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UNIVERSITY OF SUSSEX 
 

Summary 
          Huntington’s Disease (HD) is a fatal, dominantly inherited 

neurodegenerative disorder caused by abnormal expansion of CAG trinucleotide 

repeats in the huntingtin gene. Here, we established two Drosophila melanogaster 

HD variants expressing either the Full-length (FL) or the Exon1 fragment (Ex1) of 

the human HTT gene. A series of behavioural experiments demonstrated that both 

these transgenic lines recapitulated the age-associated human HD symptoms. In 

recent years, altered miRNA expression has been increasingly recognised in 

human HD.  MicroRNAs (miRNAs) are small non-coding RNA molecules that are 

involved in post transcriptional regulation of gene expression. Using 

bioinformatics, a subset of these differentially expressed human miRNAs that were 

evolutionary conserved with Drosophila were identified. Comparing the expression 

pattern of these miRNAs in human and Drosophila HD, it was discovered that few 

miRNAs displayed comparable change in expression. These results demonstrated 

that flies expressing Ex1 constructs were sufficient to replicate molecular and 

behavioural symptoms that were similar to the changes displayed by FL Drosophila 

and human HD patients. From the expression analysis, it was identified that miR-

10 displayed a consistent expression in diseased HD flies and human HD model. 

An overexpression of miR-10 in non-HD flies led to severe locomotor defects which 

suggested that miR-10 is a part of the genetic elements that cause HD 

pathogenesis. Our results suggest that there might be a link between miR-10, 

locomotion and HD pathogenesis such that, if we reduce the upregulation of miR-

10 in HD flies then we might restore the locomotor decline. miR-10 mutant and 

sponges were used for this investigation. We demonstrated that both the FL and 

the Ex1 constructs displayed modest improvement in locomotor abilities. It was 

also observed that the expression of miR-10 sponge was able to recover the 

survival rate of HD flies, suggesting that miR-10 expression in HD condition is 

associated with locomotion as well as survival. To explore the regulatory 

mechaimsms responsible for the altered miR-10 expression in HD flies, we short-

listed transcription factors that were also differentially expressed in HD. The overall 

picture of data is valuable for investigating the role of miRNAs in HD condition. 
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1.1 Preface 
 
Neurodegenerative diseases (NDs) are characterised by a progressive age-

associated loss of neurons that affect brain function, leading to the development 

of variable clinical features, including motor, cognitive and speech impairments 

(Bogomazova et al., 2019). These behavioural changes impact the quality of life 

of patients and their families (Saudou and Humbert, 2016). Due to a rapidly ageing 

population and increased life expectancy, the incidence of NDs has subsequently 

increased over the years. 16 % of the European population are over 65 years of 

age, and this percentage is expected to rise to 25 % by 2030 (Strafella et al., 2018). 

This increasing prevalence of ND pathologies represents a real challenge for the 

healthcare system around the world. Hence, it has become critical to investigate 

the cause, consequence, and pathogenesis for NDs, which are still not very well 

understood (Saudou and Humbert, 2016). This information can provide powerful 

insight into the use of biomarkers and potential drugs to treat and/or delay the 

disease pathogenesis. Several vertebrate and invertebrate models of human HD 

have also been established to facilitate the research on neurological diseases 

(Pouladi et al., 2013).  

 

In this chapter, we will discuss NDs, particularly a polyglutamine disorder known 

as Huntington’s Disease (HD). We will focus on its inheritance, epidemiology, 

cause, and neuropathological features. We are using an invertebrate Drosophila 

melanogaster model of HD to study the role of small non-coding RNAs in the 

system. We will elaborate on the advantages of a fly system to study human NDs 

and discuss microRNA biogenesis and its functions and effects on gene regulation. 

These topics lay down the foundation of the key building blocks to understand the 

results and observations from this study. 
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1.2 Neurodegenerative Diseases 
 

Neurodegenerative diseases (NDs) are a group of devastating hereditary and 

sporadic disorders that cause selective and progressive decline of a particular set 

of neurons in the central nervous system (CNS) that leads to cognitive and 

locomotor decline (Katsuno et al., 2008). The causative genes for NDs were 

described in the late-nineteenth-century, but only recently, in the past two decades, 

we have been able to conduct transcriptomic and epigenomic studies that have 

revealed the molecular features implicated in these diseases (Jager et al., 2018). 

Patients suffering from NDs like Alzheimer’s disease (AD), Parkinson’s disease 

(PD), amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD), and 

polyglutamine diseases, including Huntington’s disease (HD), share a common 

characteristic feature of protein misfolding, aggregation and accumulation which 

causes cellular dysfunction, loss of synaptic connection and brain damage (Soto 

and Pritzkow, 2018). Several biological processes, including axonal transport, 

oxidative metabolism, ubiquitin-proteasome pathways, stress granule, and 

maladaptive innate immune responses, are altered in NDs (Wetzel et al., 2004, 

Gan et al., 2018), but the regulatory pathways involved in the disease origin and 

pathogenesis are still not very well understood. 

 

1.3 Polyglutamine Diseases 
 
Polyglutamine diseases are a group of NDs that result from an expansion in the 

trinucleotide CAG repeats in the specific disease-associated gene. The CAG 

expansion generates toxic proteins containing critically extended polyQ tracts, 

which is why these pathologies are defined as polyglutamine diseases or PolyQ 

diseases (Bogomazova et al., 2019). Nine polyQ diseases caused by protein 

misfolding, including HD, Spinal and Bulbar Muscular Atrophy (SBMA), Denta-

torubral pallidoluysian Atrophy (DRPLA), and six types of Spinocerebellar Ataxia 

(SCA 1, 2, 3, 6, 7 and 17) are listed in Table 1.1. 
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As our project is based on the study of disease pathology triggered by HD, in the 

next section we will discuss its inheritance, epidemiology, cause and pathological 

features. 

Table 1.1 List of Polyglutamine diseases and their associated proteins 

 

 
1.4 Huntington’s Disease (HD) 
 
HD is an autosomal dominant, adult-onset, a progressive neurodegenerative 

disorder that leads to a combination of motor, cognitive and behavioural decline 

(Bogomazova et al., 2019). It affects 5-7 individuals in a population of 100,000 

around the world and is caused by a toxic expansion of the trinucleotide CAG 

repeats in Exon1 (Ex1) of the huntingtin gene (HTT). The causative HTT is located 

on chromosome 4 (4p16.3) and codes for an enormous protein of 348 kDa 

(Bogomazova et al., 2019). 
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1.4.1 Historical Background 
 
George Huntington, a medical practitioner, was the first person to present a 

comprehensive description of HD in 1872. His paper entitled ‘On Chorea’ 

described the clinical features and the autosomal dominant inheritance pattern of 

HD, defining it as an adult-onset disease that leads to jerky movements, altered 

personality, psychiatric symptoms, and a decline in cognitive function (Huntington, 

1872, Bates, 2005, Chial, 2008). In 1888, J. Hoffman first reported the condition of 

Juvenile HD, where patients manifested the disease symptoms before 20 years of 

age and typically expressed 60 trinucleotide CAG repeats (Hoffman, 1888, Chial, 

2008, Douglas et al. 2013). Juvenile HD disease symptoms were associated with 

rigidity, slow movements, and seizures (Chial, 2008). 

 

The causative HTT gene was mapped to the tip of the short arm of human 

chromosome 4, in 4p16.3 (Gusella et al., 1983). HTT was the first disease-

associated gene mapped using DNA polymorphism. The precise location and the 

DNA sequence of the HTT mutation was identified ten years later (MacDonald et 

al., 1993). It was demonstrated that an expansion in the CAG repeats in HTT, also 

known as the IT15 gene (Interesting Transcript), determined the risk and the 

severity of HD (MacDonald et al., 1993). Since its discovery, HTT has been 

associated with various proteins and molecular pathways, but the mechanism of 

HD manifestation still remains unclear. 

