted. Statistical significance assessed by ordinary one-way ANOVA multi-comparisons (NS= 

P>0.05, *=P<0.05). Error bars= SEM.  

 

First using the MAB5492 antibody, a small amount of SDS-stable aggregates in 

elavX;HTTex1Q52-mNG/-mSc-I flies was observed, with a higher amount detected in 

elavX;HTTex1Q75-mNG/-mSc-I flies (Figure 18D). As expected, no aggregated HTTex1-

mNG/-mSc-I structures were detected in elavX;HTTex1Q17-mNG/-mSc-I and elavX;W1118 

flies. Using the PHP2 antibody, SDS-stable aggregates were found to be present in 

elavX;HTTex1Q75-mNG/-mSc-I flies (Figure 18E). However, in contrast to the MAB5492 

dFRA, no such structures were detected in elavX;HTTex1Q52-mNG/-mSc-I. The inability of 
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the PHP2 antibody to detect HTTex1Q52-mNG/-mSc-I aggregates may be due to structural 

differences between HTTex1Q52-mNG/-mSc-I and HTTex1Q75-mNG/-mSc-I aggregates, 

which may result in differential accessibility of the PHP2 antibody epitope. Alternatively, this 

may be due an overall lower abundance of mHTTex1 aggregates being present in the brains 

of elavX;HTTex1Q52-mNG/-mSc-I flies in comparison to that of elavX;HTTex1Q75-mNG/-

mSc-I flies. 

 

When quantifying the dFRA signals in both MAB5492 and PHP2 immunoblots, a significant 

increase in SDS-stable aggregates was observed in samples from HTTex1Q75-mNG/-mSc-I 

co-expressing flies when compared to the HTTex1Q17-mNG/-mSc-I co-expressing control 

flies (Figure 18F and 18G). Therefore, these results clearly indicate constitutive neuronal 

expression results in a significantly higher abundance of SDS-stable HTTex1Q75-mNG/-mSc-I 

aggregates than SDS-stable HTTex1Q52-mNG/-mSc-I aggregates in the heads of HD 

transgenic flies. 

 

3.3.6. Co-production of mHTTex1-mNG/-mSc-I fusion proteins results in the formation of 
fibrillar and amorphous aggregates in fly neurons 

 

The results so far have revealed abundant SDS-stable aggregates in elavX;HTTex1Q75-

mNG/-mSc-I fly heads, while elavX;HTTex1Q52-mNG/-mSc-I samples exhibited fewer 

aggregates (see section 3.3.5). Previous research has established that aggregate 

conformation and sub-cellular localisation may impact toxicity 269. Therefore, to gain a 

deeper understanding of the structure of HTTex1Q52-mNG/-mSc-I and HTTex1Q75-mNG/-

mSc-I aggregates and potentially infer their respective toxicity in vivo, fly head lysates and 

fly brains were examined using electron microscopy (EM).  

 

First, to assess the structure of mHTTex1-mNG/-mSc-I aggregates, fly head lysates were 

analysed using immunoelectron microscopy (iEM). EM grids coated with fly head lysate from 

27-day old flies were incubated with the anti-HTTex1 antibody PHP2, which was 

subsequently detected by an anti-mouse gold-labelled secondary antibody. As gold is an 

electron dense element, it increases electron scatter which when observed using iEM 

results in high-contrast dark spots. These dark spots, observed through iEM, would indicate 
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where the PHP2 antibody has bound and therefore show what structures may be mHTTex1-

mNG/-mSc-I aggregates. In both elavX;HTTex1Q75-mNG/-mSc-I and elavX;HTTex1Q52-

mNG/-mSc-I samples branched aggregates were observed which co-localised with gold 

particles (red arrows) (Figure 19A). The elavX;HTTex1Q52-mNG/-mSc-I samples harboured 

smaller structures which had a lower number of co-localised gold particles, in comparison to 

elavX;HTTex1Q75-mNG/-mSc-I samples which had larger structures with more dense gold 

particle decoration. In contrast, gold particles were found to be rarely co-localised with 

elavX;HTTex1Q17-mNG/-mSc-I structures (Figure 19A). The structures present in 

elavX;HTTex1Q75-mNG/-mSc-I and elavX;HTTex1Q52-mNG/-mSc-I samples resembled those 

identified in previous studies of elavX;HTTex1Q97 fly head lysates (Leonard Roth, Master’s 

Thesis, 2022, unpublished) and published data 269,362. This demonstrates that the branched 

morphology of the observed mHTTex1-mNG/-mSc-I aggregates is not an artifact of 

fluorophore conjugation to the mHTTex1 protein fragments.  

 

Upon quantification, the mean percentage of gold bound to these structures (greater than 1 

per aggregate) of the total gold detected on the grids was calculated (Figure 19B). The 

percentage was found to be highest in elavX;HTTex1Q75-mNG/-mSc-I samples (34.8%) with 

less in elavX;HTTex1Q52-mNG/-mSc-I samples (27.4%) (Figure 19B), indicating these 

samples had a higher incidence of structures highly decorated with gold. In contrast, a 

comparatively low mean percentage of gold was bound to structures in elavX;W1118 and 

elavX;HTTex1Q17-mNG/-mSc-I samples (10.4% and 10.5% respectively) (Figure 19B). 

Although this difference in gold decoration was not found to be significant, the higher levels 

of gold decoration found in pathogenic HTTex1-mNG/-mSc-I samples indicates the detected 

structures are HTTex1-mNG/-mSc-I aggregates. Therefore, when taken together these data 

provide compelling evidence that the mHTTex1-mNG/-mSc-I fusion proteins form branched, 

fibrillar-like structures in the brains of the transgenic flies.  
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Figure 19. HTTex1-mNG/-mSc-I fusion proteins form fibrillar structures and disrupt organisation of the 

nucleus in fly neurons 

A) iEM images of fly head lysate immunodetected with PHP2 (anti-HTT antibody) primary antibody and anti-

mouse gold labelled secondary antibody (black dots). Gold particle labelling indicated with red arrows. 0.1µg 

protein added to each grid. Upper panel: Scale bar= 200 nm. Lower panel: Scale bar= 100 nm. B) Quantification 

of the incidence of more than one gold particle bound to an aggregate structure, as a percentage of the total 

gold detected per grid. Each dot represents 1 grid (2 analysed per sample, each prepared using lysate from 

separate biological replicates). Approximately 30 grid images used for analysis per sample. Statistical 

significance assessed by ordinary one-way ANOVA multi-comparisons (NS= P>0.05). Error bars= SEM. C) EM 

micrographs focusing on neuronal cell bodies within the fly brain. Upper panel: Nuclear envelope (green line) and 

nuclear structures (blue line) indicated. Bottom panel: Images without nuclear envelope and nuclear structures 

indicated. Scale bars: elavX;W1118 = 2 µm, elavX;HTTex1Q17-mNG/-mSc-I= 0.5 µm, elavX;HTTex1Q52-mNG/-

mSc-I = 1 µm and elavX;HTTex1Q75-mNG/-mSc-I = 2 µm. (Performed by Mara Camelia Rusu). 
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Next, to gain more comprehensive insight into the cellular localisation of mHTTex1-mNG/-

mSc-I aggregates in situ, and therefore better understand how they may confer toxicity in 

vivo, whole brain tissue sections were analysed using EM (Figure 19C). First, tissue sections 

from 27-day old fly brains were stained using toluidine blue to confirm conservation of mid-

brain morphology prior to EM analysis (Supplementary Figure 5). The EM micrographs 

obtained from elavX;W1118 and elavX;HTTex1Q17-mNG/-mSc-I brain sections showed 

regular nuclear packing (indicated with blue line Figure 19C), with EM dense nucleoli (grey 

circular structures) associated with chromatin 363 (black dots). In contrast, the EM 

micrographs obtained from elavX;HTTex1Q52-mNG/-mSc-I and elavX;HTTex1Q75-mNG/-

mSc-I brain sections revealed a striking disruption of nuclear organisation. In 

elavX;HTTex1Q52-mNG/-mSc-I brain sections the nucleus contained large electron dense 

irregular structures, reminiscent of those previously published as mHTTex1 nuclear 

aggregates 278. Similar nuclear structures were also present in elavX;HTTex1Q75-mNG/-mSc-

I brain sections, however these structures appeared smaller and more numerous. The 

absence of such nuclear structures in control brain sections (elavX;W1118 and 

elavX;HTTex1Q17-mNG/-mSc-I), partnered with previously published data identifying similar 

structures as mHTTex1 aggregates 278, suggests the nuclear structures identified in 

elavX;HTTex1Q52-mNG/-mSc-I and elavX;HTTex1Q75-mNG/-mSc-I brain sections may be 

mHTTex1-mNG/-mSc-I aggregates. However, to ascertain whether these structures are in 

fact mHTTex1 aggregates or disorganised nuclear proteins, further antibody detection is 

required. Overall, the EM data indicate pathogenic mHTTex1-mNG/-mSc-I fusion proteins 

may co-aggregate in the nucleus of transgenic fly neurons. Alternatively, the co-production 

of mHTTex1-mNG/-mSc-I fusion proteins may significantly perturb nuclear organisation and 

structure.  

 

3.3.7. FRET signal is a marker for in vivo mHTTex1-mNG/-mSc-I aggregation. 

 

The prior HEK293 cell work (see section 3.2.2), in agreement with previously published 

literature 233,270,253,364–370 confirmed FRET measurements can be used to infer the co-

aggregation of pathogenically expanded mHTTex1-mNG/-mSc-I fusion proteins in vitro. 

Hence following the observation of mHTTex1-mNG/-mSc-I aggregates in fly neurons, using 
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biochemical methods and EM analyses (Figure 18 and Figure 19), the next aim of this work 

was to evaluate whether FRET can be used as a readout to monitor mHTTex1-mNG/-mSc-I 

aggregation in vivo.  

 

With this objective, whole adult fly brains were first investigated using confocal microscopy. 

Fly brains were excited with a laser corresponding to the mNG excitation wavelength 

(490nm) and emission was detected in range corresponding to mSc-I (580-630nm), thereby 

enabling qualitative detection of FRET positive structures. In both elavX;HTTex1Q75-mNG/-

mSc-I and elavX;HTTex1Q52-mNG/-mSc-I flies FRET positive puncta were observed 

throughout the midbrain (Figure 20A). FRET positive puncta were found to be most 

abundant in elavX;HTTex1Q75-mNG/-mSc-I samples, with less observed in 

elavX;HTTex1Q52-mNG/-mSc-I samples and none observed in elavX;HTTex1Q17-mNG/-mSc-

I, indicating a polyQ dependant trend in FRET puncta detection. Moreover, no such puncta 

were observed in elavX;mNG-mSc-I and elavX;mNG/-mSc-I fly brains, validating that FRET 

puncta were due to pathogenic mHTTex1-mNG/-mSc-I fusion protein co-expression only. 

The polyQ dependant trend in FRET positive puncta formation correlated with the detection 

of SDS-stable HTTex1Q75-mNG/-mSc-I and HTTex1Q52-mNG/-mSc-I aggregates using dFRA 

(Figure 18D and 18E). Thus, showing that the FRET positive puncta observed in fly brains are 

the result of in vivo HTTex1Q75-mNG/-mSc-I and HTTex1Q52-mNG/-mSc-I co-aggregation.  

 

Next, it was assessed whether FRET can be used to detect mHTTex1-mNG/-mSc-I co-

aggregates in live fly neurons. To do this, a previously published FACS protocol which 

enabled the isolation of live single cells from whole fly brains 371 was optimised for detecting 

expression of mNG and mSc-I fluorophores. In short, 40 whole fly brains were dissected 

from 27-day old flies, enzymatically digested, and filtered to produce a single cell solution 

(Figure 20B). The single cell solution was analysed using DAPI, FSC and SSC gating to select 

live single cells (Supplementary Figure 6A). Then, the FRET gating method 345,346, which was 

previously used for FRET FACS of HEK293 cells (Figure 12), was adapted to detect FRET 

positive single cells derived from whole fly brains. To achieve this, live single cells derived 

from elavX;mNG and elavX;mSc-I fly brains were analysed to establish the gates 

corresponding to mNG and mSc-I fluorescence (Supplementary Figure 6A).  
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Figure 20. Neuronal puncta formed of HTTex1 aggregates can be detected in elavX;mHTTex1-mNG/-mSc-I fly 

brains using FRET  

A) Confocal images of the midbrains of transgenic elavX;HTTex1-mNG/-mSc-I flies (left panel). Zoomed in 

olfactory neuron, from the region of interest (ROI) (indicated with a white square), depicted in the right panel. 

Scale bar= 100µm. B) Schematic showing FACS workflow for generating single cell solutions from whole fly brains. 

Created using Biorender. C) FACS cytograms showing sequential double positive gating (mSc-I pulse area (mSc-I 

A) vs mNG pulse area (mNG-A)) , FRET donor-corrected gating (FRET pulse area (FRET A) vs mNG pulse area 
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(mNG-A) and FRET acceptor-corrected gating (FRET-A vs mSc-I-A) in arbitrary units (a.u.) of 50,000 cells 

(n=50,000). D) Percentage of FRET positive cells in total cell population measured by FACS. Each dot represents 

1 biological replicate (3 biological replicates per sample). Statistical significance assessed by ordinary one-way 

ANOVA multi-comparisons (NS=P>0.05, ***=P<0.001). Error bars=SEM 

 

Using these parameters, double positive cells, exhibiting both mNG and mSc-I fluorescence, 

were selected (Supplementary Figure 6A). Next, the double positive cells derived from 

elavX;mNG/-mSc-I and elavX;mNG-mSc-I fly brains were used to establish the FRET negative 

and FRET positive gates, to determine what proportion of the double positive cell 

population were also FRET positive (Supplementary Figure 6A). To correct for false positives 

arising from donor and acceptor fluorophore cross talk, the FRET signals of cells was plotted 

against their mNG, and mSc-I signals respectively (Supplementary Figure 6A). Cells derived 

from elavX;mNG/-mSc-I fly brains exhibited a negligible FRET positive population (1%), 

whereas approximately half of the elavX;mNG-mSc-I derived cells (48%) were FRET positive. 

Thus, validating the ability of FACS to accurately detect FRET in live cells derived from fly 

brains (Supplementary Figure 6B). 

 

With this FRET FACS gating system, cells derived from elavX;HTTex1-mNG/-mSc-I fly brains 

were analysed (Figure 20C). Surprisingly, cells co-expressing HTTex1Q52-mNG/-mSc-I fusion 

proteins and those co-expressing HTTex1Q17-mNG/-mSc-I had a comparable mean FRET 

positive cell population to (1% and 2.4% respectively) (Figure 20D). This maybe be due to 

cells containing less abundant HTTex1Q52-mNG/-mSc-I aggregates which are not numerous 

enough to create a detectable FRET FACS signal. In contrast, cells co-expressing HTTex1Q75-

mNG/-mSc-I displayed a significantly larger mean FRET positive cell population (30%) when 

compared to that of HTTex1Q17-mNG/-mSc-I controls (2.4%) (Figure 20D), a finding which 

echoed the previously obtained in vitro FACS and FRET efficiency results (Figure 11D, Figure 

12C and 12F). Therefore, collectively these results indicate FRET-FACS measurements are 

well suited for the detection of HTTex1Q75-mNG/-mSc-I co-aggregates in live cells isolated 

from the brains of transgenic HD flies.  

 

In summary, the WB, dFRA and EM data described above clearly evidenced that HTTex1Q52-

mNG/-mSc-I and HTTex1Q75-mNG/-mSc-I fusion proteins co-aggregate in vivo and form 
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HTTex1 aggregates in the brains of HD flies. Moreover, the confocal microscopy data 

showed that the co-aggregation of HTTex1Q52-mNG/-mSc-I and HTTex1Q75-mNG/-mSc-I 

fusion proteins results in the formation of visible FRET positive structures in fly brains. 

Finally, the FRET-FACS results highlighted that the FRET signals of live cells derived from fly 

brains are indicative of the abundance of mHTTex1-mNG/-mSc-I aggregates. Hence, 

collectively these results establish that FRET signals can be used as a marker for the 

quantification of mHTTex1-mNG/-mSc-I aggregation. 

 

3.3.8. Constitutive expression of pathogenic mHTTex1-mNG/mSc-I fusion proteins 
recapitulates HD phenotypes and significantly correlates with FRET-based detection of 
mHTTex1 aggregates 

 

Previous research has established a link between mHTTex1 aggregate formation and 

symptom onset and progression of HD 358,359. However, the fusion of fluorescent tags to 

mHTTex1 has been shown to hinder aggregation and thus impact HD pathogenesis 276. 

Therefore, the next aim of this work was to investigate whether the presence of mHTTex1-

mNG/-mSc-I aggregates is associated with a phenotypic decline in the elavX;HTTex1-mNG/-

mSc-I flies.  

 

To address this question, the effect of HTTex1-mNG/-mSc-I fusion protein co-expression in 

fly neurons on transgenic fly survival was assessed. Survival was measured by the counting 

of dead flies until the last fly in the experiment died. Based on the survival curves 

(Supplementary Figure 7A) the median lifespan, which represents the time point at which 

half the population died, was calculated (Figure 21A). The elavX;HTTex1Q17-mNG/-mSc-I 

and elavX;W1118 flies exhibited the same median lifespan of ∼87 days, indicating the co-

expression of HTTex1Q17-mNG/-mSc-I fusion proteins has no effect of survival. In contrast, 

the median lifespan of elavX;HTTex1Q52-mNG/-mSc-I and elavX;HTTex1Q75-mNG/-mSc-I 

flies was significantly reduced to ∼73 days and ∼59 days respectively when compared to 

elavX;HTTex1Q17-mNG/-mSc-I flies. Thus, indicating that only constitutive co-expression of 

HTTex1Q52-mNG/-mSc-I or HTTex1Q75-mNG/-mSc-I fusion proteins significantly affected 

survival.  
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Figure 21. Constitutive co-expression of pathogenic mHTTex1-mNG/-mSc-I fusion proteins in vivo causes 

phenotypic decline which significantly correlates with FRET measurements 

A) Median lifespan calculated using IC50 values from lifespan curves for each biological replicate. Each dot 

represents 1 biological replicate (8 biological replicates per sample). Statistical significance assessed by ordinary 

one-way ANOVA multi-comparisons (***= P<0.001, ****=P<0.0001). Error bars= SEM. B) Relative motor 

performance calculated as percentage of total area under the curves for each biological replicate relative to 

elavX;W1118. Each dot represents 1 biological replicate (3 biological replicates per sample). Statistical 

significance assessed by ordinary one-way ANOVA multi-comparisons (NS=P>0.05, *= P<0.05, ****=P<0.0001). 

Error bars=SEM. (Data collected by Frederick Wieshmann). C) Pearson’s correlation analysis, correlating the 

median lifespan of elavX;HTTex1Q75-mNG/-mSc-I and elavX;HTTex1Q2-mNG/-mSc-I flies with the number of 

FRET positive puncta detected using confocal microscopy (Blue line) and number of FRET positive cells measured 

using FRET FACS (green line). Each point represents 1 biological replicate (3 analysed per group). Lines represent 

linear regression fit of data. D) Pearson’s correlation analysis, correlating the median lifespan of 

elavX;HTTex1Q75-mNG/-mSc-I and elavX;HTTex1Q2-mNG/-mSc-I flies with the relative signal intensity from 

MAB5492 dFRA (blue line) and PHP2 dFRA (grey line). Each point represents 1 biological replicate (3 analysed per 

group). Lines represent linear regression fit of data.  

 

To ensure the observed changes in survival were solely due to HTTex1-mNG/-mSc-I 

expression, the survival of flies expressing mNG and mSc-I proteins individually (mNG and 

mSc-I), in combination (mNG/-mSc-I) or as a fusion (mNG-mSc-I) was subsequently 
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measured. Constitutive expression of mNG, mSc-I, mNG/-mSc-I and mNG-mSc-I proteins 

resulted in similar median lifespans of the corresponding flies (∼90, 93, 87 and 86 days 

respectively) (Supplementary Figure 7B). Therefore, evidencing that the pan-neuronal 

expression of fluorescent proteins alone conveys no significant toxic effect on survival. 

Hence, the observed differences in survival of HTTex1Q52-mNG/-mSc-I and HTTex1Q75-

mNG/-mSc-I flies was the result of constitutive co-expression of the corresponding mHTTex1 

protein fragments. 

 

It is important to note that ~40% of the elavX;HTTex1Q75-mNG/-mSc-I flies survived as long 

as the wild type controls (elavX;HTTex1Q17-mNG/-mSc-I and elavX;W1118) (Supplementary 

Figure 7A) which was hypothesised to be due to problems with the HTTex1Q75-mNG/-mSc-I 

parental stock. To rectify this issue, single male HTTex1Q75-mNG/-mSc-I (genotype; 

+/+;HTTex1Q17-mNG/-mSc-I/HTTex1Q75-mNG/-mSc-I) were mated with single balancer 

(CyO/SP;TM6/MKRS) virgin female flies. Virgin female and male flies were selected from the 

F1 progeny which were CyO positive and TM6 positive with orange eyes. Additionally the 

progeny were negatively selected for Sp and MKRS (CyO/+;HTTex1Q75-mNG/-mSc-I/TM6). 

The selected flies were mated, therefore producing a balanced heterozygous HTTex1Q75-

mNG/-mSc-I stock. The F1 progeny from this mating were taken forward as the basis for 

new parental stocks.  

 

Next, the effect of HTTex1-mNG/-mSc-I expression on neuronal function was assessed using 

a negative geotaxis assay (also known as a climbing assay) 372. The negative geotaxis assay 

assesses the movement of flies by observing their natural tendency to climb vertically as a 

means of escape. Climbing ability was measured by recording the number of flies which 

climbed to a height of 8cm in 15 seconds, each day until the flies could no longer climb. 

From this data the percentage of flies climbing each day (percentage climbing (%)) was 

calculated by dividing the number of flies climbed per day from the total number of flies 

counted, multiplied by 100. Similar to what was observed in the lifespan assay, there was no 

significant difference in the percentage of flies climbing over time between 

elavX;HTTex1Q17-mNG/-mSc-I and elavX;W1118 control flies (Supplementary Figure 7C). 

Both strains displayed a steady decline in climbing ability over time, which has been shown 

to be a normal age-related behaviour of flies 373. Likewise the percentage of elavX;mNG-
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mSc-I and elavX;mNG/-mSc-I flies climbing over time was comparable to that of 

elavX;HTTex1Q17-mNG/-mSc-I and elavX;W1118 control flies. Therefore, showing 

fluorescence protein co-expression alone does not affect motor performance of flies 

(Supplementary Figure 7C and 7D). In contrast, both elavX;HTTex1Q52-mNG/-mSc-I and 

elavX;HTTex1Q75-mNG/-mSc-I flies showed a reduction in the percentage of flies climbing 

over time, indicating a polyQ dependent pattern in phenotypic decline (Supplementary 

Figure 7C).  

 

The curves generated from climbing measurements were used to calculate the area under 

the curve (AUC), which gave an average measure of motor performance. The AUC values 

were then normalised to AUC for the elavX;W1118 control and multiplied by 100 to 

calculate the percentage relative motor performance (Figure 21B). Both elavX;HTTex1Q75-

mNG/-mSc-I flies and elavX;HTTex1Q52-mNG/-mSc-I exhibited a statistically significant 

decrease in mean relative motor performance (60.4% and 68.8% respectively) when 

compared to elavX;HTTex1Q17-mNG/-mSc-I controls (91.8%). Interestingly, elavX;W1118 

flies displayed a slight significant increase in mean relative motor performance (100%) when 

compared to elavX;HTTex1Q17-mNG/-mSc-I flies (91.8%) (Figure 21B). This may indicate 

that HTTex1Q17-mNG/-mSc-I fusion protein co-expression mildly decreases motor 

performance. Collectively these phenotypic data show that constitutive neuronal co-

expression of pathogenic mHTTex1-mNG/-mSc-I fusion proteins induces neurotoxicity and 

dysfunction with phenotypic consequences, mirroring other HD models 374.  