 
1.4.2 Huntingtin (HTT) 
 
1.4.2.1 Epidemiology and Inheritance 
 
HD is an autosomal dominant disease, where the presence of one 

mutant HTT allele is sufficient to trigger disease pathogenesis. An individual 

heterozygous for HTT mutation has a 50 % probability of passing the disease to 

its progeny (Chail, 2008). HTT mutation refers to the expansion of the CAG tri-

nucleotide repeats in the HTT gene. A non-HD population expresses CAG 

sequences coding for 9 to 35 polyQ repeats, whereas an expanded protein 

contains 35 repeats. Cases expressing 36 to 39 repeats (intermediate alleles) 

demonstrate low penetrance and delayed disease onset than those carrying 40 
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CAG repeats. These intermediate alleles can expand the polyQ repeats in 

subsequent generations (Saudou and Humbert, 2016, Mahalingam and Levy, 

2014). 

 

HD has been reported to affect all populations worldwide regardless of race and 

gender but is more prevalent in Caucasian populations, 5-10 cases per 100,000 

individuals (Haddad and Cummings, 1997, Nance and Myers, 2001). Juvenile HD 

cases have been associated with HTT carrying 60 polyQ repeats, which forms just 

5 % of the total cases (Saudou and Humbert, 2016). The mean age of HD onset 

is 40 years, which includes patients aged from 3 to 80 years. HD patients usually 

lose their life 15-20 years after the appearance of the first disease symptoms 

(Nance and Myers, 2001, Saudou and Humbert, 2016). 

 

1.4.2.2 Structure 
 
HTT contains 67 exons that code for an enormous protein of 3,144 amino acids 

(aa) that weighs 348 kDa. HTT protein (HTT) is highly conserved from flies to 

mammals except for the Ex1 region. Ex1 codes for a conserved 17 aa sequence 

at the N-terminal end (N17), a polyQ stretch, and a proline-rich domain (PRD). N17 

aa functions as a nuclear export signal and consists of various sites for post-

translational modifications (PTMs) like acetylation, phosphorylation, sumoylation, 

and ubiquitination that affects the subcellular localisation of HTT. Both polyQ and 

PRD are highly polymorphic in the human population. The function of the toxic or 

the non-toxic polyQ repeats in HD is still unclear, but these repeats have been 

linked with various molecular pathways like autophagy, vesicular trafficking, and 

transport whereas, the PR domain has been associated with protein-protein 

interaction in the cell (Saudou and Humbert, 2016). 

 

The protein coded by the remaining 66 exons of the HTT gene, which corresponds 

to 97.8 % of the HTT is still not very well characterised (Guo et al., 2018). The aa 

stretch between the 69th and 3,144th aa consists of multiple HEAT (huntingtin, 

elongation factor 3, protein phosphatase 2A, and lipid kinase TOR) repeats that 

aid in protein-protein interactions. Using cryo-electron microscopy, it has been 

determined that the HTT structure consists of fragments mainly arranged in an -
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helical conformation that can be divided into three major domains: the amino-

terminal domain, carboxy-terminal domain, and HEAT-repeats. Because of 

multiple HEAT repeats, HTT is mostly associated with protein-protein interaction 

functions (Guo et al., 2018, Saudou and Humbert, 2016).  

 

The enormous expanded HTT is spliced during RNA processing or cleaved during 

proteolysis to generate multiple fragments, including small Ex1 transcripts, that 

form aggregates in the neurons to cause HTT toxicity, as illustrated in figure 
1.1 (Gates et al., 2015). In the subsequent section, we focus on these post-

transcriptional and post-translational mechanisms that lead to the formation of 

short Ex1 HTT fragments. 

 

1.4.2.3 Alternative splicing 
 
Splicing is a biological process where the introns are removed from a pre-mRNA 

sequence to generate a protein-coding RNA transcript. Alternative splicing is a 

regulatory mechanism whereby one gene produces multiple proteins by 

differentially skipping or joining exons, portions of exons, or non-coding introns 

(Mort et al., 2015). It is a critical step in gene expression as it expands the 

regulatory and functional diversity of a cell and the organism. (Lin et al., 2016).  

 

HTT produces two mRNA transcripts of 10,366 and 13,711 bps, from which the 

latter transcript is enriched in the brain. Alternative splicing gives rise to 

multiple HTT variants (Saudou and Humbert, 2016). HTT Ex1 consisting of highly 

pathogenic CAG repeats that do not always splice to exon 2, generating a small 

toxic HTT transcript that expresses the expanded polyQ repeats. The mechanism 

behind this partial splicing event is still unclear (Neueder et al., 2017, Neueder et 

al., 2018). It has been shown that splicing factors are differentially expressed in 

HD condition, and this leads to RNA-induced toxicity (Lin et al., 2016, Neueder et 

al., 2018, Schilling et al., 2019). Studies in HD cell models have shown that RNA 

transcripts with expanded polyQ repeats exert toxic functions by trapping RNA-

binding proteins and that majority of these proteins belong to the spliceosome 

pathway (Schilling et al., 2019). It has also been shown that manipulation of 

splicing factors in a Drosophila HD model improves HD-associated phenotype, 
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suggesting that splicing is a prominent mechanism of RNA-induced toxicity in HD 

(Schilling et al., 2019). 

 

1.4.2.4 Cleavage and proteolysis 
 
HTT transcripts and proteins are expressed ubiquitously throughout the human 

body, with a slightly higher expression in the nervous system (Saudou and 

Humbert, 2016). It can be found shuttling between the nuclear and the cytoplasmic 

compartments of a cell (Gates, 2015). 

 

HTT is cleaved by various proteases, including caspases, calpain, cathepsins, and 

metalloproteinase MMP10 (Goldberg et al., 1996, Kim et al., 2001, Gafni and 

Ellerby, 2002, Hermel et al., 2004, Ratovitski et al., 2009, Miller et al., 2010, 

Tebbenkamp et al., 2012). The proteolytic sites where HTT is cleaved are found in 

PEST domains, referring to amino acids proline (P), glutamic acid (E) or aspartic 

acid (D), serine (S), and threonine (T) domains along with the protein. These sites 

are found in both the toxic and the non-toxic HTT. In HD condition, an increase in 

the proteolytic activity of HTT has been observed. This causes generation, 

localisation, and accumulation of toxic N-terminal HTT that causes cellular 

dysfunction (Goldberg et al., 1996, Saudou et al., 1998, Kim et al., 2001). The 

presence of multiple proteolytic sites in HTT suggests the involvement of HTT 

variants in various biological processes in a cell. 

 

HTT undergoes multiple post-translational modifications (PTMs) including 

acetylation, palmitoylation, phosphorylation, sumoylation and ubiquitylation. These 

modifications affect the function and the localisation of HTT and other proteins that 

are found associated with it. These PTMs are considered as the key regulators of 

HTT function, but their contribution to disease pathogenesis is still not fully 

understood (Saudou and Humbert, 2016, Martin et al., 2018). The short Ex1 with 

expanded HTT transcripts trigger HD pathogenesis in the neurons, where the 

severity of the disease is directly proportional to the CAG repeat length (Pouladi et 

al., 2013, Gates, 2015). To further elaborate on this, in the next section, we discuss 

the symptoms displayed by human HD patients, their association with the CAG 

repeat length, and the two types of human HD conditions. 
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Figure 1.1 Generation of N-terminal toxic HTT fragments. HTT gene is located on 

chromosome 4, which is transcribed to FL HTT mRNA that undergoes alternative splicing to 

generate FL or 90 aa HTT fragments. The FL HTT protein undergoes cleavage and proteolysis 

to generate N-terminal fragments containing the polyQ repeats. These toxic HTT fragments 

form aggregates in the striatal and the cortical neurons to cause neuronal death leading to HD 

pathogenesis (Figure adapted from Bates et al., 2015 and Saudou and Humbert, 2016). 
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1.4.3 Clinical phenotypes 

1.4.3.1 Motor Symptoms 

Movement disorder in HD patients can be categorised into two types depending 

on the severity and the onset of the disease (Bates et al., 2015). The first category 

is chorea, which refers to involuntary movements observed during the early stages 

of disease onset. This defect fades away as the patient ages, and other symptoms 

like rigidity and tremors become more prominent. These uncontrolled choreatic 

movements are displayed by adults but not juvenile HD patients. The second 

category includes uncoordinated voluntary movements and bradykinesia (Bates et 

al., 2015). This type of walking is identified as drunk or cerebellar ataxia-like 

movement, which makes it difficult to distinguish it from choreatic movements 

(Roos, 2010). 

 

A decline in motor behaviour influences an individual's daily life activities, from 

getting out of bed – first thing in the morning to moving around or simply eating. 

Depending on the severity of the disease, the patient lives only for 15-20 yrs after 

the identification of the first symptoms (Roos, 2010). 

1.4.3.2 Cognitive and Psychiatric decline 

HD patients display reduced cognitive behaviour like learning, planning, attention, 

mental flexibility, and emotional recognition. Language and memory are relatively 

spared, but they weaken with the age of the patient. Cognitive symptoms can 

develop much before the manifestation of motor decline but deteriorate 

progressively with age, similar to locomotor impairment (Bates et al., 2015). 

Psychiatric symptoms are also observed in HD patients during earlier stages, 

usually before the development of motor decline. The most frequent sign of a 

psychiatric problem is depression along with anxiety, a feeling of guilt, low self-

esteem, apathy, and irritability. Both the cognitive and psychiatric changes in 

behaviour are linked to functional decline at the very early stages of disease 

development (Roos, 2010, Bates et al., 2015). 
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1.4.3.3 CAG repeat length and age of onset 

In HD, the CAG repeat length determines the age of disease onset and the disease 

severity; expression of longer CAG repeats leads to an early onset and rapid 

progression of the disease. The mean age of onset in adults is 40-45 years, 

depending on the CAG length, whereas individuals suffering from juvenile HD 

display symptoms at 20 years of age (Bates et al., 2015). The majority of HD cases 

are heterozygous, carrying a pathogenic and a non-pathogenic HTT allele. Very 

rare cases of homozygous condition have been registered that express two 

toxic HTT alleles. The disease onset is similar in both conditions, but the 

symptoms are more severe and progress rapidly in homozygous condition 

(Squitieri 2003). 

1.4.3.3.1 Juvenile HD 

Demonstration of HD symptoms in children and adolescents aged between 2 – 20 

years is referred to as Juvenile HD condition, making just 7 % of the total registered 

HD cases (Nance and Myers, 2001). Patients suffering from juvenile HD express 

>55 CAG repeats, displaying severe HD symptoms leading to reduced life 

expectancy (Wild and Tabrizi, 2007, Roos, 2010). The common symptoms of 

juvenile HD include hypokinetic and bradykinetic movements with dystonic motor 

and parkinsonian - behavior, learning disability, the rigidity of limbs and seizures 

(Nance and Myers, 2001) 

With every generation, there is an increase in CAG triplet expansion, leading to 

longer CAG repeats in the juvenile HD patients (Mahalingam and Levy, 2014). 80 

% of these juvenile HD cases exhibit paternal transmission. This results from a 

high degree of instability and propensity for expansion during spermatogenesis. 

The basis for this instability is still unclear (Nance and Myers, 2001, Roos, 2010, 

Mahalingam and Levy, 2014). 

1.4.3.3.2 Late-onset HD 

Adult HD is usually manifested after the age of 35-40 years, depending on the CAG 

repeat length (Kremer et al., 1994). The average number of toxic repeats in 
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diseased individuals is 43, which triggers symptoms at the age of 50 years (Nance 

and Myers, 2001). These patients display motor, cognitive and psychiatric 

symptoms. Motor impairment includes chorea, bradykinesia, and rigidity of the 

limbs that worsens with age. Cognitive decline affects attention and mental 

flexibility, whereas psychiatric decline leads to depression, social disinhibition, 

irritability and impulsivity (Saudou and Humbert, 2016).  

 

In some cases, when the CAG repeat is not extensively elongated, then the 

appearance of the first disease symptoms can be as late as 60 years. This delayed 

onset is observed in 10-25 % of the total registered HD cases (Kremer et al., 1994). 

These individuals display severe symptoms of bradykinesia and rigidity. After 

displaying the first disease symptoms, the patients suffering from either adult HD 

or juvenile HD can survive only for 15-20 years (Mahalingham and Levy, 2014). 

The decline observed in human HD patients is associated with the loss of neurons 

in the human brain (Bogomazova et al., 2019). HTT has been linked to several 

cellular and molecular mechanisms in the disease condition (Saudou and 

Humbert, 2016). In the subsequent section, we explore these pathological features 

to demonstrate the wide spectrum of processes that are affected in HD condition. 

1.4.4 Neuropathological features 

1.4.4.1 Cellular Neuropathy 

The expression of mutant HTT in the human brain leads to selective neuronal loss 

of the striatum and the cerebral cortex. Striatum consists of two types of neurons; 

Medium Spiny Neurons (MSNs, GABAergic, 95 %) and Interneurons (cholinergic, 

5 %) (Ferrante et al., 1985, Graveland et al., 1985, Bates, 2015). The medium 

spiny neurons are more susceptible to neuronal degeneration than the cholinergic 

interneurons (Vonsattel et al., 2008, Ferrante et al., 1985, Han et al., 2010). Based 

on their projection targets, MSNs can be subdivided into two main groups: a) MSNs 

expressing D1 (Dopamine1) receptor and dynorphin/substance P peptides 

projecting towards the internal part of the globus pallidus (GPi), and the substantia 

nigra pars reticulata (SNr) form the ‘direct pathway.’ b) MSNs expressing D2 

(Dopamine2) receptor and enkephalin peptides projecting towards the external 
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segment of globus pallidus (GPe) and the subthalamic nucleus (STN) form the 

‘indirect pathway’ (Han et al., 2011, Blumenstock and Dudanova, 2020). The direct 

and the indirect pathways promote a positive and a negative feedback loop into 

the cortex, which controls the movement through excitatory and inhibitory 

projections from the basal ganglia (Han et al., 2010). The cluster of GPi, GPe, SNr, 

and STN form the basal ganglia, which is involved in the control and origin of 

movement disorders and the determination of movement speed (Han et al., 2011). 

The balance between the direct and the indirect pathways is affected in HD (Han et 

al., 2011). Studies conducted on HD cell models, mouse HD models, and human 

HD post-mortem brain samples based on the presence or absence of the types of 

dopamine receptors, peptides, excitatory and inhibitory signals from the MSNs 

suggest that the indirect pathway is compromised in the initial stages of the 

disease pathogenesis (Blumenstock and Dudanova, 2020, Han et al., 2010).  

 

In HD condition, loss of MSNs forming the indirect pathway trigger a chain of 

events that lead to a decreased release of GABA neurotransmitter into the GPe. 

The GPe interprets this decline in GABA as less inhibition and releases more 

GABA to the STN and GPi, further inhibiting their activity. Neurons from STN to 

GPi/SNr are glutamatergic; their inhibition results in less glutamate release. 

Because of these impulses, the STN is unable to excite the GPi, which in turn 

releases less GABA. On receiving a low amount of GABA, the thalamus perceives 

this signal as less inhibition, resulting in excitatory stimulation of the motor cortex 

(Li and Jiang Li, 2006, Han et al., 2010, Ehrlich, 2012, Blumenstock and 

Dudanova, 2020). This over-stimulation explains the irregular, jerky movements or 

chorea observed in the early stages of HD pathogenesis (Han et al., 2010). 