 

Following this observation, it was imperative to understand how the detection of mHTTex1 

aggregation using FRET correlates with the phenotypic decline in vivo. To this end, Pearson’s 

correlation analysis was performed comparing how phenotypic data trends with different 

measures of aggregation (Figure 21C). Both the number of FRET positive cells measured by 

FRET FACS and the number of FRET positive puncta counted from confocal microscopy data 

significantly correlated with median lifespan (P values 0.0018 and 0.0005 respectively). In 

contrast, the detection of large SDS stable mHTTex1 aggregates using dFRA did not correlate 

as significantly with the decline in median lifespan (Figure 21D). This result underscores 

FRET as a more sensitive method for mHTTex1 aggregate detection. Moreover, it suggests 
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that mHTTex1 aggregates detected through FRET play a substantial role in the decline in 

survival observed in mHTTex1-mNG/-mSc-I co-expressing flies. 

 

3.4. The proteomic impact of mHTTex1 aggregates in D. melanogaster brains 

 

3.4.1. HTTex1-mNG/-mSc-I aggregates sequester key intercellular transport regulators 

 

Up to this juncture, the results outlined above have detailed establishment of a novel D. 

melanogaster HD model. This data has demonstrated that the co- expression of pathogenic 

mHTTex1-mNG/-mSc-I fusion proteins resulted in formation of HTTex1 aggregates which 

can be detected using FRET and significantly correlated with phenotypic decline. However, 

the data presented thus far has been primarily descriptive and as such has not shed light on 

the potential mechanistic relationship between aggregation and HD pathogenesis. Previous 

studies have shown mHTTex1 aggregates can form IBs which sequester proteins, organelles 

and lipids in neurons leading to vast functional dysregulation (see section 1.4.3). Hence, to 

gain insight into possible biological processes perturbed by aggregates in HD, 

immunoprecipitation (IP) experiments were preformed to enrich for HTTex1Q75-mNG/-

mSc-I aggregates. Immunoprecipitates were subsequently analysed using label-free mass 

spectrometry (MS) to determine what proteins are co-enriched with mHTTex1-mNG/-mSc-I 

co-aggregates.  

 

In brief, head lysates from 27-day old elavX;HTTex1Q75-mNG/-mSc-I flies were incubated 

with PHP2 antibody coated beads to immunoprecipitate HTTex1Q75-mNG/-mSc-I 

aggregates. The beads and the associated HTTex1Q75-mNG/-mSc-I aggregates were flash 

frozen before on bead digestion and subsequent label free MS analysis (Figure 22A). As a 

control, head lysates from elavX;HTTex1Q17-mNG/-mSc-I flies were also subject to PHP2 

immunoprecipitation and subsequent label-free MS analysis. To validate the IP approach, 

WB analysis was performed using the immunoprecipitated samples (Figure 22B).  
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Figure 22. mHTTex1-mNG/-mSc-I aggregates sequester proteins involved in intercellular transport, splicing 

and proteostasis 

A) Schematic showing the experimental workflow of IP enrichment of HTTex1 aggregates from fly head lysates. 

Created using Biorender. B) Presence of HTTex1Q75-mNG/-mSc-I aggregates sequestered in SDS-PAGE gel 

pockets (upper panel) after IP was validated by WB using the PHP2 (anti-HTT) antibody. (Performed by Leonard 

Roth.) C) Volcano plot of 1607 proteins identified in IP MS. Proteins plotted via LogFC values calculated by 
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comparing elavX;HTTex1Q75-mNG/-mSc-I vs elavX;HTTex1Q17-mNG/-mSc-I samples. Proteins enriched in 

HTTex1Q75-mNG/-mSc-I immunoprecipitates (green dots) and HTTex1Q17-mNG/-mSc-I immunoprecipitates 

(grey dots) respectively are plotted. Significance cut off: >1 or >-1 LFC and <0.05 P. value (>1.301 -log P. value) 

indicated by dotted lines on the x and y axis. Points of interest annotated with gene names. D) GO biological 

process and E) GO cellular component term enrichment analysis of upregulated protein hits. Plotted according 

to -Log (P. value). Significance cut-off: 0.05 P. value (>1.301 -log P. value) indicated on graph as dotted line. 

Performed using Metascape. F) Cluster of proteins significantly associated with HTTex1Q75-mNG/-mSc-I 

aggregates and involved in intercellular transport at the gap junction. Lines indicate STRING score. Created in 

Cytoscape. G) Schematic of hypothesised association of HTTex1Q75-mNG/-mSc-I aggregates with intercellular 

transport proteins at the gap junction between neurons. Created using Biorender.  

 

The immunoprecipitated fraction from elavX;HTTex1Q75-mNG/-mSc-I samples revealed a 

strong enrichment for insoluble HTTex1Q75-mNG/-mSc-I aggregates, which were 

sequestered in the gel pockets. While only a slight enrichment of the soluble, non-

pathogenic HTTex1Q17-mNG/-mSc-I fusion proteins from fly head lysates was observed, 

indicated by an increase in band intensity at ~48 kDa (Figure 22B). In addition, no 

enrichment of insoluble HTTex1Q17-mNG/-mSc-I fusion protein was detected, indicated by 

an absence of signal in the gel pockets (Figure 22B). Therefore, supporting the notion that 

HTTex1 proteins with short polyQ tracts do not form large SDS-stable aggregates.  

 

Subsequent quantitative MS was performed on the immunoprecipitated HTTex1Q75-mNG/-

mSc-I aggregates and immunoprecipitated material from HTTex1Q17-mNG/-mSc-I samples. 

In short, samples were subject to on bead tryptic digestion, followed by label-free MS 

analysis to obtain label-free quantification (LFQ) values. The LFQ values were annotated 

with their respective gene names and Uniprot accession numbers using a MaxQuant 

pipeline (see section 8.4.1). In total, 1607 proteins were detected in both HTTex1Q17-

mNG/-mSc-I and HTTex1Q75-mNG/-mSc-I immunoprecipitates (Figure 22C). Principle 

component analysis (PCA) highlighted the proteins detected within the elavX;HTTex1Q75-

mNG/-mSc-I immunoprecipitates was distinctly separate from that of elavX;HTTex1Q17-

mNG/-mSc-I immunoprecipitates, which indicated a strong polyQ-related clustering. 

Additionally, biological replicates of the respective samples clustered together, which 

confirmed a high similarity in sample identify (Supplementary Figure 8A). 
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Next, to find significant changes in protein levels, a T-test was performed. The significance 

threshold of greater than 1 log fold change (>1 LFC) and a P value of less than 0.05 (<0.05 P. 

value) was applied to uncover proteins which were significantly enriched in association with 

immunoprecipitated HTTex1Q75-mNG/-mSc-I aggregates compared to the 

immunoprecipitated background material from the head lysate of HTTex1Q17-mNG/-mSc-I 

co-producing flies. In doing so, 43 proteins were found to be significantly enriched only in 

association with HTTex1Q75-mNG/-mSc-I aggregates. In comparison, 46 proteins were 

significantly enriched only in HTTe1Q17-mNG/-mSc-I immunoprecipitates (Figure 22C). 

 

To better understand whether the proteins enriched in the immunoprecipitates were 

involved in specific biological processes, a GO term enrichment analysis of the significantly 

enriched proteins was performed using Metascape 375. In HTTex1Q17-mNG/-mSc-I 

immunoprecipitates, there was an enrichment of proteins which play a role in metabolic 

processes involving oxoacid (GO:0043436), carboxylic acid (GO:0019752), Organic acid 

(GO:006082),monocarboxylic acid (GO:0032787), small molecule (GO:0044281) and 

pyruvate (GO:0006090) metabolites (Supplementary Figure 8C). Therefore, implying that in 

that soluble, non-pathogenic HTTex1Q17 may associate with proteins involved in metabolic 

pathways. Whereas HTTex1Q75-mNG/-mSc-I aggregates were found to associate with 

proteins predominantly involved in intercellular transport (GO:0010496) (Figure 22D) at the 

gap junction (GO: 0005821) (Figure 22E). Therefore, suggesting mHTTex1 aggregates, 

through sequestering proteins involved in intercellular transport at the gap junction, may 

significantly perturb cell to cell communication through an aggregate specific gain-of-

function.  

 

Upon closer analysis of the HTTex1Q75-mNG/-mSc-I associated proteins, a cluster of 

invertebrate homologues for human connexins, Optic ganglion reduced (ogre), Innexin 2 

(Inx2) and Innexin 3 (Inx3), (Figure 22F) were identified as the only proteins which were 

members of both the intercellular transport (GO:0010496) and gap junction (GO: 0005821) 

GO terms in the dataset. Ogre is a membrane bound Innexin subunit which forms a complex 

with Inx2 and Inx3 to establish gap junctions to allow the transport of cargo between cells 
376. Interestingly, research suggests gap junctions may play a role in the regulation of local 

neuronal activity and network dynamics in the striatum 377,378. Therefore, enrichment of the 
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membrane-bound Ogre, Inx2 and Inx3 proteins with HTTex1Q75-mNG/-mSc-I aggregates 

implies a potential interaction of these aggregates with gap junctions which may have 

neurotoxic effects within the striatum (Figure 22G). 

 

Notably, previously known HTT-associated proteins were also enriched in association with 

HTTex1Q75-mNG/-mSc-I aggregates. These included, the polyQ protein ataxin-2 (Atx2) 

(Figure 22C), a key protein involved in the neurodegenerative disease spinocerebellar ataxia 

2 (SCA2) 379, as well as key mediators of proteostasis such as proteasome subunit beta type-

4 (Prosbeta7) a subunit of the proteome 380. Furthermore, components of the UPS pathway, 

including ubiquitin carboxyl-terminal hydrolase (Uch) which processes ubiquitinated 

proteins 381, ubiquilin (ubqn), a protein with a ubiquitin-like protein domain and a ubiquitin-

associated domain which physically associate with both the ubiquitination machinery and 

the proteosome 382, and DnaJ-1 (also known as hsp40), a molecular chaperone crucial for 

preventing protein aggregation 383 were enriched with HTTex1Q75-mNG/-mSc-I aggregates 

(Figure 22C). The identification of these proteins, confirms previous research showing 

mHTTex1 aggregates associate with the proteostasis machinery in cells, therefore disrupting 

downstream protein clearance processes 278,384. 

 

Interestingly, novel HTTex1Q75-mNG/-mSc-I aggregate associated proteins were also 

identified. One such protein was Rox8 (Figure 22C), a D. melanogaster homologue of the 

known alternative splicing regulator cytotoxic granule associated RNA binding protein like 1 

(TIAL1). Alternative splicing has been shown to be a key mechanism in HD patients which 

results in the formation of the HTT1a transcript 135,137 , therefore indicating Rox8 

sequestration by HTTex1Q75-mNG/-mSc-I aggregates may have HD-relevant toxic effects. 

Moreover, the novel transport and Golgi organisation 9 protein (Tango9, or also known as 

LP09696p or SLC35F6), a protein predicted to be involved in protein secretion from the ER 

to the Golgi 385, was found to be the most significantly enriched in association with 

HTTex1Q75-mNG/-mSc-I aggregates (Figure 22C). Previous work has highlighted the 

interaction between the Golgi network and mHTTex1 aggregates 276. Additionally, other 

studies have established wtHTT is required for ER-to-Golgi transport, with polyQ expansion 

drastically reducing cargo movement from the ER to the Golgi 386. Therefore, the association 
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of mHTTex1 aggregates and Tango9 may contribute to a reduction of ER-to-Golgi transport 

observed in HD models387,388. 

 

Collectively, the proteomics data obtained from fly immunoprecipitates showed mHTTex1-

mNG/-mSc-I aggregates sequester key components of the proteome, ubiquitination 

pathways and the heat shock chaperone system. Additionally, mHTTex1-mNG/-mSc-I 

aggregates were found to predominantly associate with proteins involved in intercellular 

transport at the gap junction. Therefore, it can be inferred that mHTTex1-mNG/-mSc-I 

aggregates impact intercellular transport processes at the neuron- neuron junctions which 

may be partially responsible for the striatal neurotoxicity observed in HD brains 377,378.  

 

3.4.2. The presence of mHTTex1-mNG/-mSc-I co-aggregates globally dysregulates RNA 
processing and ER-to-Golgi vesicle transport 

 

The observation that HTTex1-mNG/-mSc-I co-aggregates associate with key intercellular 

transport proteins prompted investigation into how aggregate-mediated protein 

sequestration relates to global proteomic changes and subsequent pathogenesis observed 

in HD. From the biochemical and imaging data, it was apparent that HTTex1Q52-mNG/-mSc-

I flies, despite harbouring a lower amount of mHTTex1-mNG/-mSc-I aggregates (Figure 18 

and Figure 20), still exhibit a significant level of neurotoxicity in vivo (Figure 21). Therefore, 

it was hypothesised that the small amount of neuronal aggregates present within these flies 

may lead to significant proteomic changes, which may contribute to HD pathology.  

 

With this objective in mind, quantitative proteomic analysis of HTTex1Q17-mNG/-mSc-I and 

HTTex1Q52-mNG/-mSc-I brain lysate samples was performed, to gain an overview of the 

global proteomic impact of mHTTex1-mNG/-mSc-I aggregates in fly brains. In brief, 10 whole 

brains per group across 3 biological replicates were dissected from 27-day old flies and 

lysed. The brain lysate was then denatured and analysed via SDS-PAGE. Coomassie blue 

staining of the SDS-PAGE gels allowed for excision of the total protein band, which was 

subsequently in-gel digested before quantitative label- free MS analysis (Figure 23A). Using 

a MaxQuant pipeline, gene names and Uniprot accession numbers were assigned to the 

identified peptides (see section 8.4.2). Within this dataset a total of 3590 proteins were 
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identified, which is comparable to the number of proteins detected in other proteomic 

analyses of fly brains 389–392. 

 

Subsequently, a PCA was performed on the resulting HTTex1Q17-mNG/-mSc-I and 

HTTex1Q52-mNG/-mSc-I datasets. As was observed for the IP MS dataset, PCA of the 

elavX;HTTex1Q52-mNG/-mSc-I and elavX;HTTex1Q17-mNG/-mSc-I brain lysate sample data 

showed a polyQ-related proteomic shift, indicating the global proteomes of the 

corresponding samples were distinct from one another (Supplementary Figure 8B). 

Therefore, demonstrating the proteome of the HTTex1Q52-mNG/-mSc-I HD flies was 

divergent from that of the non-pathogenic HTTex1Q17-mNG/-mSc-I strain. Furthermore, 

biological replicates of each strain clustered together, indicating reproducibility between 

sample preparations.  

 

Next, to detect significant changes in protein levels, a T-test was performed. A significance 

threshold of greater than 1 log fold change (>1 LFC) and a P value of less than 0.05 (<0.05 P. 

value) was applied to identify proteins which were significantly changed in 

elavX;HTTex1Q52-mNG/-mSc-I fly brain lysates when compared to elavX;HTTex1Q17-mNG/-

mSc-I controls. Subsequently, 132 proteins were found to be significantly changed of which 

47 proteins were found to be increased in abundance and 85 proteins decreased in 

abundance in elavX;HTTex1Q52-mNG/-mSc-I fly brains when compared to 

elavX;HTTex1Q17-mNG/-mSc-I controls (Figure 23B). 

 

Amongst the 85 significantly decreased proteins were key proteins involved in RNA splicing 

such as Neosin (Neos) and SMU1 (Smu1) (Figure 23B). Neos is orthologous for human 

nuclear receptor coactivator 5 (NCOA5). While the function of Neos is unknown, it contains 

an RNA binding motif (RRM) and is hypothesised to form part of the spliceosomal complex 
393. Additionally, the WD40 repeat-containing protein SMU1 is a splicing factor known in 

humans to be involved in pre-mRNA splicing. Specifically, SMU1 is a key component of the 

pre-catalytic spliceosome (also known as the B complex) where it stabilises interactions 

between the spliceosome domains 394,395. Therefore, decrease of these splicing-related 

proteins would be detrimental to the cells ability to maintain canonical splicing and may 

contribute to the alternative splicing observed in HD 228,396.  
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Figure 23. Pathogenic HTTex1Q52-mNG/-mSc-I expression results in global dysregulation of RNA splicing and 

ER-to-Golgi vesicle-mediated processes 

A) Schematic showing the experimental workflow of preparing fly brains for MS analysis. B) Volcano plot of 

3590 proteins identified using MS. Proteins plotted via LogFC value calculated by comparing elavX;HTTex1Q52-

mNG/-mSc-I vs elavX;HTTex1Q17-mNG/-mSc-I samples. Increased proteins (green dots) and decreased proteins 

(grey dots) in elavX;HTTex1Q52-mNG/-mSc-I fly brains are plotted. Significance cut off: >1 or >-1 LFC and <0.05 

P. value (>1.301 -log P. value) indicated by dotted lines on the x and y axis. Points of interest annotated with 

gene names C) Venn diagram of the total number of significantly changed proteins identified in the IP 

proteomics dataset (89) and the brain  lysate proteomics dataset (132). One protein (Tango9) is found in both. 

D) GO Biological Process and E) GO Cellular Component term enrichment analysis of decreased (grey circles) 

and increased (green circles) protein hits. Top terms plotted according to -Log (P. value). Significant cut-off: 

0.05 P. value (>1.301 -log P. value) indicated on graph as dotted line. Performed using Metascape. 
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Moreover, a significant decrease was observed of the gamma-amino butyric acid (GABA) 

receptor B subtype 3 (GABA-B-R3) (Figure 23B), a G-protein coupled receptor which 

regulates sleep and circadian rhythm through regulating GABA neurotransmitter transport 
397,398. In the context of HD, the GABAergic projection neurons of the striatum are 

predominantly affected by neurodegeneration 399. Although many studies have implicated 

alterations in GABA-A receptor signalling in HD pathogenesis 400,401, to date there has been 

no mention of GABA-B receptor downregulation 400,401. As GABA-B receptors are known 

inhibitory regulators of neurotransmitter release 402,403, reduction in GABA-B receptors like 

GABA-B-R3 may contribute to the alterations in GABA-mediated cortical inhibitory deficits in 

HD patients 404.  

 

In addition, a significant decrease of the ADP-ribosylation factor-like protein (Arl1) was 

identified (Figure 23B). Arl1 is known to associate with the Ras-related protein (Rab-4A) 

subdomain of early endosomes where it recruits key proteins which modulate carrier vesicle 

formation 405. Furthermore, Arl1 has been implicated as an important regulator of Golgi 

complex structure and vesicle trafficking recruiting effectors such as golgins and arfaptins to 

the trans-Golgi network (TGN) 406. The significant decrease of Arl1 in elavX;HTTex1Q52-

mNG/-mSc-I flies, accompanied by the aggregate sequestration of key intracellular transport 

proteins, may contribute to a dysregulation of TGN trafficking and downstream cellular 

processes. 

 

On the other hand, the 47 proteins significantly increased in HTTe1Q52-mNG/-mSc-I fly 

heads were predominantly mediators of Golgi processes: Golgi microtubule-associated 

protein (Gmap), Tango9 and Vibrator (vib) (Figure 23B). Primarily located at the periphery of 

the cis- Golgi, Gmap (Orthologous to human TRIP11 or GMAP-210) tethers vesicles enabling 

their transport from the ER to the Golgi 407 . Thus, GMAP is essential for correct trafficking of 

transport vesicles within the early secretory pathway 408. Intriguingly Tango9, which 

mediates protein secretion from the Golgi, was found as the only protein highly enriched 

both in association with mHTTex1-mNG/-mSc-I aggregates and in the global proteome of HD 

fly brains (Figure 23C). Therefore, suggesting the increase in Tango9 protein levels may be 

due to its association with mHTTex1 aggregates, leading to neuronal accumulation.  
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The most significantly increased protein globally in the presence of HTTex1Q52-mNG/-mSc-I 

aggregates was Vibrator isoform B (Vib), a phosphatidylinositol transfer protein which is 

orthologous to human phosphatidylinositol transfer protein beta (PITPNB). 

Phosphatidylinositol transfer proteins are responsible for catalysing the transfer of 

phospholipids between membranes 409 and are essential for COPI-mediated retrograde 

transport from the Golgi to the ER 410. Interestingly, overexpression of Vib has been 

previously shown to both exacerbate HD-related neurodegenerative phenotypes and 

increase nuclear mHTTex1 aggregation toxicity in D. melanogaster and cell models 411. 

Therefore, indicating that Vib may be a modulator of HD neurotoxicity. Further in-depth 

literature analysis revealed the significantly increased sugar free frosting protein (sff) 

(Figure 23B) also plays an active role in the Golgi apparatus. Orthologous to the Ser/Thr 

kinases SAD-A and SAD-B, sff is hypothesised to recruit vesicles to active zones of synapses. 

In an analogous function, sff has been shown to influence protein glycosylation in the Golgi 

cisternae 412.  

 

In concordance, GO term enrichment analysis highlighted that co-expression of HTTex1Q52-

mNG/-mSc-I fusion proteins associated with a decrease of proteins involved in dsRNA 

transport (GO:0033227) (Figure 23D) which were predominantly localised in the perinuclear 

region of the cytoplasm (GO:0048471) (Figure 23E). In parallel, the co-expression of 

HTTex1Q52-mNG/-mSc-I fusion proteins was related to a distinct increase of proteins 

involved in ER-to-Golgi vesicle-mediated transport (GO:0006888) (Figure 23D) and located 

primary at the Golgi apparatus (GO:0005794) or the plasma membrane (GO:0098590) 

(Figure 23E). String compartment scores were used to annotate clusters of significantly 

increased proteins which revealed a small cluster of Golgi localised proteins, including the 

proteins Gmap, vib, Arl1, Vti1a, g and Lerp all of which play key roles in ER-to-Golgi vesicle 

mediated transport (Figure 24).  

 

In summary, the brain lysate proteomics data revealed the presence of HTTex1Q52-mNG/-

mSc-I aggregates related to a global decrease in dsRNA transport, mediated by a decrease in 

spliceosomal proteins located at the perinuclear region of the cytoplasm. 
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Figure 24. A cluster of Golgi associated proteins are upregulated in elavX;HTTex1Q52-mNG/-mSc-I 

transgenic flies 

A) STRING protein clusters of all significantly changed proteins detected in the whole brain lysate MS dataset 

(singlets excluded). Line thickness represents STRING database scores. Node fill represents the STRING 

compartment score for Golgi (see legend in bottom right of panel). Created in Cytoscape.  

 

Concomitantly, the presence of HTTex1Q52-mNG/-mSc-I aggregates was found to be 

associated with a global increase in ER-to-Golgi vesicle trafficking proteins primarily located 

at the Golgi apparatus and plasma membrane. When taken together, these data imply even 

the formation of low levels of pathogenic mHTTex1-mNG/-mSc-I aggregates is associated 

with vast proteomic dysregulation of neuronal intracellular trafficking. In turn, this may 

either protect neurons or contribute to the neuronal dysfunction and degeneration 

observed in HD.  
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3.5. Functional characterisation of mHTTex1 dysregulated proteins  

 

3.5.1. Generating mHTTex1-mNG/-mSc-I RNAi D. melanogaster models  

 

Both IP and global proteomics datasets highlighted the presence of mHTTex1-mNG/-mSc-I 

co-aggregates are associated with a dysregulation of transport proteins. On the one hand, 

association of mHTTex1-mNG/-mSc-I aggregates with intercellular transport proteins may 

directly influence neuron-to-neuron communication. On the other, the presence of 

mHTTex1-mNG/-mSc-I aggregates may indirectly change intracellular transport processes in 

neurons, specifically affecting the abundance of proteins involved in ER-to-Golgi vesicle 

transport processes. Intracellular and intercellular transport networks are highly 

interconnected and are vital for regulating the structural and functional integrity of neurons. 

Hence, dysregulation of intracellular transport, stemming from dysfunction in ER-to-Golgi 

vesicle transport, may disrupt the coordinated intercellular transport mediated by gap 

junctions. Thus, possibly resulting in the downstream neurotoxic cascade observed in HD. 

Following these observations, it was imperative to investigate what role the global increase 

of proteins involved in ER-to-Golgi vesicle-mediated processes plays, if any, in modulating 

mHTTex1-mNG/-mSc-I aggregate levels and subsequent HD-related neurotoxicity.  

 

From the brain lysate proteomics dataset (Figure 23), 3 significantly changed proteins 

involved in ER-to-Golgi vesicle-mediated processes were selected to investigate further: Vib, 

GMAP and sff. Whilst Vib, GMAP and sff have been shown to regulate ER-to-Golgi vesicle 

mediated processes, they participate in distinct cellular roles (Figure 25A). Vib is key in 

vesicle membrane formation, GMAP facilitates tethering of vesicles to the Golgi and sff 

regulates organisation of Golgi processing and NMJ active zones  412–416. These proteins were 

selected to gain a broad perspective on how several aspects of ER-to-Golgi vesicle-mediated 

processes are impacted in HD. As all these proteins were increased in the context of 

mHTTex1-mNG/-mSc-I aggregates, it was hypothesised that knockdown of said proteins 

may modulate HD-related phenotypes in flies. To investigate this hypothesis, new fly strains 

were created which both expressed RNAi, to facilitate knockdown of key ER-to-Golgi vesicle 

transport proteins, whilst also co-expressing the HTTex1-mNG/-mSc-I fusion proteins. 
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First, fly strains expressing RNAi hairpins against the respective target genes Vib, GMAP and 

sff were obtained from Vienna Biocenter (Table 3). The RNAi hairpin constructs in each of 

the fly strains was integrated on the 2nd chromosome 417 . Male flies from the RNAi strains 

were selected and mated with virgin female balancer flies (CyO/Sp;TM6/MKRS) to create 

stable RNAi fly lines (RNAi/Sp;+/MKRS). The balanced RNAi progeny were then mated with 

the HTTex1-mNG/-mSc-I fly strain (CyO/+; TM6/ HTTex1-mNG/-mSc-I). Using the phenotypic 

balancer markers, progeny flies negative for the markers Sp and TM6 and positive for 

markers CyO and MKRS were selected (CyO/RNAi;HTTex1-mNG/-mSc-I/MKRS). Hence, the 

resulting strains harboured hairpin RNAi constructs to mediate knockdown of either Vib, 

GMAP or sff in the background of HTTex1Q17-mNG/-mSc-I, HTTex1Q52-mNG/-mSc-I or 

HTTex1Q75-mNG/-mSc-I fusion protein co-expression (Supplementary Table 4). To enable 

co-expression of the RNAi hairpins and HTTex1-mNG/-mSc-I fusion proteins, the GAL4-UAS 

system was employed. The responder strains, containing both the HTTex1-mNG/-mSc-I 

transgenes and RNAi constructs were mated with the elavX driver strain. The resulting 

strains will henceforth be referred to as elavX;HTTex1-mNG/-mSc-I RNAi flies. In addition, 

the GMAP, sff and Vib RNAi flies which lacked the HTTex1-mNG/-mSc-I transgenes were 

mated with the elavX flies to act as HTTex1 negative control flies.  

 

First, the efficacy of RNAi expression in elavX;HTTex1-mNG/-mSc-I RNAi flies was evaluated 

by quantifying Vib, Gmap, and sff transcript levels in 27-day old adult fly heads using qPCR. 

The RNAi-mediated knockdown of Gmap and sff transcripts in elavX;HTTex1-mNG/-mSc-I 

RNAi fly strains was confirmed by the absence of detectable transcripts (Figure 25A and 

Figure 25B). Unfortunately, RNAi-mediated Vib transcript knockdown could not be validated 

via qPCR in elavX;HTTex1-mNG/-mSc-I Vib fly strains (Supplementary Figure 9E), leading to 

their exclusion from further analysis. Subsequently, the co-expression of transcripts 

encoding for both mNG and mSc-I tagged HTTex1Q17, HTTex1Q52, and HTTex1Q75 fusions 

in elavX;HTTex1-mNG/-mSc-I RNAi flies was analysed using qPCR (Supplementary Figure 9A-

D). In elavX;HTTex1-mNG/-mSc-I GMAP and elavX;HTTex1-mNG/-mSc-I sff flies, transcripts 

encoding for both mNG and mSc-I fusion proteins were detected (Supplementary Figure 

9A-D). Notably, these transcripts were absent in elavX;W1118, elavX;GMAP, and elavX;sff 

control flies (Supplementary Figure 9A-D). Collectively, these results confirm the successful 

generation of elavX;HTTex1-mNG/-mSc-I GMAP RNAi and elavX;HTTex1-mNG/-mSc-I sff 
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RNAi flies by demonstrating the co-expression of RNAi hairpins and HTTex1-mNG/-mSc-I 

transcripts in fly neurons. 

 

3.5.2. RNAi mediated knockdown of key Golgi proteins does not alter mHTTex1-mNG/-mSc-I 
fusion protein co-aggregation  

 

Next, the impact of Gmap or sff knockdown on the co-aggregation of HTTex1-mNG/-mSc-I 

fusion proteins was assessed. Whole brains from 27-day old flies were analysed using 

confocal microscopy, and the quantification of FRET positive puncta within the mid-brain 

was performed (Figure 25D). No significant difference was observed in the number of FRET-

positive puncta in elavX;mHTTex1-mNG/-mSc-I RNAi flies compared to elavX;mHTTex1-

mNG/-mSc-I flies (Figure 25D). Further examination of the fly mid-brains revealed a 

consistent distribution of FRET-positive puncta between elavX;mHTTex1-mNG/-mSc-I RNAi 

and elavX;mHTTex1-mNG/-mSc-I flies (Figure 25E, 25F, 25G). Therefore, these findings 

indicate that knockdown of sff and Gmap does not impact the co-aggregation of either 

HTTex1Q52-mNG/-mSc-I or HTTex1Q75-mNG/-mSc-I fusion proteins in neurons.  

 

3.5.3 RNAi mediated knockdown of sff drastically reduces lifespan and motor abilities of 
transgenic HD D. melanogaster strains 

 

As stated previously, the level of mHTTex1 aggregates or inclusions has been previously 

correlated with HD toxicity 418 , however this toxicity may be initiated before or after 

aggregate formation. Therefore, it was hypothesised that, due to unaltered levels of 

aggregates in HTTex1-mNG/-mSc-I RNAi strains, sff and GMAP may not modulate processes 

upstream of mHTTex1 aggregate formation. Instead, these proteins may modulate 

processes downstream of mHTTex1 aggregation, which may lead to phenotypic changes in 

HD flies. To investigate this, it was assessed whether the knockdown of Gmap or sff was 

associated with any phenotypic changes. 
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Figure 25. Knockdown of proteins involved in ER-to-Golgi vesicle mediated processes does not affect 

mHTTex1-mNG/-mSc-I neuronal puncta formation 

A) Schematic depicting where the proteins Vib, GMAP and sff perform their biological functions in the cell. B) 

qPCR analysis of sff and C) GMAP transcript expression. RNA from 27-day old fly heads from the indicated strains 

was analysed by qPCR to obtain Ct values. Fold gene expression calculated using the 2–∆∆Ct method 360 

normalising to elavX;W1118 and actin (Act42). Each dot represents 1 biological replicate (2 analysed per sample). 

Each biological replicate value was the average of 2 technical replicates. Statistical significance assessed by 
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ordinary one-way ANOVA multi-comparisons (*=P<0.05, **=P<0.01, ***=P<0.001, ****=P<0.0001). Error bars= 

SD. D) Quantification of FRET-positive puncta number from confocal microscopy images. Each dot represents an 

individual brain (6-7 analysed per strain). Statistical significance assessed by ordinary one-way ANOVA multi-

comparisons (NS= P>0.05). Error bars= Standard deviation E), F) and G) Confocal images of transgenic 

elavX;HTTex1Q17-mNG/-mSc-I fly brains (E), elavX;HTTex1Q52-mNG/-mSc-I (F) and elavX;HTTex1Q75-mNG/-

mSc-I (G) fly brains. Scale bar= 100µm. 

 

First, it was evaluated whether knockdown of sff or Gmap in fly neurons had an influence on 

the survival of the flies. The elav;Gmap and elavX;sff strains exhibited no difference in 

median lifespan when compared to the elav;W1118 background control strain (∼86, ∼76 

and ∼88 days respectively) (Figure 26A and 26B). Therefore, showing that in a wild-type 

background, sff and Gmap knockdown does are significantly influence survival. The median 

lifespans of elavX;HTTex1Q17-mNG-mSc-I Gmap, elavX;HTTex1Q52-mNG/-mSc-I Gmap and 

HTTex1Q75-mNG/-mSc-I Gmap flies (∼79, 63 and 48 days respectively) were comparable to 

that of the respective elavX;HTTex1-mNG/-mSc-I strains with no RNAi knockdown 

(elavX;HTTex1Q17-mNG/-mSc-I = ∼83 days, elavX;HTTex1Q52-mNG/-mSc-I = ∼67 days and 

elavX;HTTex1Q75-mNG/-mSc-I = ∼55 days). Therefore, Gmap knockdown had no effect on 

survival (Figure 26A and 26B). In contrast, the median lifespans of elavX;HTTex1Q17-mNG/-

mSc-I sff, elavX;HTTex1Q52-mNG/-mSc-I sff and elavX;HTTex1Q75-mNG/-mSc-I sff flies 

(∼26, ∼16 and 13 days respectively) were significantly reduced when compared to the 

respective elavX;mHTTex1-mNG/-mSc-I strains (elavX;HTTex1Q17-mNG/-mSc-I = ∼83 days, 

elavX;HTTex1Q52-mNG/-mSc-I = ∼67 days and elavX;HTTex1Q75-mNG/-mSc-I = ∼55 days) 

(Figure 26A and 26B). Intriguingly, even in the non-pathogenic elavX;HTTex1Q17-mNG/-

mSc-I flies sff knockdown drastically reduced the median lifespan. Thus, sff knockdown is 

detrimental to survival in flies co-expressing pathogenic as well as non-pathogenic HTTex1-

mNG/-mSc-I fusion proteins.  

 

Next, to evaluate whether knockdown of sff or Gmap in fly neurons resulted in motor 

neuron dysfunction the motor ability of elavX;HTTex1-mNG/-mSc-I RNAi flies was measured 

using the climbing assay. Similar to what was found in the lifespan assay, elavX;sff, 

elavX;Gmap and elavX;W1118 flies exhibited no significant differences in relative motor 

performance (∼80%, ∼97% and 100% respectively) (Figure 26C and 26D). 
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Figure 26. Knockdown of sff significantly reduces lifespan and motility of elavX;HTTex1-mNG/-mSc-I flies 

A) Lifespan plotted as percentage of alive flies from 2 biological replicates per strain (N≈ 50 flies per biological 

replicate) (left panel of graphs). B) Median lifespans calculated using IC50 values from lifespan curves for each 

biological replicate (right panel of graphs). Each dot represents one biological replicate. Statistical significance 

assessed by ordinary one way ANOVA multi-comparisons (NS=P>0.05,***= P<0.001, ****=P<0.0001). Error 
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bars= SEM. C) Climbing ability plotted as percentage flies climbed of the total per day from 2 biological replicates 

(N≈ 50 flies per biological replicate) (left panel of graphs). D) Relative motor performance calculated as 

percentage of total area under the curves for each biological replicate relative to the respective elavX;HTTex1-

mNG/-mSc-I strain (right panel of graphs). Each dot represents one biological replicate. Statistical significance 

assessed by ordinary one-way ANOVA multi-comparisons (NS= P>0.05, *=P<0.01, ****=P<0.0001). Error bars= 

SEM. 

 

Moreover, no significant difference in the relative performance of HTTex1-mNG/-mSc-I 

Gmap flies (elavX; HTTex1Q17-mNG/-mSc-I Gmap = ∼75% , elavX; HTTex1Q52-mNG/-mSc-I 

Gmap = ∼71% and elavX; HTTex1Q75-mNG/-mSc-I Gmap = ∼79%) was observed when 

compared to the respective HTTex1-mNG/-mSc-I flies (elavX;HTTex1Q17-mNG/-mSc-I = 

∼85%, elavX;HTTex1Q52-mNG/-mSc-I = ∼115% and elavX;HTTex1Q75-mNG/-mSc-I = ∼79%) 

(Figure 26C and 26D). In contrast, the knockdown of sff was found to significantly reduce 

the relative climbing abilities of flies co-expressing non-pathogenic (elavX;HTTex1Q17-

mNG/-mSc-I sff = ∼7%) as well as pathogenic HTTex1-mNG/-mSc-I (elavX;HTTex1Q52-

mNG/-mSc-I sff = ∼2% and elavX;HTTex1Q52-mNG/-mSc-I sff = ∼0.4%) fusion proteins. 

 

Consequently, when taken together the lifespan and climbing assay data suggest that a 

knockdown of Gmap in HD transgenic flies does not significantly influence mHTTex1-mNG/-

mSc-I neurotoxicity. Whereas the upregulation of sff in the presence of mHTTex1-mNG/-

mSc-I aggregates may potentially be neuroprotective because its knockdown in HD 

transgenic flies dramatically increased neurotoxicity. 
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4. Discussion  

 

In 1872 George Huntington published the first comprehensive description of a hereditary 

chorea now known as Huntington’s disease (HD) 28. At the time, the roots of this rare 

disease mystified the medical community. In writing about HD, Huntington himself 

admitted: “I know nothing of its pathology. I have drawn your attention to this form of 

chorea gentlemen, not that I considered it of any great practical importance to you, but 

merely as a medical curiosity, and as such it may have some interest.” 28. With this humble 

statement, Huntington indeed ignited a spark of interest into unravelling the mysteries of 

HD. Generations of researchers around the world have been inspired by Huntington’s 

words, and have likewise strived to understand the causal underpinnings of HD. However, 

almost 200 years on from Huntington’s seminal paper, how far have we come in 

understanding the pathology of HD? 

 

HD is a debilitating neurodegenerative disease that devastates families and communities 

worldwide (see section 1.1). Following the breakthrough 1993 discovery of the causative 

mutation responsible for HD 39 great strides have been made in understanding how this 

inherited CAG repeat mutation in the HTT gene affects the protein (see section 1.2). 

However, understanding the complexities of the pathogenic mechanisms involved in HD has 

remained a challenge for researchers (see section 1.4). As such, there exists no disease 

modifying treatment or targeted therapy for HD (see section 1.1.5). Protein aggregates, 

consisting of mutant N-terminal HTT fragments including mHTTex1, have long been 

regarded as a hallmark feature of HD 255 , yet their link to HD pathology has been extensively 

contested (see section 1.4.3). Despite this, there has been an increasing body of evidence 

that points to mHTTex1 aggregates as potentially central to the pathogenesis of HD 253,419 . 

The precise mechanisms by which such aggregates may induce neuronal toxicity remains 

largely elusive.  

 

In response to this gap in understanding, this project aimed to develop a novel HTTex1-

mNG/-mSc-I fusion protein biosensor to enable FRET-based detection of aggregated 

mHTTex1 both in vitro and in vivo. First, this aggregation biosensor was used in vitro, to 

monitor co-expression of HTTex1-mNeongreen (HTTex1Q17-mNG, HTTex1Q52-mNG and 
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HTTex1Q75-mNG) and HTTex1-mScarlet-I (HTTex1Q17-mSc-I, HTTex1Q52-mSc-I and 

HTTex1Q75-mSc-I) fusion proteins. Large SDS-insoluble aggregates were observed in cells 

co-expressing pathogenic mHTTex1-mNG/-mSc-I fusion proteins (HTTex1Q52-mNG/-mSc-I 

and HTTex1Q75-mNG/-mSc-I) (Figure 11B). The polyQ-dependant appearance of mHTTex1-

mNG/-mSc-I aggregates was accompanied by a similar polyQ-dependant increase in FRET 

(Figure 11D), suggesting that FRET could be used as a quantitative measure for mHTTex1-

mNG/-mSc-I co-aggregation in vitro. Expanding on these findings, an in vivo D. melanogaster 

HD model was subsequently established, employing the FRET-based HTTex1 aggregation 

biosensor. Pan-neuronal expression of pathogenically expanded mHTTex1-mNG/-mSc-I 

fusion proteins in vivo resulted in reduced survival, impaired motor function, and the 

formation of SDS-stable aggregates (Figure 18, 21A and 21B), reproducing core HD 

characteristics 64. Moreover, FRET was measured in live cells derived from flies co-

expressing pathogenic mHTTex1-mNG/-mSc-I fusion proteins (Figure 20C), suggesting that 

FRET can be used to detect mHTTex1 aggregation in vivo. These FRET measurements were 

found to significantly correlate with the observed reduction in fly lifespan (Figure 21C), 

which cemented FRET as a novel in vivo method by which to detect and subsequently 

investigate mHTTex1 aggregates. Collectively, this work evidenced FRET as an effective 

biosensor for mHTTex1 aggregation both in vitro and in vivo, which is compatible with a 

diverse array of experimental techniques and is a valuable tool for future studies into the in 

vivo properties of mHTTex1 aggregates.  

 

In addition to these experiments, the in vivo D. melanogaster HD model was investigated 

using label-free mass spectrometry (MS). IP experiments were used to enrich HTTex1Q75-

mNG/-mSc-I aggregates from fly heads which were found to significantly associate with key 

intra and intercellular transport proteins (Figure 22). Subsequent MS analysis of fly head 

lysates derived from the heads of HTTex1Q52-mNG/-mSc-I co-expressing flies showed the 

presence of even a small amount of insoluble mHTTex1 aggregates related to a vast global 

dysregulation of proteins involved in a variety of intracellular processes, most significantly 

affecting proteins involved in ER-to-Golgi vesicle mediated transport (Figure 23). When 

taken together, these proteomic data provide insight into how insoluble mHTTex1 

aggregates, are associated with a pronounced disruption of intra and intercellular transport 

in an in vivo context.  
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Finally, through RNAi mediated knockdown of key Golgi associated proteins, sugar free 

frosting (sff) was demonstrated to be vital for the survival and motility of HTTex1-mNG/-

mSc-I co-expressing flies (Figure 26). Therefore, indicating the potentially neuroprotective 

effect sff may exert in the brains of HD transgenic flies.  

 

The following sections will delve into the interpretation of these findings. Initially, exploring 

the advantages and disadvantages associated with using FRET to measure mHTTex1 

aggregation, with a specific focus on its application in the in vivo D. melanogaster HD model. 

Subsequently, elaborating on the proteins associated with mHTTex1 aggregates, as 

identified through mass spectrometry (MS), and discussing their potential implications for 

HD pathogenesis. Next, providing an in-depth analysis of the observed changes in the 

soluble proteome, shedding light on their potential significance in the context of HD. Lastly, 

this chapter will conclude by examining the role of ER-to-Golgi vesicle-mediated processes, 

particularly those involving sff, and their potential contribution to the neurotoxicity of the 

mHTTex1 protein. 

 

4.1. FRET is a robust measure and marker of mHTTex1 aggregation 

 

FRET-based aggregation detection has been previously shown to be a valuable tool in the 

study of neurodegenerative diseases 264,420–423. With regards to HD research, a collection of 

studies have used FRET to study mHTTex1 aggregation 253,364–370 . A popular approach to 

monitoring mHTTex1 aggregation in these studies has been to use a time resolved FRET (TR-

FRET) based immunoassay to quantify the mHTTex1 aggregate species present in complex 

biological samples 364,424 and cell extracts 368,369,425 . Similarly, cell-free assays have been 

shown to be accurate detectors of small, seeding-competent mHTTex1 aggregate species 

within complex bio samples 253,270. While these methods are novel, innovate solutions for 

monitoring changes in mHTTex1 aggregation over time via FRET, they rely on the use of 

sample-derived lysates and therefore do not allow for the measurement or visualisation of 

mHTTex1 aggregation in a live system. 
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To offer an alternative approach for tracking mHTTex1 aggregation without the 

aforementioned constraints, a FRET-based HTTex1 aggregation biosensor was designed to 

be compatible with both in vitro and in vivo model systems (Figure 9C). This biosensor 

consists of two fluorescently tagged HTTex1 fusion proteins, one fused to the fluorescent 

protein mNeongreen (HTTex1-mNG) and one fused to the fluorescent protein mScarlet-I 

(HTTex1-mSc-I), both co-expressed within the same cell (HTTex1-mNG/-mSc-I). To compare 

the effect of pathogenic and non-pathogenic HTTex1 expression, fusion proteins containing 

either 17,52 or 75 glutamines (HTTex1Q17-mNG/-mSc-I, HTTex1Q52-mNG/-mSc-I and 

HTTex1Q75-mNG/-mSc-I) were assessed. Using a combination of biochemical, microscopy 

and FACS techniques (Figure 11, 12, 18 and 20), FRET was found to increase relative to the 

aggregation propensity of the HTTex1-mNG/-mSc-I fusion protein and as such could be used 

as a measure of mHTTex1 aggregation in vitro and in vivo.  

 

In comparison with other methods of mHTTex1 aggregate detection, FRET-based HTTex1 

aggregation biosensor offers several advantages. One advantage is that it enables sensitive, 

quantitative and non-invasive monitoring of HTTex1 aggregation. FRET can measure 

protein-protein interactions within 1 to 10 nanometres distance 338 because the intensity of 

FRET signal is directly proportionate to the distance between the donor and acceptor 

fluorophores 426. Therefore, FRET provides a quantitative measure of molecular distances 

between proteins and thus protein interaction or aggregation. This is superior to other 

methods such a co-localisation, as these methods can only infer protein localisation and as 

such cannot provide information regarding molecular distances between proteins. 

Additionally, the measurement of FRET does not require the lysis of cells. As FRET can be 

measured fluorescently, it is compatible with live cell imaging thus providing an avenue to 

investigate protein interactions in the native context. In contrast, biochemical methods used 

to detect protein interactions and aggregation commonly rely on the use of antibodies and 

the lysis of cells under harsh detergent conditions which may alter protein properties.  

 

Furthermore, the design of the FRET-based HTTex1 aggregation biosensor deliberately 

included several fusion protein features to generate an optimal, versatile method for 

mHTTex1 aggregate detection. Previously, FRET-based models of mHTTex1 aggregation 

have employed fluorophores such as YFP and CFP 427,428 . While these fluorophores are 
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compatible with FRET-based detection, they commonly exhibit a high fluorescence bleed 

through and cross excitation due to their heavily overlapping excitation and emission 

spectra. Therefore, use of such fluorophores requires time consuming fluorescence 

correction. To solve these issues, a new family of fluorescent molecules has been 

synthesised, which exhibit superior fluorescence, faster maturation and photostability when 

compared to classical fluorophores 429,430. Previous work has established these next 

generation fluorophores, including mNG and mSc-I, as excellent FRET donor and acceptor 

molecules which exhibit minimal fluorescence bleed-through and cross-excitation 429–432. 

Therefore, by employing the mNG and mSc-I fluorophores fused to HTTex1, the FRET-based 

HTTex1 aggregation biosensor results in an easily detectable FRET signal.  

 

The FRET-based HTTex1 aggregation biosensor design also considered how fusing of 

fluorescent proteins to HTTex1 would affect protein folding. Previous work has shown the 

N-terminus of HTTex1 to be critical for the formation of HTTex1 aggregates 144,433,434. 

Therefore, addition of large tags to the N-terminus of HTTex1 may sterically hinder the 

folding and subsequent aggregation of mHTTex1. Thus, resulting in observations which do 

not accurately reflect the true aggregation properties and subsequent toxicity of mHTTex1. 

To avoid this, the FRET-based HTTex1 aggregation biosensor consists of fluorophores C-

terminally fused to HTTex1 (Figure 10).  