 

The loss of GABAergic MSNs in HD conditions can also induce changes in the 

direct pathway. The decrease in GABA release into GPi/SNr is interpreted as less 

inhibition, which in turn releases more GABA that further inhibits the thalamus. 

Consequently, it reduces motor cortex stimulation and slow movement (Li and 

Jiang Li, 2006, Han et al., 2010, Ehrlich, 2012, Blumenstock and Dudanova, 2020). 

This circuit explains the rigidity and bradykinesia observed in the later HD stages 

(Han et al., 2010). 
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As the disease progresses, both the D1 and D2 type MSNs are compromised, 

disrupting both the direct and the indirect pathways and producing an overall 

decrease in motor activity (Blumenstock and Dudanova, 2020). This HD 

neuropathology in the human brain is classified using a five-grade system 

depending on the severity of the disease. In a population of HD patients, grade 0 

was allotted to individuals who did not display any pathological abnormalities; 

grades 1, 2, 3, and 4 correspond to the increase in disease severity and the 

demonstration of the degeneration of neurons. For instance, grade 1 indicates the 

loss of 50% neurons, and grade 4 represents the loss of 95% of neurons 

(Vonsattel et al., 1985). 

 

1.4.4.2 Molecular Neuropathy 

 
Molecular mechanisms underlying HD's pathogenesis are not very well understood 

(Ghosh and Tabrizi, 2015). Various studies have shown that mutant HTT leads to 

proteolytic stress, systemic disorders in transcription, mitochondrial dysfunction, 

disorders of axonal transport, microglial activation, and oxidative stress. These 

altered mechanisms interfere with the general functioning of the neurons, 

eventually causing cellular degeneration (Ghosh and Tabrizi, 2015). 

 
 
• HD and proteolytic stress – HTT containing expanded polyQ repeats that 

undergo aberrant splicing events and post-translational proteolysis leading to the 

formation of N-terminal fragments. These fragments code for only the Ex1 part of 

the HTT. They undergo multiple conformational changes leading to the formation 

of protein aggregates (Landles et al., 2010, Narain et al., 1999).  

 

The N-terminal fragments have a molecular mass of 46 kDa compared to the 

massive FL HTT protein that weighs 348 kDa (Saudou et al., 1998). Hence, they 

are easily transported into the nucleus, where they form inclusions with ubiquitin. 

These aggregates display low efficiency of degradation by the ubiquitin-

proteasomal pathway. They form energetically stable aggregates that prevent their 

entry into the proteolytic chamber, leading to the accumulation of more mutant HTT 
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proteins in the nucleus (Schilling et al., 1999, Holmberg et al., 2004). The formation 

of these ubiquitylated aggregates in the nucleus also activates chaperones that 

bind to the polyQ repeats, disabling the neurons to react to cellular stress 

(Labbadia and Morimoto, 2013). 

  

The insufficient degradation by the ubiquitin-proteasomal pathway activates the 

lysosomal-autophagy degradation. Autophagy induction in the earlier stages of 

disease progression has been shown to prevent HTT toxicity in transgenic models 

of HD (Ravikumar et al., 2004). This activity declines in the later stages of disease 

progression due to the interaction of HTT protein with the endoplasmic reticulum. 

These impaired protein-protein interactions and clearance activities lead to a 

systemic failure of all the biological processes causing cell death (Zhao et al., 

2016). 

 
• HD and transcriptional change – The presence of N-terminal HTT fragments 

inside the nucleus, along with transcription factors expressing variable lengths of 

glutamine tracts, suggests a possibility of their interaction leading to a 

transcriptional change in a cell (Valor, 2015). A large number of transcription 

factors, transcription activators/repressors, and nuclear receptors have been 

shown to be linked with HTT; these include CBP, SP1, NF-B, p53, REST/NSRF, 

CA150, NCOR, TAFII130, TR1, and PPARa. By binding to these factors and 

interfering with their transcription, HTT can influence various cellular functions. 

HTT interactions could be either direct or indirect (Saudou and Humbert, 2016). 

  

This link of transcriptional change can be explained using a well-known example 

of mutant HTT and a nuclear factor essential for the survival of neurons, BDNF – 

Brain-Derived Neurotrophic Factor. In non-HD condition, FL HTT facilitates the 

expression of BDNF by binding and inactivating REST, a transcriptional repressor 

located within the cytoplasm. But in HD condition, the expanded HTT cannot bind 

REST protein, further transporting it into the nucleus. Inside the nucleus, REST 

binds to the BDNF gene promoter region, suppressing the neurotrophic factors and 

other genes within the cell (Zuccato and Cattaneo, 2007). Similar studies on HTT 

interaction have shown that change in transcription resulting from HTT interaction 

leads to differential expression of various genes. This change in transcription has 
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also been monitored in post-mortem human brain samples and transgenic HD 

models (Bicchi et al., 2013, Hoss et al., 2014). 

 

• HD and mitochondrial dysfunction – Human HD patients display reduced 

enzymatic activity of the mitochondrial complexes II, III, and IV that affect aconitase 

activity in the striatum. Aconitase plays a significant role in cellular respiration; any 

defect in its activity leads to mitochondrial dysfunction affecting cell survival 

(Tabrizi et al., 1999). Other observations like reduced glucose and increased 

lactate concentration in the striatal cells, decrease in the number and the size of 

mitochondria, progressive weight loss in HD patients, change in mitochondrial 

gene function also indicate a link between mitochondrial dysfunction and HD. 

These defects lead to mitophagy failure, causing the accumulation of impaired 

mitochondria in the cytosol (Martinez-Vincente et al., 2010, Johri et al., 2013). 

 

Another well-studied factor linking mitochondrial dysfunction and mutant HTT is 

mitochondrial transcription factor peroxisome proliferator-activated coactivator 1 

(PGC-1), a regulatory protein expressed in the brain that is involved in 

mitochondrial biogenesis and energy metabolism critical for the survival and 

functioning of the neurons. HD patients and transgenic HD models display 

decreased levels of PGC-1 in the striatal cells expressing the mutant HTT, 

indicating the negative influence of polyQ expansions of HTT on mitochondria 

(Kelly and Scarpulla, 2004). This interaction demonstrates the involvement of 

mutant HTT in mitochondrial dysfunction as well as differential transcription. 

 

•  HD and disorders of cytoskeleton and axonal transport – Disruption of 

neuronal transport apparatus in HD can be caused by a defect in the transport of 

cellular organelles and proteins in axons and dendrites. This could result from a 

direct interaction of mutant HTT with dynein or indirectly through the disintegrated 

complex of HAP1/p150 where, HAP1 is Huntingtin Associated Protein-1 and p150 

a subunit of dynactin that aid in vesicular transport (Saudou and Humbert, 2016). 

Axonal transport in HD can also be affected by steric hindrance of microtubules 

that leads to accumulation and aggregation of mutant HTT and other proteins in 



 
 
 

34 

the cytoplasm, increasing the toxicity of the cell and further adding to the disease 

pathogenesis (Trushina et al., 2004). 
 
•  HD in microglial activation and oxidative stress – Various studies have 

demonstrated a link between microglial activation and HD onset. This activation of 

glial cells is restricted to the striatum and the cerebral cortex in HD patients. The 

mechanisms causing this change are not well understood, but it is speculated that 

the glial activation is caused by a change in transcriptional activity of microglial 

genes by direct or indirect interaction of the polyQ expansions of the mutant HTT 

(Sapp et al., 2001). The expression of polyQ repeats generates free radicals in 

neurons and other cells. These reactive oxygen and nitrogen species activate 

microglia to trigger inflammatory reactions. In HD condition, progressive activation 

of microglial cells leads to oxidative stress causing neuronal degeneration (Kumar 

and Ratan, 2016). 
  