 

Moreover, the FRET-based HTTex1 aggregation biosensor vectors were designed to be 

highly versatile and user friendly. The pUAST-mNG/-mSc-I vector contains two enzyme 

restriction sites: one upstream of mNG and one upstream of mSc-I (Figure 10). Therefore, 

any two proteins of interest can be easily cloned into the pUAST-mNG/-mSc-I. In addition, 

the use of the pUAST-attB vector means the HTTex1-mNG/-mSc-I vectors are compatible 

with both in vitro and in vivo experiments. This flexibility can allow future researchers to 

study mHTTex1 aggregation in various experimental settings, enhancing the translational 

relevance of the findings.  

 

Alongside the advantages, it is important to recognise that FRET based measurements of 

mHTTex1 aggregation have limitations. Firstly, FRET measurements significantly rely on the 

performance of the corresponding fluorophores. As fluorophores are sensitive to local 
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changes like pH, ionic concentrations and temperature, FRET measurements can be skewed 

by subtle environmental changes 435. Due to the sequestration of proteins, it is reasonable 

to assume mHTTex1 aggregates alter the cellular environment, therefore it is plausible that 

the mHTTex1 aggregate micro-environment may influence FRET measurements. To 

interrogate this possibility, it would be interesting to gain high resolution insight into the 

performance of fluorophores when soluble and aggregated through techniques such as 

fluorescence recovery after bleaching (FRAP).  

 

Additionally, due to sensitivity of FRET to intramolecular distance, FRET signal can be 

reduced if the two fluorophores are not aligned. Therefore, if two proteins interact but the 

fluorophores are on opposite sides of the complex there may be no detectable FRET signal 

which generates false negative results 435. Paradoxically, small protein interaction 

complexes generate a small FRET signal which is hard to distinguish from the background 

fluorescence 435,436. Indeed, this was observed in the FRET-FACS analysis of 

elavX;HTTex1Q52-mNG/-mSc-I flies (Figure 20C and 20D). Due to the low abundance of 

HTTex1Q52-mNG/-mSc-I aggregates, the collective FRET signal in vivo was not strong 

enough to surpass the background fluorescent signal produced by soluble HTTex1Q52-

mNG/-mSc-I fusion proteins. Therefore, as mHTTex1 is known to form large inclusions and 

small oligomers (see section 1.3), it is possible that the FRET measurements performed in 

this work were not detecting all sizes of mHTTex1 aggregates. Rather, the FRET signal 

represents a subsection of aggregates which are large enough to generate a strong FRET 

signal but not so large as to disrupt the distance between the two fluorophores. Hence, one 

future application of the FRET HTTex1 aggregation biosensor would be to structurally 

interrogate the FRET-positive mHTTex1-mNG/-mSc-I aggregates using correlative electron 

microscopy (CLEM) or fluorescence lifetime imaging microscopy (FLIM) to determine what 

aggregate species specifically cause the observed FRET. 

 

Finally, while the HTTex1 aggregation biosensor employs C-terminally tagged fluorophores 

to minimise any impact of HTTex1 protein folding, the fusion of tags to HTTex1 regardless of 

location may impact aggregation. Recently, a study found the presence of single GPF tag 

significantly altered the structure and cellular properties of HTTex1 aggregates 278. 

Moreover, research has found this effect is not limited to the presence of relatively large 
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fluorescent proteins, but even the fusion of small epitope tags to HTTex1 can alter 

subcellular behaviour and toxicity 437. Therefore, using this HTTex1 aggregation biosensor 

model, one must distinguish the effects of HTTex1 from the effect of the fluorophore. 

Additional optimisation of this model could incorporate HTTex1 controls without 

fluorescent tags to assess to what extent mNG and mSc-I labelling affects the 

polymerisation of HTTex1 proteins.  

 

4.2. The D. melanogaster HD FRET model presents a novel avenue for in vivo mHTTex1 
aggregation study 

 

Exploiting the translational flexibility of our approach, the FRET-based HTTex1 aggregation 

biosensor was incorporated into D. melanogaster, thus generating a novel in vivo HD model 

organism (Figure 13). D. melanogaster, commonly known as the fruit fly, was chosen as a 

model organism as it is a well-established and widely used in scientific research, 

contributing significantly to our understanding of diverse biological topics, including genetic 

inheritance, development, innate immunity, and circadian rhythm 438–443. Utilising flies in 

research provides a key advantage shared with other in vivo organisms — the ability to 

observe how genetic factors impact behaviour in a complex living system. Thus, allowing 

researchers to delve into the intricate complexities of biological systems, examining 

interactions among diverse cell types within tissues and organs. Yet, what distinguishes flies 

as a model organism is their accessibility and the simplicity with which fly experiments can 

be conducted. With a short developmental cycle of approximately 14 days from egg to adult 

fly and the ability of a single female fly to lay eggs upwards of 80 times a day 444, large 

experimental groups can be generated rapidly. Additionally, their modest size (around 3mm 

long) 445 and cost-effective diet of agar, yeast, and sugar make flies highly practical for 

extensive investigations while minimising laboratory space and expenses. Furthermore, 

owing to their significant genetic homology with humans, flies offer a valuable model for 

studying various aspects of human biology.  

 

This is particularly evident in HD research, where a landmark 1998 study first demonstrated 

that polyQ expanded HTTex1 fragments in flies formed aggregates and induced 

neurodegeneration, mirroring the neuronal cell death seen in human HD brains 446. This 
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study established fly models of HD as a potent genetic system which can be used in 

investigations to better understand the role of mHTTex1 aggregates in HD pathology. 

Subsequent studies have since utilised fly models expressing fluorescently tagged HTTex1 

fusion proteins 447–453. Several of these investigations share a common methodology, 

employing a single GFP fluorophore tag to fuse with HTTex1 447,448,450–453. This approach 

facilitates the visualisation and quantification of mHTTex1 aggregate abundance. However, 

it lacks the capability to selectively isolate cells containing aggregates. Notably, only one 

study to date has used two distinct fluorescent tags for examining HTTex1 aggregation in 

flies, employing fluorescence co-localisation as an indicator for aggregation 449. In addition, 

surprisingly few studies have used mHTTex1 fusion proteins to measure intermolecular FRET 
365,367,427,428. Of these few studies, all have used mHTTex1 fusion protein co-expression in 

cultured cells. Therefore, such cell-based assays are limited to an in vitro perspective on 

mHTTex1 aggregation, and thus cannot provide detailed information on the systemic role 

mHTTex1 aggregates play in HD. To date no studies have used FRET to study mHTTex1 

aggregation in an in vivo model organism.  

 

Hence, in contrast to other HD fly models, the FRET-based HTTex1 aggregation biosensor fly 

model holds a unique position. While, like other fluorescence-based HD fly models, it 

permits the investigation of mHTTex1 aggregates in situ within the native context of the 

brain, the utilisation of FRET in this model expands its potential. The use of FRET enables 

enrichment of live cells containing aggregates, which have the potential to be investigated 

with single cell resolution techniques to gain more comprehensive view of mHTTex1 

aggregation in vivo.  

 

Using this model, co-expression of pathogenic HTTex1-mNG/-mSc-I fusion proteins resulted 

the formation of SDS-stable aggregates which was associated with reduced survival and 

impaired motor function (Figure 18D, 18E, 21A and 21B). These findings support the well 

published notion that mHTT aggregates are associated with toxicity in vivo  253,277,315. 

Subsequent confocal imaging highlighted mHTTex1-mNG/-mSc-I aggregates could be 

visualised in neurons using FRET (Figure 20A). Following this, FACS analysis highlighted the 

ability of FRET signals to enrich for live cells containing mHTTex1 aggregates (Figure 20C and 

20D). These results collectively showed that FRET could not only be used to visualise 
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mHTTex1 aggregates in vivo, but also be used as a selection marker for cells containing 

aggregates. Importantly, FRET correlated most significantly with the decrease in survival 

observed in flies expressing pathogenically expanded HTTex1-mNG/-mSc-I fusion proteins 

when compared to the detection of mHTTex1 aggregates using biochemical methods 

(Figure 21C and 21D). Thus, further supporting the notion that mHTTex1 aggregates are 

tightly linked to pathogenesis in HD and cementing FRET as a sensitive tool to detect 

mHTTex1 aggregates in vivo.  

 

While the results obtained from the FRET HD fly model present promising insights, there 

remains opportunity for refinement. Initially, though FRET successfully detected mHTTex1 

aggregates, the lack of specificity in identifying the type of aggregate poses a limitation. 

Given the diverse range of aggregate species coexisting within a cell, as previously discussed 

(see section 1.3), the current FRET methodology does not offer in-depth insights into the 

morphology and subcellular localisation of mHTTex1 aggregates. To address this limitation, 

electron microscopy (EM) was employed on whole fly brain sections. Notably, in the brains 

of elavX;HTTex1Q52-mNG/-mSc-I and elavX;HTTex1Q75-mNG/-mSc-I flies large structures 

were detected (Figure 19) which resembled previously reported mHTTex1 aggregates found 

in HD models and patients 64,238,277,290,454. However, due to the absence of antibody or 

fluorescence detection, the identity of these structures remains speculatory. The ongoing 

debate in HD research regarding the neurotoxicity of specific mHTTex1 aggregate species 

necessitates a comprehensive understanding of the aggregate profile in the fly brain. 

Therefore, future iterations of the FRET HD fly model should explore the combination of 

FRET detection with structural imaging techniques, such as correlated light and electron 

microscopy (CLEM), to gain a nuanced perspective on the aggregate population within the 

fly brain. 

 

Moreover, the experiments detailed in this study focused on a singular timepoint (27 days), 

providing only a snapshot into the timeline of HD pathogenesis. Given evidence suggesting 

that neurodegenerative processes in HD can initiate before visible markers like mHTTex1 

aggregates emerge 455, exploring the relationship between early pathogenic changes and the 

presence of mHTTex1 aggregate species demands a temporal approach. Therefore, a more 

inclusive evaluation of the FRET HD fly model should involve assessments at various 
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timepoints to capture the dynamic changes in mHTTex1 aggregates over the lifespan of an 

HD fly and their consequential impacts on HD phenotypes. 

 

Furthermore, the FRET HD fly model created in this study, while insightful, does also have 

inherent limitations due to the use of flies as a model organism. Notably, the anatomical 

and physiological distinctions between fly and vertebrate nervous systems pose a significant 

challenge. With approximately 200,000 neurons 456, the fly brain has a reduced neuronal 

complexity in comparison with other disease model organisms like mice. As such, despite 

functional similarities between the fly central complex and the human basal ganglia 

implicated in HD pathology 457,458, the fly fails to fully recapitulate the intricate neuronal 

complexity of the human brain. Consequently, the application of the FRET HD fly model 

requires careful consideration as to whether its use aligns with the specific goals of the 

research. It is designed to unravel the fundamental biological processes underpinning 

mHTTex1 aggregation and toxicity in HD, rather than serve as a comprehensive model of 

human HD. 

 

In conclusion, an assessment of the FRET HD fly model's efficacy must be grounded in the 

initial aim of this work: exploring the impact of mHTTex1 aggregates on the proteomic, 

cellular, and phenotypic in vivo landscape. By utilising FRET to detect aggregation and 

correlating this with phenotypic decline in flies, the FRET HD fly model effectively fulfils this 

aim. The model's impact can be expanded by leveraging the FRET signal to delve deeper into 

how the structure or localisation of mHTTex1 aggregates influences neurodegeneration over 

time in HD. While acknowledging that this work does not strive to replicate all intricacies of 

human HD in flies, the FRET HD fly model offers a truly novel means to investigate specific 

aspects of HD pathology, such as mHTTex1 aggregation, with the goal of translating these 

findings to other higher organisms. 

 

4.3. HTTex1-mNG/-mSc-I aggregates associate significantly with intra and intercellular 
transport proteins 

 

Following establishment of the FRET HD fly model, MS-based quantitative proteomics was 

employed to investigate the impact mHTTex1 aggregates have on the in vivo protein 
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landscape. To achieve this the PHP2 immunoprecipitated material from elavX;HTTex1Q75-

mNG/-mSc-I fly heads was compared to that of elavX;HTTex1Q17-mNG/-mSc-I flies (Figure 

22). While the comparison between the immunoprecipitated fractions of pathogenic and 

non-pathogenic samples is valuable, additional studies could include proteomic assessment 

of the soluble proteins left in solution following mHTTex1-mNG/-mSc-I aggregate IP. 

Examination of such samples could provide additional insight into the broader soluble 

proteomic changes which occur in the presence of mHTTex1 aggregates in HD fly brains.  

 

The use of PHP2 antibody enabled HTTex1Q75-mNG/-mSc-I aggregates formed in vivo to be 

specifically enriched from fly head lysates (Figure 22B). PHP2 recognises the proline rich 

domain (PRD) of HTT, which has been shown to be exposed on mHTTex1 fibrils 361 but is also 

present in soluble HTTex1 proteins. As such, the use of the PHP2 antibody for IP enabled 

preferential purification of mHTTex1 aggregates formed in vivo from fly head lysates. 

However, due to the presence of the PRD also in non-pathogenic HTTex1Q17-mNG/-mSc-I 

and soluble HTTex1Q75-mNG/-mSc-I fusion proteins, the co-purification of soluble mHTTex1 

could not be completely prevented. In comparison, other proteomics investigations into 

mHTTex1 aggregates have relied on collecting the insoluble pellet fraction after lysate 

denaturation 278,459. Such approaches produce insoluble samples which contain mHTTex1 

aggregates in addition to other precipitated insoluble proteins, hence cannot provide 

specific detail as to the proteins associated with mHTTex1 aggregates. Therefore, due to the 

use of PHP2 the IP proteomics dataset can be seen as a comparatively more specific 

database of in vivo mHTTex1-mNG/-mSc-I aggregate-associated proteins. It is important to 

note, this dataset represents the proteins sequestered on the surface of HTTex1-mNG/-mSc-

I aggregates. Future studies could therefore implement formic acid digestion of the 

immunoprecipitated mHTTex1-mNG/-mSc-I aggregates to reveal what proteins are co-

polymerised with mHTTex1 aggregates and therefore are recruited early in the aggregation 

process 316,460. Thus, deepening our insight into the protein mechanisms perturbed by 

mHTTex1 aggregation in HD.  

 

In the IP proteomics dataset, a total of 1607 proteins were successfully identified in the 

immunoprecipitated samples, with 43 proteins exhibiting significant associations with 

mHTTex1-mNG/-mSc-I aggregates (Figure 22C). Notably, this subset of proteins included 
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well-established components known from prior studies to associate with mHTTex1 

aggregates, such as elements of the proteasome, chaperones, and ubiquitin-related 

proteins 461,462  which validated our analysis approach. In addition, previous research that 

has conclusively demonstrated a reduction in the function of the ubiquitin-proteasome 

system (UPS) in HD 463,464. Therefore, the alignment between the IP proteomics data and 

previous research suggests that disruptions in the UPS may be mediated by aggregate 

sequestration of UPS proteins. This aggregate- mediated gain-of-function may impede the 

neuronal capacity to clear misfolded proteins, potentially intensifying the formation and 

persistence of mHTTex1 aggregates. 

 

Furthermore, Rox8, the fly orthologue for TIAL1 a human protein already implicated in HD, 

was also found to be associated with mHTTex1 aggregates in our data (Figure 22C). The 

human TIAL1 is a stress granule associated protein which also plays a role in regulating RNA 

splicing 465,466 and is present in both soluble and insoluble factions of the HD patient 

prefrontal cortex 467,468. Fascinatingly, TIAL1 possesses a glutamine rich ‘prion -related 

domain’ which has been shown to control the formation of prion-like aggregates which are 

recruited into stress granules 466. As polyQ proteins are known to associate with other polyQ 

proteins, possibly through coiled coil interactions 469–473, the association of Rox8 and 

mHTTex1-mNG/-mSc-I aggregates in our proteomics data is in some regards not surprising. 

However, the association of Rox8 with mHTTex1-mNG/-mSc-I aggregates is intriguing, as 

aberrant alternative splicing has been observed in HD patients and models 136,227,396. It is 

possible mHTTex1 aggregate-mediated association with Rox8 results in downstream 

disruption of alternative splicing, which may result in increased levels of HTTex1 transcripts 

and the expression of highly pathogenic HTTex1 protein 136. Therefore, sequestration of D. 

melanogaster TIAL1 in mHTTex1 aggregates may potentially hint at stress granule 

involvement in the aberrant splicing pathology of HD. Alternatively, prion-like aggregates of 

TIAL1 may template the further aggregation of mHTTex1 protein, expediting the 

aggregation process.  

 

Aligned with this theory of aggregate-mediated stress granule dysregulation, the stress 

granule polyQ protein Atxn2 which is associated with the hereditary polyQ disease 

spinocerebellar ataxia 2 (SCA2) was also identified as a HTTex1-mNG/-mSc-I aggregate-
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associated protein (Figure 22C). This supports previous work which has shown an 

association between Atxn2 and mHTTex1 474,475. Interestingly, knockdown Atxn2 has been 

shown to reduce mHTTex1 aggregate formation and toxicity in vivo 474. Specifically, the 

removal of the C-terminal intrinsically disordered region of Atxn2, has been shown to 

significantly reduce both neurodegeneration and aggregate abundance HD in vivo models 
475. While the mechanisms behind the relationship between ATXN2 and mHTTex1 toxicity 

remain to be clarified, these findings provide a tantalising possibility that ATXN2 may be a 

key modifier of mHTTex1 aggregate-related toxicity.  

 

In addition to uncovering well-known proteins associated with aggregates, this work also 

identified novel proteins with significant associations with mHTTex1-mNG/-mSc-I 

aggregates. Notably, the IP proteomics dataset revealed an enrichment of the membrane-

bound Innexin proteins Ogre, Inx2 and Inx3, which may indicate potential interactions 

between mHTTex1-mNG/-mSc-I aggregates and gap junctions or membranes (Figure 22C, 

22F and 22G). The Ogre-Inx2-Inx3 Innexins serve as invertebrate counterparts to human 

connexins, essential for forming gap junction channels that regulate small molecule flux 

between cells 476. Gap junctions, recognised as the fastest means of cellular communication, 

are influenced by ionic concentration, pH, and phosphorylation without requiring receptors 

or chemical binding 476,477. Specific cell populations in the brain such as glial cells employ gap 

junctions to buffer potassium ions among neurons to shield active neurons from glutamate 

excitotoxicity 478. Therefore, any alteration in gap junctions can disrupt the maintenance of 

normal neuronal activity, potentially leading to glutamate excitotoxicity-induced neuronal 

death—a phenomenon implicated in HD due to heightened glutamate sensitivity in mice 

expressing HTTex1 479. Moreover, human connexins, particularly Cx43, exhibit abnormal 

distribution in the HD brain, with increased levels during disease development 480. 

Therefore, supporting the notions that dysregulation of connexins may play a part in HD 

neurotoxicity.  

 

It is important to note, that the co-enrichment of Ogre, Inx2 and Inx3 proteins with 

mHTTex1 aggregates observed may reflect either mHTTex1 aggregates directly associating 

with gap junction proteins at the plasma membrane (Figure 22G) or at any step during the 

synthesis, folding or transport pathway. On the one hand, previous work has established 
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HTTex1 preferentially binds curved phospholipid membranes 481, such as cell membranes 

and vesicles, via its N-terminal alpha helical domain 482. Moreover, these membrane 

interactions of HTTex1 have been shown to strongly accelerate the fibrilization of HTTex1 

proteins 481,483, thus resulting in downstream membrane disruption and cellular toxicity 
484,485. Therefore, the enrichment of proteins involved in cell adhesion and cell junction 

formation may support the notion that HTTex1 aggregates potentially propagate at cellular 

membranes. On the other hand, mHTTex1 aggregates have been shown to sequester 

endomembrane vesicles 486 and therefore might associate with gap junction proteins during 

their transport from the Golgi to the plasma membrane. Consequently, deeper analysis of 

the sub-cellular localisation of the Ogre, Inx2 and Inx3 in the presence and absence of 

mHTTex1 aggregates would be vital for bettering our understanding of the cellular 

processes most affected by mHTTex1 aggregation. Further investigations into the cell-

specific functions of these Innexin proteins in the HD fly brain are required to understand 

wider role of gap junctions my play in HD pathogenesis. 

 

Collectively, the presence of known proteins in the IP proteomics dataset serves as a robust 

validation of the MS approach used in this study, aligning with previous research. 

Additionally, this dataset also reveals that the intercellular transport Innexin proteins Ogre, 

Inx2 and Inx3 are novel mHTTex1 aggregate-associated proteins. While detailed 

investigation remains to be performed to address the molecular link between dysregulation 

of Innexin-mediated transport in HD, the findings of this project serve as an initial reference 

point for its potential role in mHTTex1 aggregate-related pathogenesis. 

 

4.4. The presence of mHTTex1-mNG/-mSc-I aggregates affects RNA processing and 
intracellular transport  

 

To complement the characterisation of the insoluble mHTTex1-mNG/-mSc-I aggregate 

associated proteins, the whole proteome of elavX;HTTex1Q52-mNG/-mSc-I fly heads was 

assessed (Figure 23). To this end, MS-based quantitative proteomics was performed on 

whole brain lysates from elavX;HTTex1Q52-mNG/-mSc-I flies and compared to that of 

elavX;HTTex1Q17-mNG/-mSc-I flies. This approach provides a broad view of the proteins 

changed in the presence of relatively low levels of mHTTex1-mNG/-mSc-I aggregates. Within 
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this proteomics dataset at total of 3590 proteins were identified, 132 of which were 

significantly changed in elavX;HTTex1Q52-mNG/-mSc-I brains when compared to those of 

elavX;HTTex1Q17-mNG/-mSc-I flies (Figure 23B), indicating a profound difference in the 

proteosome in response to a modest quantity of HTTex1 aggregates. 

 

Within the 132 significantly changed proteins, 85 were found to be decreased in the 

presence of HTTex1Q52-mNG/-mSc-I aggregates (Figure 23B). Primarily, this subset of 

decreased proteins included proteins involved in RNA splicing regulation (Figure 23D). The 

RNA binding protein Neosin (Neos) was found to be significantly lower in the presence of 

HTTex1Q52-mNG/-mSc-I aggregates. Neos is orthologous to human nuclear receptor 

coactivator 5 (NCOA5) and is speculated to be a component of the spliceosomal complex 393. 

Likewise, a significant decrease in the levels of the spliceosomal protein SMU1 was 

observed. SMU1 is a key component of the pre-catalytic spliceosome (also known as the B 

complex) where it stabilises interactions between the spliceosome domains 394,395. 

Interestingly, proteins involved in RNA splicing have been shown to significantly bind HTT1a 

RNA 487. Rescue of HD phenotypes in vivo has been achieved through overexpressing 

splicing factors sequestered on HTT1a RNA 487, validating the importance of RNA splicing in 

mediating HD pathology. Additionally, aberrant splicing is an important pathological feature 

of HD with vast dysregulation in splicing observed in HD patients 398. Dysregulation in RNA 

splicing can result in anomalous patterns of protein expression, with some proteins being 

overexpressed while others are under expressed. Such discrepancies can significantly 

influence downstream processes and may be responsible for the proteomic alterations 

observed in the proteome of HTTex1Q52-mNG/-mSc-I expressing flies.  

 

When considered with the aforementioned HTTex1Q75-mNG/-mSc-I aggregate association 

with RNA splicing proteins, this result bears profound implications for the impact of 

mHTTex1 aggregates on the broader proteome and cellular functionality. Collectively, the 

data presented suggest the presence of mHTTex1 aggregates is intricately linked to the 

global decrease in RNA splicing proteins. However, to discern whether the proteomic 

changes of these RNA processes are a direct consequence of mHTTex1 aggregates or occur 

prior to aggregate formation, potentially due to the toxic effects of HTTex1 RNA itself 488–490 

future studies must undertake time-resolved transcriptomic and proteomic investigations. 
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Such studies will be instrumental in gaining a more comprehensive understanding of how 

mHTTex1 aggregates impact RNA processes throughout the course of HD.  