Until now, we have discussed the cause, consequences, and association of 

expanded HTT in the disease condition. In the next section, we will focus on the 

different techniques that have been implied to reduce and/or delay HD 

pathogenesis in human HD models. 

1.4.5 Neurotherapeutics 

Advancements in molecular cloning and gene-mapping have helped in the detailed 

understanding of molecular pathways associated with various neurodegenerative 

diseases. This knowledge has been implicated in designing therapies to prevent 

or delay the disease progression and improve behavioural and motor symptoms. 

The therapeutic strategies to study HD have been developed against the 

mutant HTT mRNA, HTT protein, and other factors involved in HD pathogenesis 

(Shao et al., 2007). 

  

HTT mRNA is directed for degradation by the process of RNA interference (RNAi), 

using short interfering RNA (RNAi) or microRNAs. Single-stranded modified DNA 

molecules or antisense oligonucleotides (ASO) have also been implicated 

in HTT mRNA degradation (Gan et al., 2018). Zinc-finger therapeutics are used for 
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transcriptional repression and reduction of HTT mRNA toxicity (Garriga-Canut et 

al., 2012). Similarly, kinase inhibitors are used to enhance phosphorylation of the 

mutant HTT to reduce the generation and localisation of toxic N-terminal fragments 

(Gu et al., 2009). For the clearance of mutant HTT, recombinant chaperone moiety 

and other agents have been used to enhance macro-autophagy in the system 

(Labbadia et al., 2012). Phosphodiesterase inhibitors responsible for maintaining 

striatal plasticity, cAMP signalling, and cortical stimulation have been used to 

reduce motor defects and striatal atrophy (Threlfell et al., 2009). At the 

transcriptional level, inhibition of histone deacetylases (HDACs) for reducing 

Huntingtin-induced transcriptional dysregulation have also been explored. 

(Mielcarek et al., 2013). 

  

Decreased supply and depletion of BDNF and other neurotrophins is a very well-

known feature of HD. To rescue this defect, therapies including direct or viral 

administration of neurotrophins have been performed (Kells et al., 2004, Pineda et 

al., 2007). Kynurenine 3-mono oxygenase (KMO) inhibitors that regulate 

excitotoxicity of the neuron and neuroprotective tryptophan metabolites generated 

by microglia have been implicated in various studies (Giorgini et al., 2005). 

Therapeutic targets affecting the mitogen-activated protein kinase (MAPK) 

pathways have also been used to improve HD-associated disease pathogenesis 

(Apostol et al., 2006). Most of these approaches are under clinical trials, and others 

have been tested in transgenic HD models, supporting the idea that these 

therapeutic strategies could halt HD progression and provide an opportunity to live 

a normal life for HD patients.  

  

We are using a Drosophila melanogaster model of HD to study human HD-

associated disease pathogenesis for our project. In the subsequent section, we 

will discuss the different types of vertebrate and invertebrate HD models that have 

been established by other labs to explore the role of causative HTT variants in the 

disease condition. We also elaborate on the advantages of using a fly model to 

study human NDs, further focusing on the variety of techniques that have been 

used to develop transgenic HD flies. 
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1.5 Animal models of HD 

HD is caused by a dominant single gene mutation in HTT (Pouladi et al., 2013). 

Various vertebrate and invertebrate animal models have been developed using 

genetic manipulations to study this defect. No single animal model has fully 

recapitulated all the neuropathological and clinical features of human HD but have 

proved to be very valuable for the investigation of HD pathogenesis and 

development of therapeutic drugs (Pouladi et al., 2013, Eaton and Wishart, 2017). 

Depending on the type of transgene insert, HD animal models can be distinguished 

by five key features:  

1. Expression of FL or only a fragment of HTT variation in the length of CAG 

repeats 

2. HTT transgene versus knock-in approach 

3. Use of genomic DNA or cDNA 

4. Presence or absence of HTT promoter and regulatory sequences  

(Pouladi et al., 2013). 

 

Invertebrate HD models:  

 

Species such as C. elegans (worms) and D. melanogaster (fruit fly) have been 

used to develop invertebrate HD models. C. elegans does not have an 

endogenous HTT homolog, whereas D. melanogaster contains a putative 

homolog of human HTT but lacks the polyQ region responsible for causing HD 

(Li et al., 1999, Pouladi et al., 2013).  

 

C. elegans HD models express only the N-terminal truncated part of human HTT 

that codes for varying lengths of polyQ repeats. Expression of toxic HTT proteins 

in worms leads to progressive mechanosensory defects and neuronal dysfunction 

(Parker et al., 2001). On the other hand, D. melanogaster HD models either 

express truncated or FL human HTT. Expression of both these transgenes leads 

to cellular and behavioural decline, differing in the disease onset, progression and 

severity (Jackson et al., 1998, Pouladi et al., 2013). 
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Vertebrate HD models: 

 

Rodents are the most commonly studied vertebrate HD models. Other than 

rodents, Macaca mulatta (Rhesus monkey), Ovis aries (sheep), and Sus 

scrofa domesticus (Tibetian miniature pigs) have also been used for modelling HD 

(Pouladi et al., 2013). 

 

Rodent models of HD are either knock-in or transgenic lines, where the animal 

expresses truncated N-terminal fragments or FL human HTT in the presence of 

intact or knock-in model of endogenous rodent Htt gene (Mangiarini et al., 1996, 

White et al., 1997). These constructs are generated using cDNA and may or may 

not consist of the regulatory sequences (White et al., 1997). FL rodent models 

have also been constructed using YAC – Yeast Artificial Chromosome and BAC – 

Bacterial Artificial Chromosome technology. These models express transgenes, 

including all the exons, introns, and the regulatory sequences of 

human HTT (Hodgson et al., 1999). Rodent models display motor, cognitive and 

behavioural decline accompanied by neuronal loss. Models expressing the Ex1 

truncated fragments demonstrate a rapid onset of HD symptoms as compared to 

other rodent HD models (Mangiarini et al., 1996, Schilling et al., 1999). 

 

Rhesus monkey and pig HD models were generated using N-terminal truncated 

HTT fragments, whereas the sheep model expressed the FL human HTT 

containing the expanded polyQ repeats. Regarding the ability to develop HD-

associated symptoms, HD monkeys displayed the presence of nuclear inclusions, 

sheep models demonstrated striatal atrophy, and the pigs displayed reduced 

neostriatal levels and reduced fertility (Yang et al., 2008, Jacobsen et al., 2010, 

Yang et al., 2010). There were no other overt phenotypes in these large HD animal 

models indicating that the recapitulation of human HD symptoms in these models 

was negligible (Pouladi et al., 2013). 

 

Recently, a non-mammalian vertebrate model of Danio rerio (zebrafish) has been 

used to study various neurodegenerative diseases. Expression of pathogenic 
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human HTT fragments in these fishes leads to mutant protein aggregation in the 

nucleus that results in HD-associated symptoms (Babin et al., 2014). 

1.5.1 Drosophila melanogaster, a versatile model organism for studying HD  

1.5.1.1 Life cycle of the common fruit fly, Drosophila melanogaster 

The common fruit fly, Drosophila melanogaster life cycle, comprises four stages, 

the egg, the larva, the pupa, and the adult fly. The cycle lasts for ~10 days when 

maintained at 25 °C (Figure 1.2). A single female lays hundreds of eggs in a day 

that undergo embryogenesis, which lasts for 24 hrs (Allocca et al., 2018). During 

embryogenesis, the body plan of the larvae is established through the expression 

of a number of critical genes. Upon completing embryogenesis, a fully formed first 

instar larva hatches out of the eggshell and starts to scavenge for food to eat. The 

larva requires this food for growth and maintaining fat and sugar reserves for when 

undergoing metamorphosis. Constantly consuming food, the larva grows in size 

and subsequently molts into second and third instar before the final molt forms a 

pupa (Nijhout et al., 2014, Allocca et al., 2018). Before the third instar larva 

undergoes the final molt, it stops eating and wanders around looking for places to 

pupate. 