 

In addition, within the 136 significantly changed proteins, 47 were found to be increased in 

abundance in the presence of HTTex1Q52-mNG/-mSc-I aggregates (Figure 23B). These 

increased proteins were found to predominantly be involved in intracellular ER-to-Golgi 

vesicle-mediated trafficking (Figure 23D). ER-to-Golgi vesicle transport is the first step in the 

secretory pathway where proteins are packaged into vesicles destined for secretion into the 

extracellular space or to the Golgi for processing before being targeted to lysosomes and 

the plasma membrane 491. Interestingly, wtHTT has been shown to be required for vesicle 

transport from the ER to the Golgi 492 . Therefore, the global increase of ER-to-Golgi vesicle 

transport proteins may have several implications for how the presence of pathogenic 

mHTTex1-mNG/-mSc-I aggregates relates to toxicity in HD.  

 

First, the increase in ER-to-Golgi vesicle transport proteins could relate to a loss of wtHTT 

function. The expression of mHTT (140Q) has been shown to result in delay of ER-to-Golgi 

vesicle transport, whereas the expression of one copy of wtHTT was sufficient to ameliorate 

this phenotype in fibroblasts which implies HTT is required for ER-to-Golgi transport 492. 

When extrapolated to in vivo neurons, the distance ER vesicles packed with cargo must 

travel to successfully be delivered to the Golgi are large. Hence, any impairment of ER-to-

Golgi vesicle trafficking would have vast ramifications for protein production and secretion 

in HD. Consequently, the increase of proteins involved in ER-to-Golgi vesicle mediated 

transport, in general, may be a compensatory response to the reduced availability of wtHTT. 

To ascertain whether this is indeed the case in HD flies, further studies should monitor the 

levels of wtHTT in the presence and absence of pathogenic mHTTex1 protein. 

 

Second, increase in ER-to-Golgi transport proteins suggests an increase in protein synthesis 

in the ER which must be trafficked to the Golgi for processing, therefore leading to a high 

functional demand. The association of HTTex1Q75-mNG/-mSc-I aggregates with key gap 

junction transport proteins, as identified in the IP proteomics dataset, implies a disruption in 

intercellular communication which may hinder the regular exchange of ions, amino acids 

and small molecules between neurons and other cells in the HD fly brain. Consequently, 
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neurons harbouring mHTTex1-mNG/-mSc-I aggregates may have to compensate for this 

diminished intercellular transport capacity through increased protein production. In turn, to 

cope with this increase in protein and to circumvent the compromised intercellular protein 

transfer, an increase in ER-to-Golgi transport proteins may be required. Furthermore, the 

concurrent reduction in proteins involved in RNA splicing suggests the neuron may be 

attempting to curtail translation, potentially as a mechanism to control overall protein 

production. In support of this theory, research has shown increased translation is a 

pathological feature of HD due to an inactivation of the translation inhibitor eIF4E binding 

protein (4E-BP) in the striatum 493. Administration of the translatory inhibitor 4EGI-1 

ameliorated motor decline in HTTex1 mice models 493. However, conflicting reports have 

also stated that mHTT expression represses protein synthesis through the stalling of 

ribosomes and reducing the expression of genes involved in ribosome biogenesis 494–496. 

Therefore, the increase in ER-to-Golgi vesicle mediated transport proteins may be a 

response to an overall increase in protein synthesis in the HD fly, however further 

investigation into if translation is increased or decreased in our model is required to 

definitively state this.  

 

Third, an increase of ER-to-Golgi vesicle mediated proteins can be an indication of cellular 

stress due to unfolded or misfolded proteins 497,498. Due to the sequestration of key 

components of the UPR by HTTex1Q75-mNG/-mSc-I aggregates, the capability of the cell to 

re-fold or degrade both misfolded and potentially also non-misfolded proteins is reduced. 

As a result, misfolded proteins can accumulate in the ER, triggering an ER stress response 

pathway 499. Additionally, overproduction of protein, such as in the overexpression system 

used in this work, can likewise instigate ER stress 499. Interestingly, HD is associated with 

increased ER stress 500–502 , although the precise impact of this stress pathway on HD 

pathology remains incompletely understood. Studies indicate that overexpression of the ER 

stress-activated protein Sigma-1 receptor (S1R) can reduce HTT inclusions 502, suggesting a 

potential role for ER stress in the aggregate-related pathology observed in HD. Therefore, an 

increase in the abundance of vesicle-associated trafficking proteins may be an attempt by 

the mHTTex1-mNG/-mSc-I expressing cells to alleviate ER stress by trafficking protein out of 

the ER. 
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Finally, the increase in ER-to-Golgi vesicle mediated transport proteins may be simply due to 

IB sequestration, increasing the local concentration of the proteins trapped within the IBs. 

In support of this hypothesis, HTTex1-containing inclusions have been found to sequester 

proteins involved in ER-to-Golgi vesicle mediated transport 278. Such studies have been 

corroborated by the well-documented sequestration of the ER, Golgi apparatus, endosomal 

membranes and endosomal vesicles by mHTT IBs 486. Moreover, our own IP proteomics 

dataset revealed an enrichment for the ER-to-Golgi transport protein Tango9 with HTTex1 

aggregates, which was also found to be enriched in the lysate proteomics dataset (Figure 

23C). Therefore, there is convincing evidence that HTTex1 aggregates sequester 

endomembrane components which may lead to an increase in abundance of ER and Golgi 

proteins.  

 

In summary, the collective evidence strongly suggests that the increase in ER-to-Golgi 

transport proteins observed in the brains of HTTex1Q75-mNG/-mSc-I and HTTex1Q52-

mNG/-mSc-I co-expressing flies represents a potential compensatory response to the 

presence of pathogenic mHTTex1-mNG/-mSc-I aggregates. If this increase in protein 

abundance indeed serves as a compensatory mechanism, the logical implication follows that 

reducing the levels of proteins involved in this response could exacerbate mHTTex1-

aggregate-mediated toxicity. The interplay between intracellular trafficking, RNA splicing, 

and ER stress introduces a multifaceted landscape that warrants deeper exploration to 

advance our understanding of HD pathology. Further studies should focus on whether the 

increase in ER-to-Golgi vesicle-mediated transport proteins is a direct result of mHTTex1 

aggregates, or a stress response to overall proteostasis disruption. To this end, 

transcriptomic studies should be conducted to investigate whether the increase in the levels 

of these transport proteins is a result of increased gene expression or a result of mHTTex1 

aggregate-mediated mechanisms.  

 

4.5. sff may be key in HTTex1- related pathology  

 

To interrogate the importance of vesicle-associated transport in HD pathology, three 

significantly increased proteins were selected from the whole brain lysate proteomics 
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dataset: Vibrator (Vib), Golgi microtubule-associated protein (GMAP) and sugar free frosting 

(sff) (Figure 23B and Figure 25A). These proteins were selected as they all have been 

documented to be involved in ER-to-Golgi vesicle-mediated transport, however through 

divergent biological mechanisms. Vib is a phosphatidylinositol transfer protein, orthologous 

to human phosphatidylinositol transfer protein beta (PITPNB), and as such is required for 

the transfer of vital polyphosphoinositides between the ER and Golgi for vesicle synthesis 
503. Whereas GMAP acts downstream of vesicle formation at the ER. Orthologous to human 

GMAP210 (also known as TRIP11) 504, GMAP belongs to the Golgin protein family which are 

tethered to the cis-Golgi membrane and capture vesicles released from the ER 505–507. While 

sff regulates downstream Golgi processing and active zone dynamics. Orthologous to the 

human serine/theonine kinase (BRSK2 or SAD-A), sff exerts dual functions both at the Golgi, 

where is has been shown to regulate N-linked glycosylation 412, and at the neuromuscular 

junction where it promotes vesicle clustering at the pre-synapse 416,508. Therefore, analysis 

of these selected proteins was performed to provide a multifaceted view of how various 

aspects of ER-to-Golgi vesicle-mediated transport may contribute to HD pathogenesis.  

 

It must be noted that proteins from the HTTex1Q52-mNG/-mSc-I aggregate-associated 

proteomics dataset were not taken forward for functional analysis in vivo. Within this 

dataset there are also interesting Golgi-related proteins such as Tango9 that would be 

fascinating to examine in the context of HD. Therefore, further work could focus on 

establishing RNAi knockdown FRET HD fly models for key aggregate-associated proteins to 

interrogate their role in HD pathogenesis. In doing so, this would deepen our understanding 

of the wider role HTTex1-mNG/-mSc-I aggregates play in HD.   

 

Interestingly, pan-neuronal RNAi knockdown of GMAP had no effect on mHTTex1-mNG/-

mSc-I fusion protein aggregation, lifespan or climbing in the FRET HD fly model (Figure 25D, 

25F, 25G and 26). This may be due to the highly complex Golgin activity at the cis-Golgi. 

Research has shown GMAP210 knockout to be highly toxic in certain cell populations such 

as kidney cells, but other cells such as lung cells are unaffected 509. Therefore, indicating that 

different cell types display varying degrees of vulnerability to GMAP knockdown. This may 

be in part due to the high degree of functional overlap between different Golgin protein 

variants. GMAP210 has been shown to share functional redundancy with GM130 another 
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important cis-Golgi Golgin 507. Additionally, loss-of-function experiments in flies have shown 

the cis-Golgins to individually be dispensable, whereas loss-of-function of multiple cis-

Golgins is detrimental to viability 415. Specifically, mutations in GMAP have been 

demonstrated to result in a compensatory cellular mechanism whereby another cis-Golgi 

Golgin (TMF) can acquire the ability to capture GMAP cargos 415. Ensuring correct cargo 

trafficking between the ER and the Golgi is particularly important in neurons, as cargos must 

traverse large distances along neuronal axons between organelles 510. Hence, this functional 

plasticity between different Golgin protein variants may be an adaptive cellular response to 

prevent any perturbations in Golgin activity, such as a GMAP knockdown, affecting vital 

endocytic function in vulnerable organs like the brain where correct ER-to-Golgi transfecting 

is required for neuronal activity and survival.  

 

By utilising RNAi to reduce the abundance of the sff protein pan-neuronally, a striking 

increase in toxicity of both pathogenically expanded and wild-type HTTex1 was observed- 

marked by a significant decrease in both lifespan and motility of HTTex1-mNG/-mSc-I sff 

flies (Figure 26). Therefore, suggesting sff-mediated vesicle transport may be a required 

neuroprotective mechanism in HD. Intriguingly, the observed reduction in lifespan and 

impaired motility was not accompanied by any discernible alteration in the number of 

mHTTex1-mNG/-mSc-I fusion protein aggregates in the brains of sff knockdown flies (Figure 

25D, 25F and 25G). Therefore, suggesting that increase of sff-related processes is necessary 

for survival and motor co-ordination when neuronal cells containing pathogenic mHTTex1 

aggregates or high levels of non-pathogenic HTTex1 protein. Thus, prompting the question: 

How does a reduction in sff levels lead to increased HTTex1-mNG/-mSc-I fusion protein 

toxicity? 

 

To answer this question, we must first establish in greater detail the role sff plays in 

neurons. The sff protein is a homologue of the SAD (Synapses of the Amphid Defective) 

kinase, called BRSK1/2 in humans 412. One of the primary functions of SAD kinases in 

neurons is the regulation of axon growth, guidance, and branching, influencing the intricate 

wiring of neural circuits during development 511. SAD kinases are required for the 

maintenance of neuronal polarity, a crucial aspect of neuronal morphology essential for 

proper function 511. Through phosphorylation of Tau, the microtubule-associated protein, 
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SAD kinases regulate microtubule dynamics during neuronal polarisation 512. Importantly, 

SAD kinases are also key in modulating synaptic activity, through regulating presynaptic 

vesicle clustering at active zones and subsequent neurotransmitter release 513,514.  

Thus, dysregulation of SAD kinase activity has been implicated in a variety of 

neurodegenerative diseases. For example, in Alzheimer’s disease (AD), Tau has been found 

to be hyperphosphorylated by several kinases including SAD kinases 515,516. Although not 

explicitly implicated in HD, the role of SAD kinases in phosphorylating microtubule-

associated proteins such as Tau may be relevant to HD. For instance, wtHTT is known to be a 

hub for linking cargo transport and motor proteins, such as Tau, to co-ordinate microtubule 

trafficking 184. Furthermore, Tau has been found in mHTT inclusions in HD patient brains 517–

519, indicating HTT and Tau may be associated in HD. Therefore, it would be interesting to 

see whether sff modulates the phosphorylation of HTT as well as of Tau, and what collective 

impact sff phosphorylation has on vesicle transport along microtubules in HD.  

 

Additionally, sff is recognised for its role in modulating Golgi vesicle interactions, 

subsequently influencing N-linked glycan expression in neurons 412. N-linked glycans are 

complex sugar structures post-translationally attached to asparagine (N) resides in proteins. 

N-linked glycosylation starts in the ER for protein folding regulation before advancing to the 

cis-Golgi. In specific Golgi compartments, enzymes further modify the glycoprotein, with 

glycan types determined by the spatial organisation of the ER and Golgi. Although the role 

of sff remains to be fully established, previous studies have hypothesised sff modulates the 

compartmentalisation of glycan processing within the Golgi  412 . Mutations in sff have been 

shown to diminish its activity, resulting in alterations of the N-glycan profile in D. 

melanogaster and subsequent motility impairments 412. Interestingly, sff is hypothesised to 

affect N-linked glycosylation by phosphorylating key proteins involved in vesicle interactions 

with Golgi stack-specific tethering factors, such as Golgins 412. Consequently, reduced sff 

activity may lead to aberrant trafficking, resulting in the delivery of ER cargo to altered Golgi 

compartments, causing significant changes in N-linked glycans on glycoproteins.  

 

The correct N-linked glycosylation is vital for correct protein folding, function, and 

localisation 520–522. As such, alterations in N-linked glycosylation have been linked to several 

neurodegenerative diseases 523–525. For example, increases in specific N-glycan structures 
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have been identified in the cerebrospinal fluid and serum of Alzheimer’s disease patients526. 

Additionally altered N-linked glycosylation has been implicated in Parkinson’s disease 527,528 

and multiple sclerosis 529. In the context of HD, N-linked glycosylation has not been 

extensively studied, however increases in N-glycans have been noted in the brain tissue of 

HD transgenic mice and HD cell models 530,531. Importantly, monitoring of glycan levels has 

emerged as a promising biomarker for tracking the progression of multiple 

neurodegenerative diseases 532. 

 

While the toxicity of sff knockdown in HTTex1-mNG/-mSc-I co-expressing flies is tantalising, 

extrapolation of these results should be done with caution. Firstly, the GAL4 elav-driven 

HTTex1-mNG/-mSc-I fusion protein co-expression can be seen as an overexpression system 

due to the use of the exogenous UAS promoter. Hence, any alteration in Golgi processing 

through sff knockdown may disrupt the ability of the cell to cope with large amounts of 

misfolded and potentially non-misfolded protein. Therefore, the effects of sff knockdown 

may not be mHTTex1-mNG/-mSc-I specific but rather the result of protein overexpression. 

To definitively conclude the true role of sff in HD, the effect of sff knockdown in flies 

expressing non-huntingtin proteins must be assessed. Furthermore, due to the dual role of 

sff at both the Golgi and the pre-synapse, it is tricky to assess whether dysfunction of the 

processes at the Golgi or at the synapse are responsible for the observed increase in 

neurotoxicity observed in the HD flies. The Golgi apparatus and pre-synapse are inextricably 

linked, with the Golgi forming the vesicles which are sent to the active zone for transmission 

across the synapse 533–535. Therefore, it is hard to analyse with the data presented here 

whether alterations at the Golgi or pre-synapse are behind to the enhanced toxicity of 

HTTex1-mNG/-mSc-I fusion proteins. Investigations into the pre-synapse structure and 

function in the FRET HD fly model are necessary to gain the full picture of sff’s role in HD. 

 

Ultimately, it is intriguing to speculate that the global increase of sff in HD is a response to 

increased ER stress resulting from aggregate-mediated sequestration of the proteostasis 

machinery. The increase of sff protein levels potentially augments N-glycosylation. Any 

reduction in sff levels may compromise the cell's ability to ensure correct N-linked 

glycosylation, with profound implications for protein localisation, functionality, and folding. 

Thus, causing toxicity even in the presence of non-pathogenically expanded HTTex1. Further 
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in-depth research is required to identify sff's substrates and determine their significance in 

regulating Golgi dynamics and N-linked glycosylation. Additionally, it would be interesting to 

dissect whether the NMJ-related function of Sff contributes to HD, through characterisation 

of NMJ structure and function in our in vivo FRET HD fly model. Still, future work focused on 

understanding the role of glycosylation in HD, through the application of glycomics 

techniques 536,537, may provide promising data to aid biomarker development and treatment 

strategies. 
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5. Conclusion and Outlook 

 

In closing, this project has contributed valuable insights into the mechanisms underlying 

mHTTex1 aggregate-related toxicity in HD. The work detailed herein has established a novel 

D. melanogaster HD model which enables the use of FRET techniques to track the effects of 

mHTTex1 aggregation in vivo. This model offers a promising platform for future research, 

particularly in the realms of single-cell proteomics, transcriptomics, and advanced electron 

microscopy (EM) approaches, capitalising on FRET as a marker of mHTTex1 aggregation. 

Moreover, combination of this innovative HD model with proteomics analysis has provided 

detailed insight into how insoluble mHTTex1 aggregates relate to global protein changes 

observed in HD. Functional in vivo validation of novel protein hits established the global 

increase of sff protein levels as potentially neuroprotective in the context of both 

pathogenic and non-pathogenic HTTex1 expression. The project outlined within this work 

serves as an initial point of reference for the role of sff and the wider implication of ER-to-

Golgi vesicle-mediated transport in HD.  

 

While considerable progress has been achieved in HD research over the centuries, 

understanding the depths of its pathology remain an ongoing endeavour. This sentiment is 

eloquently captured by George Huntington: “And here we must leave the interesting subject 

of the pathology of this disease, and trust that the science, which has accomplished such 

wonders, through the never-tiring devotion of its votaries, may yet “overturn and overturn, 

and overturn it,” until it is laid open to the light of day.” 28.  
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6. Materials 

 

6.1. Chemicals and consumables  

 

0.05% trypsin EDTA Gibco 

0.5, 1.5, 2 , 5 ml tubes  Eppindorf 

15, 50 ml tubes BD Falcon 

20mm x 20mm coverslips Epredia 

384 well black/clear plates Falcon 

3M plate film  QIAGEN 

4-12% bis Tris gels  Novex by Life Sciences 

5ml polystyrene round bottom tubes with cell 

strainer cap 

Falcon 

99 well PCR plate (without skirt) Sarstedt 

Amphicillin Biomol 

Amytracker 480 Ebba Biotech 

Applied Biosystems™ MicroAmp™ Optical 384-

Well Reaction Plate 

Thermo Fisher Scientific 

Bacto-Peptone Roth 

Bacto-yeast Roth 

Beer yeast Gewürzmühle Brecht  

Bovine serum albumin (BSA) Roth 

Calcium chloride (CaCl3) Roth 

Cell culture plates 6 well, 24 well Sarstedt 

Chloroacetaminde (CAA) Sigma 

cOmplete™ protease inhibitor cocktail, EDTA free Roche 

Coomassie brillian blue G-250  Serva 

Corn flour Mühle Schlingermann 

CoverGrip™ sealant  Biotium 

DAKO fluorescence mounting media  Dako 

Deoxyribonucleotides (dNTPs) Thermo Scientific 
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DEPC-treated water Ambion 

Dimethylsulfoxide Roth 

Dithiothreitol (DTT) Sigma 

DMEM 4.5g/L Glucose  Gibco 

DMEM 4.5g/L Glucose phenol-free Gibco 

DNA gel loading dye (6X) In house AG Wanker stock  

Dualfilter T.I.P.S Eppindorf 

Dulbecco's Phosphate-Buffered Saline (DPBS)  Gibco 

Dynabeads™ Protein G for Immunoprecipitation Invitrogen by Thermo Fisher Scientific 

ep T.I.P.S Eppindorf 

Ethanol (pure 100%) Roth 

Ethidium bromide (10mg/ml) Sigma-Aldrich 

Ethylenediaminetetra acetic acid (EDTA) Merk 

Fetal bovine serum (FBS) Life technologies 

Fly vials 26 and 49 mm diameter  K-TK 

Forceps Carl Roth GmbH 

Glycerol Honeywell 

Glycogen, RNA grade Thermo Fisher Scientific 

HEPES Sigma 

Hoechst 33342 (Trihydrochloride) Invitrogen 

Isoproanol Roth 

Kanamycin Sigma 

LE agarose Biozym 

Lipofectamine 2000 Life technologies 

Magnesium chloride (MgCl) Roth 

Malzin Ulmer Spatz 

Membrane filter 0.2 µm  Whatman® Cytiva 

Mesh plano 200 Plano 

Methanol  Sigma 

Methyl 4-hydroxybenzonate (Nipagin) AppliChem 

Microplate 384 well clear Greiner bio one 
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Microscopy slides Thermo Scientific 

Mifepristone (RU486) Sigma 

Nonidet (NP40) Roche 

Normal goat serum (NGS) Jackson ImmunoResearch 

NuPAGE LDS sample buffer (4X) Novex by Life Sciences 

NuPAGE MES SDS running buffer (20X) Invitrogen 

NuPAGE MES SDS tranfer buffer (20X) Novex by Life Sciences 

Opti-MEM (1X) + Glutamax™  Gibco 

p-t-Octylphenyl-polyoxethylen (Triton X-100) Sigma-Aldrich 

Paraformaldehyde (PFA) (16%) Sigma-Aldrich 

PBS In house AG Wanker stock  

Penicillin/Streptomycin (Pen/Strep) Life Technologies 

Pierce Protease and Phosphatase Inhibitor Mini 

Tablets 

Thermo Scientific 

pluriStrainer® 10 µm pluriSelect 

Polyethylenimine (PEI)  Polysciences 

Ponceau-S solution  Sigma-Aldrich 

Precellys CK14 tubes  Bertin Technologies 

Propionic acid Roth 

RNase-free water QIAGEN 

Serological pipettes (2, 5, 10, 25ml)  Greiner bio one 

Skimmed milk powder Sigma-Aldrich 

Sodium chloride (NaCl) Roth 

Soy flour Bauck GmbH 

Staining block, clear glass with cavity Fisher Scientific 

Sucrose  Janssen Pharmaceuticals 

Sugar syrup  Grafschafter Krautfabrick 

T75 flasks Sarstedt 

Transfer membrane Amersham™ Protran® 0.45 

µm  

Amersham Cytiva 

Triethylammonium bicarbonate (TEAB) 1M Thermo Scientific 
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TRIS Base (hydroxymethylaminomethane) Merk 

TWEEN 20 Sigma-Aldrich 

VECTASHIELD® Antifade Mounting Media Vector Laboratories 

Whatman® gel blot paper GE healthcare lifesciences  

  

 

Any chemical not included in this list which were required for the preparation of buffers 

were purchased from Roth.  