 

For this reason, this stage is also referred to as the wandering instar. The pupal 

stages can be sub-categorised into pre/early-pupa and late-pupa depending on 

the age of the animal. During pupal stages, the animal undergoes drastic 

reorganisation to form the adult fly. The development period takes ~10 days, after 

which the adult flies emerge out of the pupal case (Jennings et al., 2011, Allocca et 

al., 2018). The freshly eclosed flies takes around 10-12 hours before becoming 

receptive to courtship signals. The average lifespan of wildtype flies is ~50 days 

post-eclosion (Linford et al., 2013). 

 



 
 
 

39 

 

 

 

 

  

 

 

 

Figure 1.2 Life cycle of Drosophila melanogaster. Fruit flies undergo three stages 

of development before emerging as adults. L1 larvae emerge out of the embryonic sac post 

24 hrs of embryogenesis. L1 larvae undergo two molts to form L2 and L3 instars, which later 

undergoes metamorphosis to form pupae that give rise to mature adults after a development 

period of ~5 days. Fertilized embryos take ~10 days at 25 °C to develop into mature adult flies 

(Nijhout et al., 2014). 
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1.5.1.2 Transgenesis in Drosophila melanogaster 

 
Drosophila has four pairs of chromosomes, where the 1st pair is the sex 

chromosomes (X and Y), and the 2nd, 3rd, and 4th are autosomes. Generally, an 

embryo with two X (XX) chromosomes develops into a female, and with one X and 

one Y (XY) develops into a male. The 1st, 2nd, and 3rd chromosomes are usually 

used for genetic modifications; rarely chromosome 4 has been used because of 

its small size (Stocker and Gallant, 2008). A large number of genetic techniques 

are available that have been used to manipulate the Drosophila genome either by 

overexpression, downregulation, knock-down, mutation, tagging, or temperature-

controlled expression of genes (Venken and Bellen, 2007). All these techniques 

require the insertion of foreign genes/sequences called transgenes into the fly 

genome. These transgenes are incorporated into the genome using P-element 

insertion, transposons, homologous recombination, C31 integrase: site-specific 

integrase insertion, or CRISPR/Cas9, and fly mutants are generated using P-

element mutagenesis or Ethyl methanesulfonate (EMS) mutagenesis (Venken and 

Bellen, 2007). 

 

Transposon-mediated integration is one of the most common techniques used for 

transgene insertion. This method takes advantage of transposons present in the 

system (Karess and Rubin, 1984). Transposons are specific sequences of DNA 

that have the ability to cut themselves and then reintegrate randomly into the 

genome. These transposons are modified using the desired piece of DNA 

sequence and then incorporated into plasmids, injected into Drosophila germline 

cells during the early stages of embryogenesis. The resulting progeny is screened 

for the expression of the incorporated transgenes based on the presence or 

absence of a marker that was inserted in the plasmids along with the transgene 

(Karess and Rubin, 1984). 

 

Homologous recombination, a technique for site-specific insertion of transgenes, 

has also been widely used. In this method, an allele or a specific piece of DNA can 

be interchanged and replicated in the host genome using DNA repair machinery 

and homologous recombination mechanisms (Rong and Golic, 2001). 
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Another method for site-directed transgenesis is the 𝜙𝜙C31integration system, 

which uses the bacteriophage 𝜙𝜙C31integrase enzyme that recognises the 

bacteriophage (attP) and the bacterial insertion (attB) site. Bacteriophage are 

viruses that target bacteria. To insert the gene of interest in the fly 

genome, attP sites are generated using transposons and then were replaced with 

the desired sequence carrying attB. This technique is usually used for inserting 

large pieces of DNA (Groth et al., 2004). CRISPR/Cas9 is another well know 

system that has been used extensively to generate transgenic flies. Clustered 

Regularly Interspersed Short Palindromic Repeats (CRISPR) arrays are a set of 

repetitive sequences that are interspersed with non-repetitive sequences that 

function in bacterial immunity against viruses. In this technique, the CRISPR-

associated genes known as the Cas9 genes generate a targeted double-stranded 

break in the genome, which is then repaired with the DNA fragment of interest 

through homologous non-homologous end-joining recombination (Hsu et al., 

2014). 

 

Drosophila mutants can be generated using P-element or EMS mutagenesis that 

takes advantage of transposable elements or the chemical mutagen to disrupt a 

gene function. There are a few drawbacks of using transposable elements and 

other methods that direct random genetic manipulation of the genome, which could 

interfere with the expression of other coding genes in the system (Bökel, 2008, 

Hummel and Klambt, 2008). 

 
1.5.1.3 Transgene expression in Drosophila melanogaster 

 
The Gal4/UAS expression system has proved to be a powerful tool to study 

constitutive expression of transgenes. The GAL4 protein originally found 

in Saccharomyces cerevisiae regulates tissue-specific expression of the 

transgenes by binding to the Upstream Activating Sequences (UAS) (Hales et al., 

2015). The main feature of this bipartite system is that the GAL4 and the UAS are 

expressed in two different fly lines; only the progeny generated after the cross 

between these lines will express the UAS linked transgene in the targeted tissue. 

A drawback of this spatially controlled expression system is the lack of temporal 
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control, which can be compensated by using yeast GAL80, a protein that binds to 

GAL4 to repress its activity (Nogi et al., 1984). This strategy was further improved 

by using the temperature-sensitive allele of GAL80 (GAL80ts) that binds to GAL4 

at a permissive temperature of 18 °C to block its activity and is degraded at a 

restrictive temperature of 29 °C (Zeidler et al., 2004). Hormone inducible variants 

of GAL4 can also be used to modulate the activity of GAL4 in the system. This can 

be achieved either by GAL-ER, where the GAL4 is fused with human estrogen 

receptor that is activated by estradiol, or by the GeneSwitch system, where the 

GAL4 binds to human progesterone receptor that is activated by RU486 (Han et 

al., 2000, Mondal et al., 2007). Another approach that has been used to have 

better temporal control of GAL4 expression is by using the Split-GAL4 system, 

where the DNA binding domain and the transcriptional activation domain of the 

GAL4 are fused separately such that the transgene expression will only be 

activated if both these GAL4 promotors overlap (Luan et al., 2006). The UAS/GAL4 

gene expression system has also been used in combination with other binary 

systems like LexA/LexAop and the Q system. These inducible systems can be 

used together to study expression in targeted tissues of the fly as they do not cross-

react with each other (Lai et al., 2006, Potter et al., 2010). To increase the 

specificity and to study the role of a gene or a mutation in a limited group of cells, 

the FLP/FRT system can be applied. This technique creates cellular mosaics 

expressing the gene of interest or a mutation in a small group of cells in tissue 

through mitotic recombination (Andrews et al., 1985). 

 

These available genetic manipulation techniques reassure that Drosophila 

melanogaster provides a very useful platform for studying a variety of diseases 

and conditions. Additional features like a short life cycle, a rapid generation time, 

high fecundity, and a fully functional nervous system with an architecture that 

separates specialised functions like vision, olfaction, learning, and memory, unlike 

the mammalian system, makes it an excellent choice for studying NDs 

(Perrimon et al., 2016).  
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1.5.1.4 Drosophila melanogaster model of HD  

First introduced by Thomas Morgan in the early 20th century for the study of 

inheritance, Drosophila melanogaster has since been adopted as one of the most 

powerful systems to study various biological processes, including development, 

behaviour, and aging. Despite the outward, ~75 % of human disease-causing 

genes are shared between humans and Drosophila (Marsh et al., 2003, 

Perrimon et al., 2016). It was discovered that Drosophila contains a putative 

homolog of human HTT. Drosophila htt consists of 29 exons that code for 3583 aa, 

whereas the human HTT consists of 67 exons and expresses a protein-encoding 

for 3144 aa. The significant difference between the two proteins is the absence of 

the polyQ region at the N-terminal sequence of the Drosophila htt (Li et al., 1999).  

 

Building up on this information, various transgenic Drosophila HD models have 

been generated. The first Drosophila HD model was introduced in 1996 by 

Jackson et al., displaying progressive neuronal degeneration in the photoreceptor 

cells in the fly compound eye. These HD models either expressed the N-terminal 

truncated fragments ranging in size from 65 – 548 aa or the FL human HTT as 

shown in Table 1.2 (Pouladi et al., 2013). It is noteworthy that the FL constructs 

were generated using HTT cDNA sequence to avoid the aberrant splicing signals 

from intron1 to form short N-terminal fragments (Sathasivam et al., 2013). GMR 

and Elav drivers were used to study the expression of these constructs in the 

Drosophila compound eye and the CNS, respectively. Expression of both the 

Ex1 and the FL HTT transgenes in the CNS have shown to recapitulate human HD 

symptoms including, neuronal degeneration, motor defects, and reduced survival 

(Jackson et al., 1996, Romero et al., 2008, Barbaro et al., 2014).  

 

The selection of the type of Drosophila HD model depends on the requirement of 

the study. Ex1 constructs or the long N-terminal fragments are used more 

commonly than the FL constructs as the expression of expanded Ex1 is sufficient 

to trigger HD (Mangiarini et al., 1996). Also, the flies expressing the shorter 

mutant HTT fragments display behavioural decline much earlier than the 

FL constructs (Romero et al., 2008, Barbaro et al., 2014).  
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Regardless of the length of the HTT transgene, the flies have proved themselves 

as very successful models in mimicking HD by demonstrating that:  

• polyQ causes cellular pathology 

• pathology is a function of polyQ length,  

• pathology is late-onset,  

• pathology is progressive, 

• pathology leads to a motor decline 

• pathology leads to reduced survival. 

 

The potential of Drosophila HD models to reproduce human disease symptoms 

has placed it at the forefront of research of human development and diseases 

(Marsh et al., 2003, Perrimon et al., 2016). 

Table 1.2 List of Drosophila melanogaster model of HD 

 

The main objective of our project is to explore the role of small non-coding RNAs 

called miRNAs in a Drosophila melanogaster of HD. Hoss et al., among others, 

have shown that multiple miRNAs are differentially expressed in human HD 

patients (Hoss et al., 2014). Hence, to study these changes in miRNA expression 

on our fly samples it is important to discuss about the miRNA biogenesis, their role 

in gene regulation and association with diseases. These topics are covered in the 

following section. 
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1.6 Gene expression is regulated by multiple molecular mechanisms  
 
The central dogma of molecular biology, first proposed by Francis Crick in 1958, 

states the sequential flow of genetic information from DNA to RNA to Protein 

(Crick, 1958, Cobb, 2017). Genes are the basic functional units of DNA, which are 

transcribed to form messenger RNA (mRNA) molecules, further translated into 

proteins. Each cell in an organism constitutes the same genetic material but the 

expression of these genes varies with the type of cell, its morphology and function. 

A multicellular organism consists of a variety of cells exhibiting a range of different 

and unique functions. This diversity in cellular function is brought about by a 

complex array of gene regulation (Cobb, 2017).  

 

Gene regulation includes mechanisms that control the spatial and temporal activity 

of genes across a variety of cells in an organism (Cobb, 2017). Gene expression 

can be regulated by epigenetic processes, including DNA methylation, histone 

modification, and RNA-mediated processes that control access to the 

chromosomal region to maintain either gene silencing or gene activity (Jaenisch 

and Bird, 2003, Gibney and Nolan, 2010). Regulation may also occur when RNA 

is transcribed and processed in the nucleus (transcriptional level), when it is 

transported to the cytoplasm (post-transcriptional level), translated into proteins 

(translational level) or when the protein is undergoing modifications (post-

translational). These mechanisms could either activate, deactivate, increase or 

reduce the activity of the associated genetic molecule to control the expression of 

proteins (O’Brien et al., 2018). 

 

DNA is the first checkpoint of gene regulation where the association and the 

binding of histone proteins determine if the gene must be transcribed. The second 

major checkpoint is transcription, which governs when particular mRNA molecules 

must be transcribed and processed. The last checkpoint is translation, when the 

mRNA is translated into proteins. The associated PTMs and the structure play a 

major role in determining the activity of the final protein product (Hammond, 2015, 

Cobb, 2017). In this thesis, we focus on the change at the transcriptional level 

where the expression of the genes is controlled by mechanisms that influence 

mRNA expression, transport, localisation, degradation, and translation. The 
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factors responsible for these actions could be transcription factors, microRNAs, 

and other RNA binding proteins. 

 
1.7 MicroRNAs and their biogenesis 

 
MicroRNAs (miRNAs) are short, non-coding, single-stranded RNAs that are 18-22 

nucleotides long. These are transcribed from DNA sequences to form primary 

miRNAs, which are processed to form premature miRNAs and eventually mature 

miRNAs (Bartel et al., 2004, Hammond, 2015). miRNAs can bind either to the 3’ 

or the 5’ untranslated region (UTR) of the target mRNA, the gene promoter, or the 

coding sequence (Broughton et al., 2016). By this activity, miRNAs regulate gene 

expression either by degrading the target mRNA or repressing its translation 

(O’Brien et al., 2018).  

lin-4 was the first miRNA identified in Caenorhabditis elegans. It was discovered 

that lin-4 was a small RNA molecule and that it did not encode a protein but instead 

repressed the translation of lin-14 mRNA by binding to its 3’ UTR (Lee et al. 1993). 

This was the first evidence of the involvement of small RNA molecules with gene 

regulatory functions, and this discovery has since revolutionized the field of 

molecular biology (O’Brien et al., 2018). A number of miRNAs have been 

discovered in various model organisms, including Drosophila melanogaster. A 

total number of 1115 fully annotated miRNAs have been found in humans, 

whereas 258 miRNAs have been registered in the Drosophila genome according 

to miRbase V22, 2018. 

Majority of miRNAs are transcribed by RNA polymerase II/III. These miRNAs can 

be intragenic or intergenic, depending on their location in the genome. Intragenic 

miRNAs are processed from introns of the coding genes, whereas the intergenic 

miRNAs are transcribed independently and are regulated by their promoters (De 

Rie et al., 2017). miRNA biogenesis can be classified into canonical and non-

canonical pathways. In the canonical pathway, the primary miRNAs are 

transcribed to form precursor miRNAs (pre-miRNAs) by a microprocessor 

complex, consisting of RNA binding protein – DGCR8, DiGeorge Syndrome Critical 

Region 8 (Pasha is the Drosophila homolog), and a ribonuclease III enzyme, 

Drosha (O’Brien et al., 2018, Lee et al. 2003). The activity of these enzymes 



 
 
 

47 

results in the formation of pre-miRNA, a 60-70 nucleotides long sequence that is 

exported to the cytoplasm by Exportin 5 (Bartel, 2018). The pre-miRNAs are 

processed by RNase III endonuclease Dicer, which removes the terminal hairpin 

loop resulting in a miRNA duplex to generate miRNA-5p and miRNA-3p. In the pre-

miRNA stem-loop structure, the 5p strand is present in the forward position (5’-3’), 

and 3p strand is present in the reverse position (complimentary to the 5p strand). 

The duplex is loaded into the Argonaute (AGO) family of proteins forming the RNA-

induced silencing complex (RISC), where one miRNA strand binds to the 

complementary mRNA sequence and the other strand is called as the passenger 

strand is degraded (Yoda et al., 2010, Bartel, 2018). For any miRNA, the 

proportion of 5p or 3p strands in a cell depends on the cellular requirement; this 

further establishes the cellular diversity within an organism (Meijer et al., 2014). 