 

6.2. Enzymes, proteins, and markers 

 

Benzonase Nuclease  Merck Millipore 

Collagenase I Invitrogen 

Dispase  Sigma- Aldrich 

Gateway BP clonase Enzyme Mix  Thermo Scientific 

Gateway LR Clonase Enzyme Mix  Thermo Scientific 

GeneRuler 1kb DNA Ladder Life Technologies 

Gibson Assembly Mix New England Biolabs 

PWO SuperYield DNA Polymerase Roche 

Restriction Enzymes  New England Biolabs 

SeeBlue™ Plus2 Pre-stained Protein Standard Invitrogen 
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6.3 Kits 

 

BCA Protein Assay Reagents  Pierce 

Dneasy® Blood and Tissue Kit QIAGEN 

High-Capacity cDNA Reverse Transcription Kit  

Thermo Fisher 

Scientific  

InviSorb® Fragment CleanUp INVITEK 

NucleoBond Xtra Midi EF, Midi Kit  Machery-Nagel 

NuPAGE Novex® Bis-Tris gel system Invitrogen 

PWO polymerase kit  Sigma Aldrich 

QIAprep Spin Miniprep Kit QIAGEN 

RNeasy® Mini Kit  QIAGEN 

SYBR Green PCR Master Mix  

Applied Biosystems by 

Thermo Fisher 

Scientific  

WesternBright Quantum Chemiluminescent HRP substrate  Biozym 

 

6.4. Buffers 

 

Blocking buffer  3% Skimmed milk powder in PBS-T 

Brain lysis buffer (BLB)  10mM Tris-HCL pH 7.4, 0.8M NaCl, 

1mM EDTA, 10% Sucrose, 1x 

cOmplete™ Protease Inhibitor 

Cocktail tablet 
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Cell lysis buffer 50mM HEPES pH 7.4, 150mM 

NaCl, 1.5mM MgCl2, 0.1% NP-40, 

1mM EDTA, 1x cOmplete™ 

Protease Inhibitor Cocktail tablet, 

2units/ml benzonase  

Coomassie staining solution  30% Ethanol, 10% Acetic acid, 

0.05% Coomassie brilliant blue G-

250  

DNA gel loading dye (6X) 25mg Bromophenol blue, 25mg 

Xylencyanol FF, 15mg Ficoll 400, 

30ml 99% Glycerin, Bidest added 

to make total volume 100ml 

HL3 (1L) 4.09g NaCl, 0.37 KCl, 4.07g MgCl2, 

0.84g NaHCO3, 1.19g HEPES, 1.89g 

Trehalose, 39.36g Sucrose pH 7.2 

LB- (Luria Bertani) agar 1% Bacto Peptone, 0.5% yeast-

extract, 1% NaCl, 2% Agar, 

Antibiotic 

LB- (Luria Bertani) medium 1% Bacto Peptone, 0.5% yeast-

extract, 1% NaCl, Antibiotic 

Lysis buffer (for whole brain lysate MS) 1xPBS, 10% SDS, 1x Sample buffer 

and 1 Pierce Protease and 

Phosphatase Inhibitor Mini Tablet 

Minimal BLB  Tris-HCl pH 7.4 (4°C) 10 nM 

PBS (10X) 1.37 mM NaCl, 27 mM KCl, 100 

mM Na2HPO4, 17.6 mM KH2PO4, 

pH 7.4 

PBS-T 1x PBS, 0.05 % Tween-20  

Sample buffer (5X) (for whole brain lysate MS 

studies)  

15ml 2M Tris/HCL pH 6.8, 10g SDS, 

50g Glycerin, 25ml β-

Mercaptoethanol, 5ml BFB 
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SOC medium  2 % Tryptone, 0.5 % yeast-extract, 

10 mM NaCl, 2.5 mM KCl, 10 mM 

MgCl2, 10 mM MgSO4, 20 mM 

Glucose 

Special fly medium (6L) 48 g Agar, 480 g beer yeast, 120 g 

Bacto-peptone, 120 g Bacto-yeast, 

420 ml Sugar syrup, 3 g MgSO4, 3 g 

CaCl3, 6 g Nipagin, 60 ml EtOH, 36 

ml Propionic acid  

Standard fly medium (6L)  25 g Agar, 45 g beer yeast, 50 g soy 

flour, 400 g corn flour, 75 ml Sugar 

syrup, 300 ml Malzin, 8 g Nipagin, 

25 ml EtOH, 32 ml Propionic acid  

TAE (20X) (1L) Tris/base 242g, acetic acid 57.1ml, 

100ml EDTA (0.5M pH 8) 

TE buffer 1 mM EDTA, 10 mM Tris, pH 8.0  

Wash buffer (for EM studies) 1ml glycine, 1ml 1xPBS, 1ml 10% 

BSA, 7ml Bidest 
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6.5. Oligonucleotides 

 

Table 1: Oligonucleotides 

 

Primer Name Sequence (5’-3’) Notes 

446. mScarlet-I attb fw GGGGACAAGTTTGTACAAAAAAGCAGGCTTGatggtgagcaagggcgag 
 

447. mScarlet-I attb 

rev 

AGACCACTTTGTACAAGAAAGCTGGGTTTAGCCCGTAGAATCGAGACC 
 

448. mNeongreen attb 

fw 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTGATGGTGTCCAAGGGCG

AAG 

 

449. mNeongreen attb 

rev 

AGACCACTTTGTACAAGAAAGCTGGGTTTAGCCCAGGTCTTCTTCAGA

G 

 

Act42A (FBgn0000043) 

qPCR fw 

CTTTAGTGGTCGACAACGGATCCG 
 

Act42A (FBgn0000043) 

qPCR rev 

CCTTTTGTCCCATTCCTACCATTACGCC 
 

aTub84B 

(FBgn0003884) qPCR 

fw 

TATCCATGTTGGTCAGGCTGGTGTCC 
 

aTub84B 

(FBgn0003884) qPCR 

rev 

CGTGCTTGCCAGCTCCAGTCTC    
 

Genotyping mNG fw AACCAAGTAAATCAACTGC- 
 

Genotyping mNG rev ATCTCTGTAGGTAGTTTGTC 
 

Genotyping mSc-I 

fw     

AGGAGTGTCAAACCGCTTAg 
 

Genotyping mSc-I 

rev    

TAGAATCGAGACCGAGGAGAG 
 

Genotyping pUAST - 

fw 

AACCAAGTAAATCAACTGC- 
 

Genotyping pUAST - 

rev 

ATCTCTGTAGGTAGTTTGTC 
 

GMAP qPCR fw GCGTACACATCGGCCAGCATTC 
 

GMAP qPCR rev ACTGCTCCAGGGCACACTGC 
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MDM1_mNeonGreen

CO_fw 

AGAACTGAACTTCAAAGAGTG Provided by 

Marta 

Domínguez 

MDM2_mNeonGreen

CO_rev 

GTAGCCGTCGTTGGGATT Provided by 

Marta 

Domínguez 

mNG qPCR rev CGGGGCCATCAGCAGGGAAG 
 

mNG qPCR fw AGGTGCACCGGACCATGCAG 
 

mSc-I qPCR rev CGCCGTCCTCGGGGTACAAC 
 

mSc-I qPCR fw AGCTCCGCGGCACCAACTTC 
 

mScarlet_seq1 GCAGTGATCAAGGAGTTCAT Provided by 

Philipp 

Trepte. 

mScarlet_seq2 TTGGTCACCTTCAGCTTGG Provided by 

Philipp 

Trepte. 

mScarlet_seq3 CCCCGTAATGCAGAAGAAGA Provided by 

Philipp 

Trepte. 

pUAST - fw AACCAAGTAAATCAACTGC Provided by 

Anne Ast 

pUAST - rev ATCTCTGTAGGTAGTTTGTC Provided by 

Anne Ast 

Q17 Pmel fw caagtttGTACAAAAAAGCAGGCGTTTCCATGGCGACCCTGGAAAAGCT

GATGAAGGCC 

 

Q17 Pmel rev GGACACCATACCAGAACCAGAACCGTTTGGTGGTCGGTGCAGCGGCT

CCTCagc 

 

Q17 ZraI fw AAGAAGAGAACTCTGAATAGGGAATTGGACATGGCGACCCTGGAAAA

GCTGATGAAGGCC 

 

Q17 ZraI rev caccatACTTCCACTTCCACTGACTGGTCGGTGCAGCGGCTCCTC 
 

Q55 Pmel fw caagtttGTACAAAAAAGCAGGCGTTTCCATGGCGACCctggaaaagctgatg

aaggcc 

 

Q55 Pmel rev GGACACCATACCAGAACCAGAACCGTTTGGTCTTGGTCGGTGCAGCGG

CTCCTC 

 

Q55 ZraI fw AAGAAGAGAACTCTGAATAGGGAATTGGACATGGCGACCctggaaaagc

tgatgaaggcc 
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Q55 ZraI rev cttgctcaccatACTTCCACTTCCACTGACTCTTGGTCGGTGCAGCGGCTCC

TC 

 

Q75 Pmel fw acaagtttGTACAAAAAAGCAGGCGTTTCCATGGCGACCCTGGAAAAGCT

GATGAAGGCC 

 

Q75 Pmel rev GGACACCATACCAGAACCAGAACCGTTTGGTGGTCGGTGCAGCGGCT

CCTC 

 

Q75 ZraI fw AAGAAGAGAACTCTGAATAGGGAATTGGACATGGCGACCCTGGAAAA

GCTGATGAAGGCC 

 

Q75 ZraI rev cttgctcaccatACTTCCACTTCCACTGACTGGTCGGTGCAGCGGCTCCT 
 

sff qPCR fw      GTGCGTTGCCCTTCGACGAC - 
 

sff qPCR rev CCGGTTGATTTCAGCCAGCGTG 
 

vib qPCR fw     AGATTTTCCCCTGCTGGGTGGC 
 

vib qPCR rev   ATGAGCCCTTGGGTGCCAATAGTC 
 

 

Table 1: Oligonucleotides. 

Abbreviations:  fw= forward primer, rev= reverse primer. All oligonucleotides with HPLC purification grade and 

were synthesised by BioTeZ Berlin-Buch GmbH (10 nM). Oligonucleotides were dissolved in TE-Buffer or ultra-

pure water.  

 

6.6. Expression vectors  

 

pDONR221  A Gateway® vector containing attP sites. Used for cloning attB 

flanked PCR products to generate entry clones. Contains the ccdB 

gene for negative selection and the kanamycin resistance gene for 

selection in E.coli (Invitrogen).  

pMK-RQ The vector used by GeneArt (Thermo Fischer Scientific) where the 

designed sequence is inserted between Sfil restriction enzyme 

sites. The vector contains kanamycin for selection in E.coli 

pUAST-attB-rfA Expression vector for expression in transgenic flies under the GAL4 

inducible UAS promoter. Contains attB site for site- specific 

integration in the fly genome by _C31 integrase (provided by Prof. 

Sigrist, FU Berlin).  Contains an ampicillin resistance gene for 

selection in E.coli 
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All final destination fly vectors created in this project are listed in Supplementary Table 1.  

 

6.7. Antibodies 

 

Table 2: Antibodies 

 

Name Species Provider Working dilution 

MAB5492 Mouse Sigma-Aldrich 1 to 1000 

PHP2 Mouse Merk 1 to 1000 (for WB), 1:25 

for EM) 

mCherry Rabbit Abcam 1 to 1000 

c-Myc Mouse Sigma-Aldrich 1 to 2500 

a-tubulin Rabbit Sigma-Aldrich 1 to 2000 

cyclophillin B Rabbit Abcam 1 to 1000 

Anti-Mouse IgG-HRP  Goat Sigma-Aldrich 1 to 2000 

Anti-Rabbit IgG-HRP Goat Sigma-Aldrich 1 to 2000 

18 nm Colloidal Gold AffiniPure™ 

Goat Anti-Mouse IgG (H+L)  

Goat Jackson 

ImmunoResearch 

1 to 20  

 

Table 2: Antibodies. 

All antibody dilutions were optimised for detection of proteins from fly head lysates. 

 

6.8. Experimental models 

 

Table 3: Experimental models 

 

Species Name Source 

Fly elavX-GAL4 AG Wanker fly stocks 

Fly  GSelav-GAL4 AG Wanker fly stocks 

Fly W1118 AG Wanker fly stocks 

Fly Balancer (CyO/Sp;MKRS,Sb/TM6,Tb) Generated by F. Schindler (Max Delbrueck 

Center for Molecular Medicine, Berlin, 

Germany) 

Fly HTTex1Q17-mNG/-mSc-I Own production 
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Fly HTTex1Q52-mNG/-mSc-I Own production 

Fly HTTex1Q75-mNG/-mSc-I Own production 

Fly mNG Own production 

Fly mSc-I Own production 

Fly mNG/-mSc-I Own production 

Fly  mNG-mSc-I Own production 

Fly HTTex1Q17-mNG/-mSc-I vib Own production 

Fly HTTex1Q52-mNG/-mSc-I vib Own production 

Fly HTTex1Q75-mNG/-mSc-I vib Own production 

Fly Vib Own production 

Fly HTTex1Q17-mNG/-mSc-I GMAP Own production 

Fly HTTex1Q52-mNG/-mSc-I GMAP Own production 

Fly HTTex1Q75-mNG/-mSc-I GMAP Own production 

Fly GMAP Own production 

Fly  HTTex1Q17-mNG/-mSc-I sff Own production 

Fly HTTex1Q52-mNG/-mSc-I sff Own production 

Fly HTTex1Q75-mNG/-mSc-I sff Own production 

Fly sff  Own production 

Fly Vib (SHRNA-330680) Vienna Drosophila Resource Center (VDRC)  

Fly GMAP (KK-108063) Vienna Drosophila Resource Center (VDRC)  

Fly sff (KK-100717) Vienna Drosophila Resource Center (VDRC)  

Cell line HEK293T cells DSMZ 

E.coli Mach1 T1 Invitrogen 

 

Table 2: Experimental models. 

All strains are stored in the AG Wanker live fly stock. 

 

6.9. Laboratory equipment 

 

16M Ceta CMOS camera Ceta 

BD FACSAria™ III Sorter BD Biosciences 

CO₂ incubators  Binder 
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EASY-nLC™ 1200  Thermo Fisher Scientific 

Electrophoresis power supply Aversham Biosciences 

EMSIS 11M Morada CCD camera  EMSIS 

EMSIS 11M Quemesa CCD camera EMSIS 

Eppendorf 5427R Centrifuge Eppendorf  

FEI Morgagni 80 kV TEM FEI 

GloQube Plus Glow discharge system Quorum Technologies 

Heidolph DUOMAX 1030 Rocker Heidolph 

Horizontal gel electrophoresis system Whatman 

iBright CL 1500 Invitrogen 

Incubators Binder 

Innova44 incubator shaker New Brunswick Scientific 

Leica MZ6 Stereo Microscope Leica Microsystems 

Leica SP8 Confocal Microscope Leica Microsystems 

Nanodrop 8000 Thermo Fisher Scientific 

Orbitrap Exploris™ 480 MS Thermo Fisher Scientific 

Orbitrap Fusion Lumos Tribrid MS Thermo Fisher Scientific 

Orbitrap Fusion MS Thermo Fisher Scientific 

Pipettes (p2, p10, p20, p100, p200, p1000) Gilson 

Power Blotter Station  Invitrogen 

PowerEase® 300W Life technologies 

Precellys Evolution Touch Homogenizer Bertin Instruments 

Reichert Ultracut S ultramicrotome  Diatome 

SevenEasy™ pH meter Mettler Toledo 

Tecan Infinite® M1000 Plate Reader Tecan 

Thermo Fischer Talos L120C 120 kV 

Transmission Electron Microscope  

Thermo Fisher Scientific 
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Thermomixer comfort  Eppendorf  

UltiMate™ 3000 RSLCnano System Thermo Fisher Scientific 

Ultra 45° diamond knife Diatome 

Vaccum pump  VWR 

ViiA7 Real-time PCR system Thermo Fisher Scientific 

Vortex-Genie® 2 Scientific Industries 

Water bath  Julabo 

XCell SureLock™ Mini-Cell Invitrogen 

Zeiss Axioplan2 light microscope Zeiss 

Zeiss EM910 80 kV Transmission Electron 

Microscope  

Zeiss 

 

7. Software 

 

Affinity Designer Affinity 

Biorender Scientific Image and Illustration Software Biorender 

Cytoscape 3.9.1 Cytoscape 

Fiji ImageJ 

FloJo v10.8.1 BD Biosciences 

GraphPad Prism 7 GraphPad 

MaxQuant version 1.6.2.6 MaxQuant 

MaxQuant version 2.0.3.0  MaxQuant 

Perseus MaxQuant 

QuantStudio™ Real-time PCR Software  Thermo Fisher Scientific 

Serial Cloner 2.5 Serial  
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8. Methods 

 

8.1. Molecular biology 

 

8.1.1. Cloning of HTTex1-mNG/-mSc-I vectors 

 

To generate plasmids encoding mNG and mSc-I tagged HTTex1Q17, HTTex1Q52 or 

HTTex1Q75, a backbone coding sequence was produced by gene synthesis using Thermo 

Fisher GeneArt. The coding sequence contained a UAS sequence followed by a Pmel 

restriction digest site, the mNG coding sequence and a stop codon. This was followed by a 

second UAS sequence, a ZraI restriction digest site, the mSc-I coding sequence and a stop 

codon (see Supplementary Figure 1A). The coding sequence was flanked by attL sites and 

was provided as integrated into pMK-RQ entry vector (Thermo Fisher GeneArt). L/R 

recombination was performed to shuttle the mNG/mSc-I coding sequence into the 

destination vector pUAST-attB-rfA plasmid (provided by Prof. S. Sigrist, Freie University, 

Berlin). The correct identity of the resulting pUAST-mNG/-mSc-I plasmid was confirmed 

using Sanger sequencing with the following primers:  

 

mScarlet_seq1 5'-GCAGTGATCAAGGAGTTCAT-3' 

mScarlet_seq2 5'-TTGGTCACCTTCAGCTTGG-3' 

mScarlet_seq3 5'-CCCCGTAATGCAGAAGAAGA-3' 

MDM1_mNeonGreenCO_FW 5'-AGAACTGAACTTCAAAGAGTG-3' 

MDM2_mNeonGreenCO_RV 5'-GTAGCCGTCGTTGGGATT-3' 

 

To insert the HTTex1 coding sequences into the pUAST-mNG/-mSc-I plasmid, cDNAs were 

PCR amplified from pDONR221 HTTex1Q75-V5 (provided by Anne Ast), pDONR221 

HTTex1Q17-V5 (provided by Anne Ast) and pDONR221 HTTex1Q55 (created using Thermo 

Fisher GeneArt) plasmids. One HTTTex1 cDNA sequence was PCR amplified from the 

corresponding plasmids using the respective primer pairs: 
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Q17 Pmel fw 5'-caagtttGTACAAAAAAGCAGGCGTTTCCATGGCGACCCTGGAAAAGCTGATGAA 

GGCC-3' 

Q17 Pmel 

rev 

5'-GGACACCATACCAGAACCAGAACCGTTTGGTGGTCGGTGCAGCGGCTCCTCagc-3' 

Q55 Pmel fw 5'-caagtttGTACAAAAAAGCAGGCGTTTCCATGGCGACCctggaaaagctgatgaaggcc-3' 

Q55 Pmel 

rev 

5'-GGACACCATACCAGAACCAGAACCGTTTGGTCTTGGTCGGTGCAGCGGCTCCTC-3' 

Q75 Pmel fw 5'-acaagtttGTACAAAAAAGCAGGCGTTTCCATGGCGACCCTGGAAAAGCTGATGAA 

GGCC-3' 

Q75 Pmel 

rev 

5'-GGACACCATACCAGAACCAGAACCGTTTGGTGGTCGGTGCAGCGGCTCCTC-3' 

 

These primer pairs were designed to introduce flanking homology arms upstream and 

downstream of the HTTex1 coding sequence, which were complementary to the ends of the 

pUAST-mNG/-mSc-I vector when linearised with the Pmel restriction enzyme. The HTTex1 

PCR fragments were then inserted into the Pmel digested pUAST-mNG/-mSc-I plasmid using 

Gibson assembly. The resulting pUAST-HTTex1-mNG plasmids contained HTTex1Q17, 

HTTex1Q52 and HTTex1Q75 coding sequences upstream of the mNG coding sequence. The 

correct identity of the pUAST-HTTex1-mNG plasmids was confirmed using Sanger 

sequencing using the primers used for PCR amplification.  

 

To insert a second HTTex1 coding sequence into the pUAST-HTTex1-mNG plasmids, cDNAs 

were subsequently PCR amplified from pDONR221 HTTex1Q75-V5 (provided by Anne Ast), 

pDONR221 HTTex1Q17-V5 (provided by Anne Ast) and pDONR221 HTTex1Q55 (created 

using Thermo Fisher GeneArt) plasmids using the respective primer pairs: 

 

Q17 ZraI fw 5'-AAGAAGAGAACTCTGAATAGGGAATTGGACATGGCGACCCTGGAA 

AAGCTGATGAAGGCC-3' 

Q17 ZraI rev 5'-caccatACTTCCACTTCCACTGACTGGTCGGTGCAGCGGCTCCTC-3' 

Q55 ZraI fw 5'AAGAAGAGAACTCTGAATAGGGAATTGGACATGGCGACCctggaaaagctgatgaaggcc-3' 

Q55 ZraI rev 5'-cttgctcaccatACTTCCACTTCCACTGACTCTTGGTCGGTGCAGCGGCTCCTC-3' 

Q75 ZraI fw 5'-AAGAAGAGAACTCTGAATAGGGAATTGGACATGGCGACCCTGGAAAA 

GCTGATGAAGGCC-3' 

Q75 ZraI rev 5'-cttgctcaccatACTTCCACTTCCACTGACTGGTCGGTGCAGCGGCTCCT-3' 
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 These primer pairs were designed to introduce flanking homology arms upstream and 

downstream of the HTTex1 coding sequence, which were complementary to the ends of the 

pUAST-HTTex1-mNG vectors when linearised with the ZraI restriction enzyme. The HTTex1 

PCR fragments were then inserted into the ZraI digested pUAST-HTTex1-mNG plasmid using 

Gibson assembly. The resulting pUAST-HTTex1-mNG/-mSc-I plasmids contained one copy of 

the HTTex1Q17, HTTex1Q52 and HTTex1Q75 coding sequences upstream of the mNG 

coding sequence followed by a second copy upstream of the mSc-I coding sequence. The 

correct identity of the pUAST-HTTex1-mNG/-mSc-I plasmids was confirmed using Sanger 

sequencing using the same primers used for PCR amplification.  

 

8.1.2. Cloning of  mNG/-mSc-I, mNG-mSc-I, mNG and mSc-I control vectors 

 

The pUAST-mNG/-mSc-I plasmid generated as stated above, was used as a FRET negative 

control plasmid. To generate a FRET positive control plasmid, a coding sequence was 

designed which contained a UAS sequence followed by the mNG coding sequence, the mSc-I 

coding sequence and a stop codon. The coding sequence was flanked by attL sites. and was 

provided as integrated into the pMK-RQ entry vector (Thermo Fisher GeneArt). L/R 

recombination was performed to shuttle the mNG-mSc-I coding sequence into the 

destination vector pUAST-attB-rfA plasmid (provided by Prof. S. Sigrist, Freie University, 

Berlin). The correct identity of the resulting pUAST-mNG-mSc-I plasmid was confirmed using 

Sanger sequencing with the following primers:  

 

pUAST - fw 5'-AACCAAGTAAATCAACTGC-3' 

pUAST - rev 5'-ATCTCTGTAGGTAGTTTGTC-3' 

 

To generate single fluorophore control plasmids mNG and mSc-I cDNA sequences were PCR 

amplified from the pUAST-mNG/-mSc-I plasmid using the following primers:  
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446. mScarlet-I attb fw 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTGatggtgagcaagggcgag-3' 

447. mScarlet-I attb rev 5'-AGACCACTTTGTACAAGAAAGCTGGGTTTAGCCCGTAGAATCGAGACC-3' 

448. mNeongreen attb 

fw 

5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTGATGGTGTCCAAGGGCGAAG-3' 

449. mNeongreen attb 

rev 

5'-AGACCACTTTGTACAAGAAAGCTGGGTTTAGCCCAGGTCTTCTTCAGAG-3' 

 

These primer pairs were designed to introduce attB recombination sites flanking the mNG 

and mSc-I coding sequence. To create an entry clone, the PCR fragments were integrated 

into the pDONR221 plasmid through B/P recombination. The mNG and mSc-I coding 

sequences were then shuttled to the pUAST-attB-rfA plasmid via L/R recombination to 

generate the pUAST-mNG and pUAST-mSc-I destination vectors. The correct identity of the 

plasmids was verified by Sanger sequencing using the following primers:  

 

pUAST - fw 5'-AACCAAGTAAATCAACTGC-3' 

pUAST - rev 5'-ATCTCTGTAGGTAGTTTGTC-3' 

 

8.2. Protein Biochemistry 

 

8.2.1. SDS PAGE and western blotting (WB) 

 

Lysates were mixed with 1x LDS sample buffer (Novex by Life Sciences) and 50mM DTT and 

boiled at 95°C for 5 min. Samples were loaded onto Novex NuPAGE 4-12% Bis-Tris gradient 

gels (Novex by Life Sciences). 30 µg of cell lysate and 20 µg of fly head lysate was loaded per 

well.  

 

Gels were exposed to 200 V 0.37 A for 35 min using 1X NuPAGE running buffer (Novex by 

Life Sciences). Gels were blotted onto nitrocellulose membranes (Amersham™) with 1x 

NuPAGE transfer buffer (Novex by Life Sciences) using the semi-dry powerblotter 

(Invitrogen) at 20 V 1 A for 1 h. Membranes were blocked with 3% milk for 1 h followed by 

primary antibody incubation with the respective antibodies indicated for the experiment. 
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Corresponding peroxidase conjugated secondary antibodies (Sigma-Aldrich) were used in 

conjunction with WesternBright Chemiluminescence Substrate (Biozym) to enable 

immunodetection. The working dilution of all antibodies used can be found in Table 2. 

Membranes were imaged using the iBright CL 1500 (Invitrogen). 

 

8.2.2. Filter retardation analysis (FRA) 

 

Lysates were analysed by FRA according to the previously published protocol 344. For FRA 

analysis of cell lysates, 80 µg of protein was loaded per well. For FRA analysis of fly head 

lysates, 70 µg of protein was loaded per well. Blots were quantified by calculating the 

intensity of the dots using the gel analyser tool in Fiji. Relative intensity was then calculated 

by normalising to HTTex1Q17-mNG/-mSc-I sample intensity. Plots were created using 

GraphPad Prism 7.  

 

8.2.3. Immunoprecipitation (IP) of HTTex1 aggregates from fly head lysates 

 

Dynabeads™ protein G for immunoprecipitation (Invitrogen by Thermo Fisher Scientific) 

were washed twice with PBS and incubated with 12 µl PHP2 antibody (Merk) for 30 min 

rotating at room temperature. Beads were washed 2x with PBS, by applying the tubes to a 

magnet and removing the supernatant, to remove excess antibody. 400 µg of protein 

derived from fly head lysates in brain lysis buffer (BLB) were incubated with the beads 

overnight rotating at 4°C. The flowthrough was discarded, and beads were washed 1x with 

BLB and 1x with minimal BLB. After the last washing step, beads were resuspended in 

minimal BLB. The resuspension was split into two separate Eppendorf tubes, both 

supernatants were removed leaving the beads. One tube of beads was resuspended in 

NuPAGE LDS sample buffer with 50mM DTT and boiled at 95°C for 5 min before SDS-PAGE 

and western blotting. For MS analysis, the other beads were snap frozen in liquid N2 were 

used (performed by Leonard Roth). 
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8.3. Flow cytometry  

 

8.3.1. Fluorescence activated cell-sorting (FACS) 

 

Single cell solutions were analysed on the BD FACSAria™ III Sorter (BD Biosciences). To 

detect FRET, both the B-695/40 filter and 655LP filter of the 488 nm laser were exchanged 

for the 610/20 and 600LP filters. Exactly 50,000 cells were analysed per measurement. Data 

was analysed using FloJo v10.8.1. 

 

8.4. Mass spectrometry (MS) 

 

8.4.1. IP LC MS 

 

8.4.1.1. Sample preparation 

 

Frozen beads from IP experiments (3 biological replicates per strain) were submitted to 

researchers at the proteomics core facility at the MDC, who performed label-free 

quantitative LC-MS experiments and analysis (performed by Dr. Oliver Popp). Tryptic on-

bead digestion was conducted according to a previously published protocol 538 and then de-

salted on stage-tips 539.  

8.4.1.2. Measurement 

 

LC-MS measurements were performed on an orbitrap Exploris 480 mass spectrometer 

coupled to an EASY-nLC 1200 system applying a 110 min gradient and operating the MS in 

data-dependent mode.  

 

8.4.1.3. Data analysis 

 

For analysis, MaxQuant version 2.0.3.0 540 was used employing MaxLFQ-based 541 

quantitation and using the match-between runs algorithm. Carbamidomethylation was set 
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as a fixed and oxidized methionine as variable modification. For the Andromeda search, a 

Uniprot Drosophila database (2022) plus common contaminants was used in combination 

with the recombinant HTT sequences. Downstream analysis was done in R using two-sample 

moderated t-statistics with the limma package 542. 

 

Gene ontology (GO) term enrichment was performed using Metascape 375 using the 

parameters P value < 0.01, minimal overlap 3 and minimum enrichment 1.5. All graphs were 

plotted using Graphpad Prism 7. Clustering was performed using Cytoscape 3.9.1 and the 

STRING protein query plug in 543. For clustering, the MCL clustering algorithm in Cytoscape 

was used with a granularity of 4. 

 

8.4.2. Whole brain lysate LC-MS 

 

8.4.2.1. Sample preparation 

 

Sample preparation for whole brain lysate MS was performed according to a protocol 

provided by David Toppe (AG Sigrist, Freie University, Berlin). Whole fly brains were 

dissected in ice-cold HL3 (10 per replicate, 3 biological replicates per strain) and transferred 

to 50 µl HL3 in 1.5 ml tubes. After dissection, tubes were centrifuged at 4°C, 13.000 rpm for 

5 min. Supernatant was removed and brain pellets stored at -80°C until further processing.  

 

Brain pellets were resuspended in 20 µl lysis buffer (1xPBS, 10% SDS, 1x sample buffer and 1 

precise protease and phosphatase inhibitor mini tablet) and lysed at 4°C rotating overnight. 

Complete lysis was confirmed by centrifugating tubes at 13,000 rpm for 5 min and observing 

no visible pellet. 1 µl 100 nM DTT (100mM DTT dissolved in 50mM TEAB) was added to 20 µl 

lysate and samples were incubated for 30 min at 55°C, 300 rpm on heating block. To this, 

2.1 µl of chloroacetamide (CAA) (400nM CAA dissolved in TEAB) was added and samples 

were covered to prevent light exposure and incubated for 30 min at room temperature, 300 

rpm on heating block. Samples were boiled at 95°C for 5 min and loaded onto Novex 

NuPAGE 4-12% Bis-Tris gradient gels. Gels were exposed to 200 V until the samples 

completely ran out of the gel pockets (2-3 min). The gel was then stained with Coomassie G-
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250 stain (Serva) according to manufacturer recommendations. Each lane was cut from the 

gel and divided into 3 pieces for subsequent LC-MS analysis (3 gel pieces submitted per 

biological replicate).  

 

Gel pieces were submitted to Heike Stephanowitz (AG Liu, FMP, Berlin) who performed 

label-free quantitative LC-MS experiments. Gel pieces reduced with 5 mM DTT at 56 °C for 

30 min and alkylated with 40 mM CAA at room temperature for 30 min in the dark. Protein 

digestion was performed using trypsin at an enzyme-to-protein ratio of 1:100 (w/w) at 37°C 

overnight.  

 

8.4.2.2. Measurement  

 

LC-MS analysis was performed using an UltiMate 3000 RSLC nano LC system coupled on-line 

to an Orbitrap Fusion or LUMOS mass spectrometer (Thermo Fisher Scientific). Reversed-

phase separation was performed using a 50 cm analytical column (in-house packed with 

Poroshell 120 EC-C18, 2.7µm, Agilent Technologies) with a 120 min gradient. MS1 scans 

were performed in the orbitrap using 120000 resolution; MS2 scans were acquired in the 

ion trap with an AGC target of 10000 and maximum injection time of 35 ms, charge state 2-4 

enable for MS2. 

 

8.4.2.3. Data analysis 

 

Data analysis including label free quantification was performed with MaxQuant (version 

1.6.2.6) using the following parameters: MS ion mass tolerance: 4.5 ppm; MS2 ion mass 

tolerance: 0.5 Da; variable modification: Met oxidation, Acetyl (protein N-term); fixed 

modification: Cys carbamidomethyl; protease: trypsin (R,K); allowed number of missed-

cleavaged: 2, database: SwissProt database of drome (Drosophila+melanogaster); label-free 

quantification and match between runs were enabled. Results were reported at 1% FDR at 

the protein level. 
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The calculated LFQ intensities were then analysed using a Perseus pipeline 544 (performed by 

Megan Bonsor). In brief, contaminants were removed, and data was Log2 transformed. 

Valid values were filtered, and imputation was performed, where missing values were 

replaced from the normal distribution. A t-test was performed (HTTex1Q52-mNG/-mSc-I 

and HTTex1Q17-mNG/-mSc-I) to obtain LFC and P values. 

 

Gene ontology (GO) term enrichment was performed using Metascape 375 using the 

parameters P value < 0.01, minimal overlap 3 and minimum enrichment 1.5. All graphs were 

plotted using Graphpad Prism 7. Clustering was performed using Cytoscape 3.9.1 and the 

STRING protein query plug in 543. For clustering, MCL clustering algorithm in Cytoscape was 

used with a granularity of 4. 

 

8.5. HEK293 cell biology 

 

8.5.1. Cell maintenance and seeding 

 

HEK293 cells were maintained between 10% and 90% confluency in a 37°C, 5% CO2 tissue 

culture incubator, and were passaged twice a week. Cells were grown in DMEM 4.5g/L 

glucose (L Glutamine, 50ml FBS, 5ml Pen/Strep).  

 

8.5.2. pCMV-GAL4 and pUAST-HTTex1-mNG/-mSc-I co-transfection 

 

HEK293 cells at 70-90% confluency were transfected with 2.5 µg pCMV-GAL4, 1.5 µg pUAST-

HTTex1-mNG/-mSc-I and 1 µg pcDNA. DNA was diluted in Opti-MEM (Gibco), and 

Lipofectamine 2000 (Life Technologies) according to the manufacturer’s recommendations. 

The diluted DNA was added to the diluted Lipofectamine in a 1:1 ratio and incubated for 5 

min at room temperature. The resulting DNA-lipid complex was incubated with cells for 48 h 

at 37°C before further analysis.  
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8.5.3. Lysate preparation for WB and FRA 

 

Cells were seeded and transfected with Lipofectamine 2000 according to manufacturer’s 

recommendations (Life Technologies). After 48 h cells were washed with PBS and lysis 

buffer applied (20mM Hepes pH7.5, 150mM NaCl, 2mM EDTA, 0.5% NP40, 5mM MgCl2, 

protease inhibitor and benzonase nuclease). Cells in lysate buffer were dislodged and 

transferred to a 15 ml tube (Falcon) which was incubated for 30 min on ice. After 

incubation, cells were centrifuged, and the supernatant taken forward as lysate for 

biochemical analysis.  

 

8.5.4. Fixation and staining for confocal microscopy 

 

100,000 cells were seeded onto coverslips in 24 well plates and taken forward for confocal 

analysis 48 h post transfection. Cells were fixed with 4% PFA for 15 min at room 

temperature. Cells were then washed twice with PBS-T before staining with Hoechst 

solution (1: 5000) (Invitrogen). Coverslips were washed once with PBS and once with water 

before mounting using Dako fluorescence mounting media (Dako). Slides were stored at 

4°C. Images were taken on the Leica SP8 DLS confocal microscope at the ALM facility (MDC 

Berlin).  

 

8.5.5. Preparation for FACS 

 

100,000 cells were seeded per well of a 6 well plate and cultured in DMEM 4.5 g/L glucose 

phenol-free (L-glutamine, 50ml FBS, 5ml Pen/Strep) (Gibco cat no 41965-062) and taken 

forward for analysis 48 h post transfection. Cells were trypsinised (0.05% trypsin EDTA, 

Gibco), washed three times with PBS and pelleted after each washing step. Cells were 

resuspended in ice cold PBS and 1% FBS and applied to a cell strainer tube (Falcon) to obtain 

a single cell solution which was kept on ice until FACS measurement. Cells were analysed 

using the BD FACSAria™ III Sorter (BD Biosciences). 
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8.5.6. Plate-reader FRET measurements 

 

45,000 cells were seeded into 96-well plates (Greiner bio-one: 655986, black, clear bottom) 

in DMEM 4.5 g/L glucose phenol-free (L-glutamine, 50ml FBS, 5ml Pen/Strep). 200 ng/µl of 

DNA samples were incubated with 150 µl of OptiMEM (Gibco) and polyethylenimine (PEI) 

(Polysciences) master mix (1.1 µl PEI to 1ml OptiMEM) for 20 min at room temperature. 50 

µl of the DNA-OptiMEM-PEI mix was added per well. Measurements taken 48 h post 

transfection. Fluorescence per well was measured using the TECAN M1000 plate reader 

(Tecan) at 37°C for 10 ms. mNG fluorescence was measured at excitation (Ex): 495 nm and 

emission (Em): 525 nm, mSc-I fluorescence was measured at Ex: 569 nm Em: 594 nm and 

FRET was measured at Ex:495 nm Em:594 nm.  

 

Raw fluorescent values were processed by subtracting background fluorescence of pUAST-

attB-rfA transfected cells in all channels. FRET channel fluorescence was corrected for donor 

bleed through (cD) and acceptor cross excitation (cA) using mNG transfected cells and mSc-I 

transfected cells respectively to obtain sensitised emission values. Sensitised emission was 

normalised to the mSc-I only transfected cells, therefore normalising to the acceptor. 

Percentage FRET efficiency (E) was calculated as E = (DA-cDxDD-cAxAA)/AA with DD = donor 

channel signal and AA = acceptor channel signal.  

 

8.6. D. melanogaster biology 

 

8.6.1. Generating transgenic flies and maintenance  

 

ElavGS and ElavX lines were obtained from Bloomington Drosophila Stock Center. The 

w1118 strain was provided by Dr. Robert Zinzen (MDC, Berlin). The HTTex1-mNG/-mSc-I 

strains were generated by co-injection of the phiC31 integrase and the pUAST-HTTex1-

mNG/-mSc-I DNAs into embryos with an integration site at 68E on chromosome 3 (ZH-68E 

yw; M{3xP3-RFP.attP’}ZH-68E) by Rainbow Transgenic Flies Inc. The transgenic strains were 

then crossed with the balancer stain (CyO/Sp;TM6/MKRS) and maintained as stable strains 

(CyO/+;HTTex1-mNG/-mSc-I/TM6). All strains were kept on standard yeast-agar medium in 
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incubators at 25°C and 65% humidity with a 12 h light-dark cycle. For experiments using the 

elavGS driver strain, transgene expression was induced by maintaining flies on standard 

medium containing 400μM RU486 (Mifepristone, Sigma). 

8.6.2. Generating RNAi flies 

 

Vib (SKU SHRNA-330680), GMAP (SKU KK-108063) and sff (SKU KK-100717) RNAi flies were 

obtained from Vienna Drosophila Resource Center (VDRC) which harboured RNAi constructs 

integrated on chromosome 2. The RNAi flies were crossed with the balancer strain 

(CyO/Sp;TM6/MKRS) and maintained as stable strains (RNAi/Sp;MKRS/+). Balanced RNAi 

male flies (RNAi/Sp;MKRS/+) were crossed with balanced HTTex1-mNG/-mSc-I 

(CyO/+;HTTex1-mNG/-mSc-I/TM6) virgin female flies. Virgin female and male flies from the 

F1 progeny which contained the RNAi construct on chromosome 2 and the HTTex1-mNG/-

mSc-I cDNA on chromosome 3 (CyO/RNAi;HTTex1-mNG/-mSc-I/MKRS) were selected, 

crossed. The resulting progeny were maintained as a stable RNAi;HTTex1-mNG/-mSc-I stock.  

 

8.6.3. Fly husbandry 

 

~100 driver virgin flies (elavX or elavGS) were mated with ~20 male responder strains 

(HTTex1-mNG/-mSc-I). Flies were maintained on standard yeast-agar medium in incubators 

at 25°C and 65% humidity with a 12 h light-dark cycle. For experiments, only female flies 

from the F1 progeny were selected and taken forward for analysis  

 

8.6.4. Fly head collection for DNA, RNA, and protein isolation  

 

30-40 flies were anaesthetized using CO2 and transferred into 1.5 mL Eppendorf tubes. 

Tubes were promptly transferred to liquid N2 for flash freezing and were either stored at -

80°C or taken forward immediately for processing. To detach fly heads from the bodies, 

tubes were removed from N2 with forceps, shaken and placed back into the N2 which was 

repeated three times. The fly heads were then filtered from the other fly material by 
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transferring the tube contents to N2 cooled sieves. The fly heads were then stored at -80°C 

or immediately used for DNA, RNA, or protein isolation.  

 

8.6.5. DNA isolation and genotyping 

 

Genomic DNA was extracted from fly heads using the DNeasy® Blood & Tissue Kit (Qiagen). 

The concentration of DNA was assessed using the Nanodrop 8000 (Thermo Fisher Scientific). 

DNA was PCR amplified using the PWO DNA polymerase kit (Roche) according to the 

manufacturer’s recommendations. For pUAST-mNG, pUAST-mSc-I, pUAST-mNG/-mSc-I and 

pUAST-mNG-mSc-I the following primers were used: 

 

Genotyping pUAST - fw 5'-AACCAAGTAAATCAACTGC-3' 

Genotyping pUAST - rev 5'-ATCTCTGTAGGTAGTTTGTC-3' 

 

For pUAST-HTTex1Q17-mNG/-mSc-I, pUAST-HTTex1Q52-mNG/-mSc-I and pUAST-

HTTex1Q75-mNG-mSc-I the following primers were used to amplify HTTex1-mNG and 

HTTex1-mSc-I cDNA separately: 

 

Genotyping mNG fw 5'-AACCAAGTAAATCAACTGC-3' 

Genotyping mNG rev 5'-ATCTCTGTAGGTAGTTTGTC-3' 

Genotyping mSc-I fw     5'-AGGAGTGTCAAACCGCTTAg-3' 

Genotyping mSc-I rev    5'-TAGAATCGAGACCGAGGAGAG-3' 

 

PCR products were analysed by agarose gel electrophoresis and Sanger sequencing.  

 

8.6.6. RNA isolation  

 

RNA was isolated from fly heads using the RNeasy® Mini Kit (Qiagen) as per manufacturers 

recommendation. Following RNA isolation, RNA was re-eluted using isopropanol and 

ethanol to remove contaminants. To do this, 40 µl of RNA was mixed with 460 µl DEPC-

treated water (Ambion), 50 µl 3M NaAc, pH 5.5, 10 µg glycogen and 500 µl room 

temperature isopropanol. Samples were mixed well and incubated at -80°C for 30 min. Re-
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eluted RNA was pelleted by centrifugation for 10 min at 12,000-13,000 rpm 4°C. The pellet 

was washed twice with ice cold 70% ethanol then air dried before resuspension in 40 µl 

DEPC-treated water. RNA concentration was assessed using the Nanodrop 8000 (Thermo 

Fisher Scientific).  

 

8.6.7. Real-time PCR (qPCR) 

 

For analysis of HTTex1-mNG/-mSc-I transcript expression, 100 ng/µl RNA was converted to 

cDNA using the High-Capacity cDNA Reverse Transcription Kit from Thermo Fisher Scientific 

as per the manufacturer’s recommendations. 2 µl of 10 ng/µl cDNA was mixed with 6 µl 

SYBR Green PCR Master Mix (Applied Biosystems by Thermo Fisher Scientific), 2 µl 2 µM 

forward primer and 2 µl 2 µM reverse primer. The following primers were used for qPCR 

analysis at an annealing temperature of 64.3°C:  

 

sff qPCR fw      5'-GTGCGTTGCCCTTCGACGAC-3' 

sff qPCR rev 5'-CCGGTTGATTTCAGCCAGCGTG-3' 

vib qPCR fw     5'-AGATTTTCCCCTGCTGGGTGGC-3' 

vib qPCR rev   5'-ATGAGCCCTTGGGTGCCAATAGTC-3' 

GMAP qPCR fw 5'-GCGTACACATCGGCCAGCATTC-3' 

GMAP qPCR rev 5'-ACTGCTCCAGGGCACACTGC-3' 

mSc-I qPCR fw 5'-AGCTCCGCGGCACCAACTTC-3' 

mSc-I qPCR rev 5'-CGCCGTCCTCGGGGTACAAC-3' 

mNG qPCR fw 5'-AGGTGCACCGGACCATGCAG-3' 

mNG qPCR rev 5'-CGGGGCCATCAGCAGGGAAG-3' 

Act42A (FBgn0000043) qPCR fw 5'-CTTTAGTGGTCGACAACGGATCCG-3' 

Act42A (FBgn0000043) qPCR rev 5'-CCTTTTGTCCCATTCCTACCATTACGCC-3' 

aTub84B (FBgn0003884) qPCR fw 5'-TATCCATGTTGGTCAGGCTGGTGTCC-3' 

aTub84B (FBgn0003884) qPCR rev 5'-CGTGCTTGCCAGCTCCAGTCTC-3' 

 

Samples were analysed using a ViiA7 Real-Time PCR System (Applied Biosystems by Thermo 

Scientific) to obtain raw threshold cycle (CT) values. To analyse transcript expression, fold 

change values were calculated using the delta delta CT (2–∆∆Ct) method 360, normalising to 

aTub84B transcripts and the W1118 control flies.  



8. Methods  

 153 

8.6.8. Lysate preparation for WB and FRA 

 

Fly heads were transferred to Precellys CK14 tubes (Bertin Technologies) and 400 µl BLB 

added. Tubes were shaken in the Precellys Evolution Touch Homogenizer (Bertin 

Technologies) three times for 10 sec at 6,000 rpm. Between each round of shaking samples 

were incubated for 5 min on ice. Homogenate was transferred from the Precellys CK14 

tubes to 1.5 ml Eppendorf tubes and centrifuged for 10 min at 1,000 rpm to clear debris 

from the lysate. The supernatant was transferred to a new tube and total protein 

concentration was determined with a Pierce BCA assay (Pierce) using BSA as a standard. 

 

8.6.9. Lifespan assay 

 

Flies were maintained at 25°C and 65% humidity with a 12 h light-dark cycle, with 10 flies 

per vial. Flies were transferred onto new food every 3 days and dead flies were counted 

every 2-3 days. Each biological replicate consisted of ~50 flies. The percentage of live flies 

per day was plotted, and the age at which 50% of the flies were dead was taken as the 

median lifespan. The median lifespan was calculated by fitting the survival curves to the 

log(inhibitor) vs. normalised response (variable slope) equation using GraphPad Prism 7. 

 

8.7.0. Climbing assay 

 

The motility of flies was assessed by exploiting the negative geotaxis behaviour of flies. For 

one measurement, 10 flies were placed into transparent plastic tubes and tapped to the 

bottom. The number of flies which climbed to a height of 8 cm in 15 sec was counted. Flies 

were placed back onto normal food and maintained at 25°C and 65% humidity with a 12 h 

light-dark cycle. Climbing measurements were taken every 3 days. Each biological replicate 

consisted of ~50 flies. 
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8.7.1. Brain dissection and mounting for confocal microscopy  

 

15-20 flies per strain were anaesthetized using CO2 and transferred into 2mL Eppendorf 

tubes. For fixation, flies were incubated with 1.8ml of 4% paraformaldehyde (PFA) in 0.5% 

PBS-T for 3 h on a rocker. Flies were then washed 4 times with 0.5% PBS-T, 15 min on the 

rocker per wash. Flies were kept in PBS at 4°C for a maximum of 1 week prior to dissection.  

 

Fly brains were dissected from fixed whole flies in ice cold HL3. Using forceps, the chitin 

layer, the trachea and the ommatidia were removed exposing the brain. Brains were then 

incubated with 1:1000 DAPI for 30 min on a rocker. Brains were washed once with PBS 

before being covered in VECTASHIELD® Antifade Mounting Media (Vector). Brains were then 

mounted onto slides and images were taken using the 20x oil immersion objective on the 

Leica SP8 DLS confocal microscope at the ALM facility (Advanced Light Microscopy, MDC, 

Berlin). 

 

8.7.2. Preparation of fly brains for FACS 

 

Fly brains were dissociated into a single cell solution using an altered version of a previous 

protocol used by Davie et al 371. In brief, 40 fly brains per strain were dissected in ice cold 

DPBS within 2 h and transferred to a 1.5 ml Eppendorf tube. Tubes were then centrifuged at 

4°C 800xg for 5 min to pellet the brains. The supernatant was removed and 50 µl of Dispase 

(3 mg/mL, Sigma-Aldrich_D4818-2mg) and 75 μl Collagenase I (100 mg/mL, 

Invitrogen_17100-017) was added to the pellet. To dissociate the brains into cells, tubes 

were then incubated at 25°C in a Thermoshaker (Thermo-Fischer Scientific) for 2 h at 25°C, 

500 rpm. The reaction mixture was pipetted up and down every 15 min to re-enforce the 

enzymatic reaction. After the 2 h incubation the tubes were centrifuged at 4°C 800xg for 5 

min to pellet the cells. Cells were then washed once with ice cold DPBS and resuspended in 

DPBS 0.01% BSA. The cell solution was then filtered through a 10 μM pluriStrainer 

(pluriSelect). The resulting single cell solution was transferred to FACS tubes, to which 

1:1000 DAPI was added 15 min before analysis. The cells were then analysed using the BD 

FACSAria™ III Sorter (BD Biosciences).  
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8.8. Electron microscopy (EM) 

 

8.8.1. Immuno-negative staining electron microscopy (iNS) using fly lysates  

 

200 mesh grid plano grids (Plano) were glow discharged for 30 s at 15 mA using negative 

polarity mode in the GloQube Plus Glow discharge system (Quorum Technologies). To the 

grids, 5 μl of 0.1 µg/µl lysate (0.5 µg total amount) was pipetted and incubated for 1 min. 

Grids were then washed 3x with wash buffer (1ml glycine, 1ml 1xPBS, 1ml 10% BSA, 7ml 

Bidest). To detect HTTex1 aggregates, grids were then incubated with a 1:25 dilution of the 

PHP2 antibody (Merk) for 15 min and washed 3x with wash buffer. Grids were then 

incubated with a 1:20 dilution of anti-mouse gold labelled secondary antibody (Jackson 

ImmunoResearch) and washed 3x with H2O. To have a contrast staining, grids were then 

incubated with uranyl acetate (2% w/v) for approximately 1.5 min. Grids were imaged using 

the Zeiss EM910 80 kV transmission electron microscope (TEM) equipped with the EMSIS 

11M Quemesa CCD camera (EMSIS) or using the Thermo Fischer Talos L120C 120 kV TEM 

equipped with the 16M Ceta CMOS camera. 

 

8.8.2. Transmission electron microscopy (TEM) of whole brain tissue 

 

8.8.2.1. Fixation and embedding 

 

Whole fly brains were fixed by immersion in a solution of 2% formaldehyde (FA) and 2% 

glutaraldehyde (GA) (Sigma-Aldrich G5882-10ml) in HL3 buffer on ice for 1 h. The fixative 

was then changed to 2% FA, 2% GA in 0.1 M HEPES pH 7.2 and fixed for a further hour at 

room temperature. After thorough washing, the tissue was incubated in 1% tannic acid in 

0.1 M HEPES pH 7.1 for 1 h at room temperature. The tissue was washed with 0.1M HEPES 

pH 7.1, followed by treatment with 1% osmium tetroxide in 0.1M HEPES pH 7.2 for 90 min 

on ice in the dark. After washing with MilliQ water, the tissue was stained en bloc with 2% 

uranyl acetate for 1 h in the dark at 4°C. Following the removal of the uranyl acetate 
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solution, the tissue was washed with MilliQ water and dehydrated in a series of ethanol 

solutions as follows: 10 min in 30% ethanol, 10 min in 50% ethanol, 30 min in 70% ethanol, 

3x 20 min in 100% ethanol. After dehydration, the tissue was incubated in propylene oxide 

for 30 min. Infiltration in epoxy resin (Polybed812, Polysciences) was performed by 

incubating the tissue for 30 min in 30% resin mixed with propylene oxide, followed by a 

further 30 min in 70% resin mixed with propylene oxide. Infiltration with 100% epoxy resin 

was carried out overnight at room temperature. 

 

8.8.2.2. Sectioning and imaging 

 

Resin blocks were sectioned using the Reichert Ultracut S ultramicrotome and an Ultra 45° 

diamond knife (Diatome). To target specific areas of the brain tissue, 250 nm thick sections 

were stained with 0.05% Toluidine blue in 0.05 M Na2HPO4 pH9 and imaged using the Zeiss 

Axioplan2 light microscope. For TEM, 70 nm sections were picked up on in-house 

Formvar/Carbon coated grids and post-stained with uranyl acetate and lead citrate using 

the Leica EM AC20 grid stainer. Grids were imaged on three transmission electron 

microscopes: the Zeiss EM910 80 kV TEM with the EMSIS 11M Quemesa CCD camera; the 

FEI Morgagni 80 kV TEM equipped with the EMSIS 11M Morada CCD camera and the 

Thermo Fischer Talos L120C 120 kV TEM equipped with the 16M Ceta CMOS camera. 

 

8.9. Statistical Analysis 

 

Statistical parameters including the statistical test performed and statistical significance are 

reported in the figures and figure legends. Data is judged to be statistically significant when 

p < 0.05 by the indicated statistical test. In figures, asterisks denote statistical significance as 

calculated by the indicated statistical test (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 

Statistical analysis was performed in GraphPad Prism 7. 
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8.9.1. Correlation Analysis 

 

To calculate the correlation between lifespan and the biochemical detection of HTTex1 

aggregates, the median lifespan of 3 biological replicates of HTTex1Q52-mNG/-mSc-I and 

HTTex1Q75-mNG/-mSc-I flies was plotted alongside the calculated PHP2 and MAB5492 FRA 

intensities. FRA intensities were calculated using Fiji and normalised to HTTex1Q17-mNG/-

mSc-I samples for 3 biological replicates to give relative intensity values.  

 

To calculate the correlation between lifespan and the FRET-based detection of HTTex1 

aggregates, the median lifespan of 3 biological replicates of HTTex1Q52-mNG/-mSc-I and 

HTTex1Q75-mNG/-mSc-I flies was plotted alongside the number of FRET positive cells and 

number of FRET positive puncta. The number of FRET positive cells was calculated from 

FRET FACS analysis for 3 biological replicates. The number of FRET positive puncta was 

calculated from confocal microscopy images of the fly mid brains. Using Fiji, the FRET 

channel image was converted to a grey scale 8-bit image and the auto-threshold parameter 

Intermodes was used 545 to distinguish puncta from the background. The “analyse particles” 

function in Fiji was used to count the puncta in 3 biological replicates. 

 

Values were plotted, a trendline calculated from linear regression analysis and a Pearson 

correlation was performed in GraphPad Prism 7. R represents the Pearson correlation 

coefficient and P represents the P value calculated from the Pearson correlation analysis.  
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9. Supplementary figures 

 

 

Supplementary Figure 1. Generation of the pUAST-HTTex1-mNG/-mSc-I plasmids and cloning validation 

A) Schematic showing the mNG/-mSc-I insert (generated by GeneArt Thermofisher) (left). The insert was L/R 

recombined with the pUAST-attB-rFA. The resulting pUAST-mNG/-mSc-I plasmid is illustrated (right). Created 

using Biorender. B) Schematic of the cloning strategy used to produce pUAST-HTTex1-mNG/-mSc-I plasmids. 

C) Agarose gel image of pUAST-mNG/-mSc-I plasmid restriction digestion analysis. Expected products: 

BamHI=7.3 and 3.7 kb, Pmel=11.1 kb, ZraI=11.1 kb and Pmel/Zral double digest= 9.3 and 1.8 kb. D) Agarose 

gel image of PCR amplified fragments from HTTex1Q17, HTTex1Q55 and HTTex1Q75 pDonor221 plasmids 

with homologous ends to Pmel or ZraI insertion sites. Expected products: Q17 Pmel/ZraI=0.31 kb, Q55 
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ZraI=0.42 kb and Q75 Pmel/ZraI=0.48 kb E) Agarose gel image of pUAST-HTTex1-mNG/-mSc-I plasmid 

restriction digestion analysis. No digestion by Pmel or ZraI was detected. Expected products: HTTex1Q17-

mNG/-mSc-I EcoRI=11.6 kb, BamHI=7.3 and 4.3 kb; HTTex1Q52-mNG/-mSc-I EcoRI=11.8 kb, BamHI= 7.3 and 

4.5 kb; HTTex1Q75-mNG/-mSc-I EcoRI= 12 BamHI= 7.3 and 4.6 kb. F) Agarose gel image of PCR amplified 

mNG and mSc-I attB flanked fragments. Expected products: mNG=0.74 kb, mSc-I=0.74 kb. NTC= no template 

control. G) Agarose gel image of pDONOR 221 mNG and pDONOR221 mSc-I plasmid BsrGI restriction 

digestion analysis. Expected products: pDONOR 221 mNG= 2.514 kb and 0.720 kb, pDONOR 221 mSc-I=2.514 

and 0.708 kb. pEXP7-Tet ran as positive control insert which runs at 1.4 kb. H) Agarose gel image of pUAST 

attB.Rfa, pUAST mNG and pUAST mSc-I plasmids digested ecoRI and BamHI. Expected products: pUAST 

attB.Rfa EcoRI= 9.723 kb and 0.496 kb, BamHI= 7.356 kb, 1.522 kb, 0.702 kb and 0.637 kb, pUAST mNG 

EcoRI= 9.317 kb, BamHI= 7.35 kb and 1.959 kb, pUAST mSc-I EcoRI= 9.314 kb, BamHI=7.358 kb, and 1.956 

kb. pENTR-Gus ran as positive control insert which runs at approximately 3Kb.  
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Supplementary Figure 2. mHTTex1-mNG/-mSc-I fusion protein co-expression results in amyloidogenic 

aggregates 

WB analysis of the HTTex1-mNG/-mSc-I fusion protein in HEK293 cells co-transfected with 0, 0.5, 1.5 and 

2.5µg of pCMV-GAL4 plasmid and 1.5 µg of pUAST-HTTex1-mNG/-mSc-I plasmids. A) Anti-mCherry and B) 

Anti-cMyc antibodies used for immunodetection. Anti-cyclophilin B antibody was used as a loading control 

for immunodetection. C) HEK293 cells co-transfected with 7.5 µg of pCMV-GAL4 and 4.5 µg of pUAST-

HTTex1-mNG/-mSc-I plasmids, stained with 1:100 dilution of Amytracker 480. Scale bars= 25 µm. D) 
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Excitation and emission spectra of Amytracker 480 (blue line) (depicted as DAPI as per the manufacturers 

recommendations), mNG (green lines) and mSc-I (red lines). Created using FPbase.  

 

 
 

Supplementary Figure 3. FACS sorted FRET positive mHTTex1-mNG/-mSc-I co-expressing HEK293 cells 

have large inclusions 
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A) Confocal images of HEK293 cells using FRET settings to qualitatively detect FRET positive structures. Scale 

bar represents 25 µm. B) Confocal images of transfected HEK293 cells after FACS sorting of FRET positive 

population. Scale bars represent 25 µm.  

 

 
 

Supplementary Figure 4. Genotyping of transgenic HTTex1-mNG/-mSc-I fly strains  
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A) Agarose gel image of PCR amplified fragments from transgenic fly genomic DNA using primers for the mNG 

and mSc-I sequences (indicated by inclusion of mNG or mSc-I in the labelling) which was sent for sanger 

sequencing. Numbers 1, 2, 3 indicate separate clones. B) Confocal images of transgenic elavGS; mNG/-mSc-I and 

elavGS;mNG-mSc-I fly brains. Scale bar= 100 µm. C) Confocal images of other transgenic fly brains which do not 

express mNG or mSc-I fluorescent proteins. Scale bar=100 µm.  

 

 
 

Supplementary Figure 5. Toluidine blue stained elavX;HTTex1-mNG/-mSc-I fly brain sections 

Toluidine blue staining of sections of the fly brain (Performed by Mara Rusu). Scale bar= 100 µm 

elavX;
HTTex1Q17-mNG/-mSc-I

elavX;
HTTex1Q52-mNG/-mSc-I

elavX;
HTTex1Q75-mNG/-mSc-IelavX;W1118
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Supplementary Figure 6. FRET FACS gating strategy for FRET positive live cells derived from fly brains 

A) FACS cytograms showing single fluorophore control-based (mNG and mSc-I) FACS gating method for fly 

single cells. Sequential debris exclusion (side scatter area (SSC-A) vs forward scatter area (FSC-A)), doublet 

exclusion (forward scatter height (FSC-H) vs FSC-A and side scatter height (SSC-H) vs SSC-A)), live/dead 

selection (FSCA vs DAPI area (DAPI-A)), double positive gating (mSc-I pulse area (mSc-I A) vs mNG pulse area 

(mNG-A)) , FRET donor-corrected gating (FRET pulse area (FRET A) vs mNG pulse area (mNG-A) and FRET 
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acceptor-corrected gating (FRET-A vs mSc-I-A). Arbitrary units (a.u.) of exactly 50,000 cells (n= 50,000) 

plotted. B) Percentage of FRET positive cells present in the live cell population of the FRET positive control 

sample (elavX;mNG-mSc-I) and the FRET negative control sample (elavX;mNG/-mSc-I) as determined by FRET 

FACS. 1 biological replicate analysed per sample. 

 

 
 

Supplementary Figure 7. Co-expression of pathogenic HTTex1-mNG/-mSc-I fusion proteins decreases 

lifespan and climbing 

A) Lifespan plotted as percentage of alive flies from 8 biological replicates per strain (N≈ 50 flies per 

biological replicate). Error bars= SEM. B) Median lifespan values for control fly strains calculated from IC50 

values from curves depicted in A. Each dot represents 1 biological replicate (8 biological replicates analysed 

for elavX;W1118, 2 for all other strains). ~50 flies analysed per biological replicate. Statistical significance 

assessed by ordinary one-way ANOVA multi-comparisons (NS= P>0.05). Error bars= SEM. C) Climbing ability 

plotted as percentage flies climbed of the total per day from 3 biological replicates (N≈ 50 flies per biological 

replicate) Error bars= SEM (performed by Frederick Wieshmann). D) Relative motor performance calculated 

from area under the curve values obtained from curves depicted in C, relative to elavX;W1118. Each dot 

represents a biological replicate (3 biological replicates analysed for elavX;W1118, 1 for all other strains). ~ 

50 flies analysed per biological replicate. 

 

A. B. 

C. D. 
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Supplementary Figure 8. PCA analysis of MS datasets and HTTex1Q17-mNG/-mSc-I IP GO enrichment 

A) Principal Component Analysis (PCA) plot depicting the distribution of IP MS samples in a reduced-

dimensional space. Data obtained from elavX;HTTex1Q17-mNG/-mSc-I IP material (red circles) and 

elavX;HTTex1Q75-mNG/-mSc-I IP material (blue squares) depicted. Roman numerals represent the 

corresponding biological replicates (3 analysed per group). Axes represent principal component 2 (y axis) and 

component 1 (x axis), which represent the percentage of variance 21.4% and 46.1%, respectively. B) Principal 

Component Analysis (PCA) plot depicting the distribution of whole brain lysate MS samples in a reduced-

dimensional space. Data obtained from elavX;HTTex1Q17-mNG/-mSc-I brain lysates (red circles) and 

elavX;HTTex1Q52-mNG/-mSc-I brain lysates (blue squares) depicted. Roman numerals represent the 

corresponding biological replicate (3 analysed per group). Axes represent principal component 2 (y axis) and 

component 1 (x axis), which represent the percentage of variance 4% and 87.3%, respectively. C) GO biological 

process term enrichment analysis of proteins enriched with HTTex1Q17-mNG/-mSc-I immunoprecipitates (grey 

circles). Top 6 terms plotted: GO:0043436=Oxoacid metabolic processes, GO:0019752= Carboxylic acid 

metabolic processes, GO:006082= Organic acid metabolic processes, GO:0032787= Monocarboxylic acid 

metabolic processes, GO:0044281=Small molecule metabolic processes and GO:0006090=Pyruvate metabolic 

processes. Significance cut-off: 0.05 P. value (>1.301 -log P. value) indicated on graph as dotted line. Performed 

using Metascape. 
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Supplementary Figure 9. qPCR validation of elavX;HTTex1-mNG/-mSc-I RNAi fly strains 

RNA from fly heads from the indicated strains was analysed via qPCR to obtain Ct values. Fold gene expression 

calculated using the 2–∆∆Ct method 360. Data were normalised to elavX;W1118 and Actin (Act42) transcripts. 
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Each dot represents 1 biological replicate (2 analysed per sample). Each biological replicate value was the 

average of 2 technical replicates. Statistical significance assessed by ordinary one-way ANOVA multi-

comparisons (*=P<0.05, **=P<0.01, ***=P<0.001, ****=P<0.0001). Error bars= SD. A) qPCR analysis of HTTex1-

mNG transcript expression in elavX;HTTex1 GMAP flies. B) qPCR analysis of HTTex1-mSc-I transcript expression 

in elavX;HTTex1 GMAP flies. C) qPCR analysis of HTTex1-mNG transcript expression in elavX;HTTex1 sff flies. D) 

qPCR analysis of HTTex1-mSc-I transcript expression in elavX;HTTex1 sff  flies. E) qPCR analysis of Vib transcript 

expression in elavX;HTTex1 Vib flies . 

 

Supplementary Table 1. pUAST plasmids 

 

Plasmid Name Details Description 

pUAST-attB-rFA pUAST-Amp-UAS>attB.ccdb>attB Construct which is optimised for use 

with D. melanogaster. Contains attB 

site to enable integration into fly 

genome 

pUAST-mNG/-mSc-I pUAST-Amp-UAS>(RE) Pmel 

/mNeongreen/cMyc.UAS>(RE) ZraI 

/mScarlet-I/V5 

Backbone for all HTTex1 insertions. 

Results in the individual expression 

of mNG and mSc-I which functions 

as a FRET negative control. 

pUAST-HTTex1Q17-mNG/-mSc-I pUAST-Amp- 

UAS>HTTex1Q17/mNeongreen/cMyc. 

UAS>HTTex1Q17/mScarlet-I/V5 

Results in expression of both 

HTTex1Q17-mNG and HTTex1Q17-

mSc-I 

pUAST-HTTex1Q52-mNG/-mSc-I pUAST-Amp- 

UAS>HTTex1Q75/mNeongreen/cMyc. 

UAS>HTTex1Q75/mScarlet- 

Results in expression of both 

HTTex1Q52-mNG and HTTex1Q52-

mSc-I 

pUAST-HTTex1Q75-mNG/-mSc-I pUAST-Amp- 

UAS>HTTex1Q75/mNeongreen/cMyc. 

UAS>HTTex1Q75/mScarlet-I/V5 

Results in expression of both 

HTTex1Q75-mNG and HTTex1Q75-

mSc-I 

pUAST-mNG-mSc-I pUAST-Amp- 

UAS>mNeongreen/mScarlet-I/V5. 

Results in the expression of mNG 

fused to mSc-I which acts as a FRET 

positive control 

pUAST -mNG pUAST-Amp-UAS>mNeongreen/c-

myc 

Results in the expression of mNG 

only 

pUAST -mSc-I pUAST-Amp-UAS>mScarlet-I/V5 Results in the expression of mSc-I 

only 
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pCMV-GAL4 Amp-CMV-T7>GAL4/Myc Results in the expression of GAL4 

which is required for UAS regulated 

transgene expression 

 

Supplementary Table 2. Transgenic fly strains 

 

Strain Name Details Expressed Proteins 
HTTex1Q17-mNG/-mSc-I CyO/+;TM6/HTTex1Q17-mNG/-mSc-I HTTex1Q17-mNG  

HTTex1Q17-mSc-I 
HTTex1Q52-mNG/-mSc-I CyO/+;TM6/HTTex1Q52-mNG/-mSc-I HTTex1Q52-mNG  

HTTex1Q52-mSc-I 
HTTex1Q75-mNG/-mSc-I CyO/+;TM6/HTTex1Q75-mNG/-mSc-I HTTex1Q75-mNG  

HTTex1Q75-mSc-I 
mNG/-mSc-I CyO/+;TM6/ mNG/-mSc-I mNG 

mSc-I 
mNG-mSc-I CyO/+;TM6/mNG-mSc-I mNG-mSc-I  
mNG CyO/+;TM6/mNG Results in the expression of 

mNG fused to mSc-I which 
acts as a FRET positive 
control 

mSc-I CyO/+;TM6/mSc-I Results in the expression of 
mNG only 

W1118 Wildtype control fly - 
elavX Gal4 pan-neuronal driver GAL4  

 

Supplementary Table 3. Expected size of transgenes after PCR amplification 

 

Transgene Size (kb) 
HTTex1Q17-mNG/-mSc-I-C-myc 1.05 
HTTex1Q17-mNG/-mSc-I-V5 1.40 
HTTex1Q52-mNG/-mSc-I-C-myc 1.18 
HTTex1Q52-mNG/-mSc-I-V5 1.51 
HTTex1Q75-mNG/-mSc-I-C-myc 1.24 
HTTex1Q75-mNG/-mSc-I-V5 1.57 
mNG-C-myc 0.74 
mSc-I-V5 0.74 
mNG-mSc-I-V5 1.73 
mNG-C-myc/mSc-I-V5 2.85 

 

Supplementary Table 4. Transgenic RNAi and HTTex1-mNG/-mSc-I expressing strains 

 

Strain Name Details Expressed Proteins 
HTTex1Q17-mNG/-mSc-I Vib CyO/Vib RNAi; HTTex1Q17-mNG/-

mSc-I/TM6 
HTTex1Q17-mNG/-mSc-I 

HTTex1Q17-mNG/-mSc-I GMAP CyO/GMAP RNAi; HTTex1Q17-mNG/-
mSc-I/TM6 

HTTex1Q17-mNG/-mSc-I 

HTTex1Q17-mNG/-mSc-I sff CyO/sff RNAi; HTTex1Q17-mNG/-mSc-
I/TM6 

HTTex1Q17-mNG/-mSc-I 
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HTTex1Q52-mNG/-mSc-I Vib CyO/Vib RNAi; HTTex1Q52-mNG/-
mSc-I/TM6 

HTTex1Q52-mNG/-mSc-I 

HTTex1Q52-mNG/-mSc-I GMAP CyO/GMAP RNAi; HTTex1Q52-mNG/-
mSc-I/TM6 

HTTex1Q52-mNG/-mSc-I 

HTTex1Q52-mNG/-mSc-I sff CyO/sff RNAi; HTTex1Q52-mNG/-mSc-
I/TM6 

HTTex1Q52-mNG/-mSc-I 

HTTex1Q75-mNG/-mSc-I Vib CyO/Vib RNAi; HTTex1Q75-mNG/-
mSc-I/TM6 

HTTex1Q75-mNG/-mSc-I 

HTTex1Q75-mNG/-mSc-I GMAP CyO/GMAP RNAi; HTTex1Q75-mNG/-
mSc-I/TM6 

HTTex1Q75-mNG/-mSc-I 

HTTex1Q75-mNG/-mSc-I sff CyO/sff RNAi; HTTex1Q75-mNG/-mSc-
I/TM6 

HTTex1Q75-mNG/-mSc-I 

Vib Vib RNAi/Sp;MKRS/+ - 
GMAP GMAP RNAi/Sp;MKRS/+ - 
sff sff RNAi/Sp;MKRS/+ - 
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