 

The non-canonical miRNA biogenesis pathways can be grouped mainly as 

Drosha/DGCR8 – independent or Dicer independent pathways. These pathways 

include transcription activity by Pol III instead of Pol II for the production of 

premature miRNAs. An example of such miRNAs includes mirtrons, which are 

produced from introns of mRNAs during splicing (Ruby et al., 2007) and 7-

methylguanosine (m7G)-capped pre-miRNA, which skip the Drosha processing 

and are directly exported to the cytoplasm (Xie et al. 2013). 

 
1.7.1 Role of miRNAs in gene regulation 
 

The interaction of miRNAs with their mRNAs is dependent on multiple factors, 

including their abundance, localisation, target availability, and the binding affinity 

between miRNA: target mRNA. This complex association of miRNAs and mRNAs 

is responsible for regulating gene expression by maintaining transcriptional and 

translational activity (Huntzinger et al., 2011). 

 

The miRISC - miRNA-induced silencing complex that mediates gene silencing has 

two components, the guide RNA and the AGO protein. The part of the miRISC 

complex that interacts with the complementary sequences of the target mRNA is 

the miRNA Response Element (MRE). The complementarity with MRE dictates if 
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the target mRNA will undergo AGO2-dependent slicing or miRISC mediated 

translational inhibition. Majority of miRNA: MRE associations do not show 

complete complementarity, this prevents the mRNA from AGO2-mediated 

endonuclease activity. Resulting in AGO2 protein acting as a mediator of RNA 

interference (Kawamata and Tomari, 2010). The miRISC mediated translation 

inhibition is initiated with the recruitment of scaffolding GW182 proteins and other 

effector proteins like poly(A)-deadenylase complexes PAN2-PAN3 and CCR4-

NOT after the interaction of miRNA:mRNA. These proteins are responsible for 

deadenylating of the target mRNA, which is eventually decapped and degraded by 

decapping protein 2 (DCP2) and exoribonuclease 1 (XRN1) (Vasudevan et al., 

2007). 

 

miRISC has also been linked with gene regulation at both transcriptional and post-

transcriptional levels in the nucleus, but how miRNAs bring about this effect is still 

not very well understood. It has been demonstrated that miRISC complexes with 

low molecular weight interact with the target mRNA within the nucleus to trigger its 

degradation (Pitchiaya et al., 2017, Nishi et al., 2013). Regarding miRNA activity, 

the components that facilitate miRNA post-transcriptional gene regulation are 

enriched at sites where miRISC: mRNA complexes localise. This spatial 

enrichment of mRNAs and miRISC complexes over time promotes efficient 

regulation of gene expression (O’Brien et al., 2018).  miRISC can also regulate 

transcription directly (Havens et al., 2014). A recent study has shown that 

nuclear miR-522 interacts with the promoter of the CYP2E1 gene and suppresses 

its transcription (Miao et al., 2016).  

 
miRNA-10 is a canonical miRNA. Its pri-miRNA transcripts are processed by 

nuclear enzyme Drosha and double-stranded RNA binding protein Pasha to 

generate pre-miRNAs in the nucleus. These pre-miRNAs are transported from the 

nucleus into the cytoplasm where they are processed into mature miRNAs by the 

miRISC complex (Shukla et al., 2011). 

 
Some miRNA activity has also been associated with translational activation that 

results in the upregulation of target genes. This alteration involves two proteins, 

AGO2 and FXR1 – Fragile-X-mental retardation-related protein (Truesdell et al., 
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2012). These proteins bind to AU-rich elements at the 3’UTR to activate 

translation. Several miRNAs, like let-7, have been found to be associated with this 

translational activation (Vasudevan et al., 2007). These mechanisms provide a 

glimpse of the complex gene regulation maintained by miRNAs in an organism 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 1.3 Biogenesis of canonical miRNAs. Schematic representation of the canonical 

biogenesis of miRNAs in animals. To form mature miRNA transcripts, the initial miRNA hairpin 

structure is cleaved by Drosha and DGCR8 complex inside the nucleus; exported to the 

cytoplasm, and then cleaved by Dicer. This series of steps generate a double-stranded 

molecule, which is then loaded into the silencing complex, where one of the strands is bound 

to guide the targeting of mRNA molecules, while the opposite strand is excluded and 

degraded. The assembled silencing complex can then bind the target mRNA and either 

repress its translation or direct it for degradation (Adapted from Hammond, 2015). 
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1.7.2 Role of miRNAs in human diseases 
 

Various studies have demonstrated that miRNAs play a crucial role in a wide range 

of developmental processes like cell proliferation, metabolism, cell fate 

determination, and apoptosis (Mattick and Makunin, 2005, Zamore and Haley, 

2005). Deficiencies and excess miRNA concentration in a system have been linked 

to many diseases, including diabetes, kidney disease, cardiovascular disease, 

cancer, and neurological disorders (Klein et al., 2005). 

Cancer is one of the most well-studied human diseases. miRNA profiles have been 

generated and compared for various types of cancers for diagnosis and treatment. 

It has been found that several miRNAs, including are let-7b, miR-21, miR-100, 

and miR-221, display differential expression patterns in the diseased condition 

(Fasanaro et al., 2008). Similarly, altered expression of miR-1, miR-27b, miR-

126, miR-133, and others have been observed in cardiovascular diseases. It has 

been suggested that these miRNAs play an important role in the functioning of the 

heart and the cardiovascular system in general (Landgraf et al., 2007, Ikeda et al., 

2007).  

 
Some miRNAs, including miR-126, miR-155, and miR-181, have also been linked 

to inflammatory responses like vascular inflammation, leukocyte activation, and 

infiltration into the vascular wall (Rodriguez et al., 2007, Harris et al., 2008). 

Immune-related diseases like diabetes, liver disease, lupus, and multiple sclerosis, 

have also been linked with various cellular miRNAs. These miRNAs include miR-

34, miR-146, miR-200, miR-326, and others, indicating that these findings provide 

insights about inflammatory responses and drug discovery to improve the immune 

system (Junker et al., 2009, Alisi et al., 2011).  

 
miRNAs are highly expressed in the CNS compared to other organs in the 

mammalian system (Babak et al., 2004). Their expression changes naturally 

during brain development and organisation, suggesting that miRNAs display 

different expression patterns throughout the life of the organism (Miska et al., 

2004). miRNAs are known to be dynamically regulated during brain development 

and neurogenesis; this identifies a link between miRNAs and various 

neurodevelopmental disorders. This also suggested that miRNAs contribute 
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significantly to the pathogenesis of the neuro-developmental disorders at the 

molecular level (Chang et al., 2009). Adding to this, an increasing number of 

studies have discovered that miRNAs are differentially expressed in NDs like AD, 

HD, PD, and ALS (Nelson et al., 2008). This indicates that modifications in the 

miRNA regulatory pathways might contribute to disease pathogenesis. Some of 

the altered miRNAs in these neurological diseases are miR-30b, miR-133b, miR-

144 in PD (Martins et al., 2011), miR-9, miR-29a, miR-124 in AD (Iglesias et al., 

2010), and miR-9, miR-34b, miR-219 in HD (Hoss et al., 2014). As a result of 

these modifications, it has been suggested that miRNA regulation is one of the 

critical mechanisms responsible for generating complexity in the brain and the 

body (Iglesias et al., 2010). Hence, the discovery of the involvement of miRNAs in 

various diseases highlights the importance of miRNA research in exploring disease 

pathogenesis and drug development.    

 
To elucidate the regulatory mechanisms that might be responsible for causing 

differential expression of miRNAs in HD condition, we explore the expression of 

various transcription factors which might be associated with this change. Hence, it 

was important for us to discuss transcription factors, their role in gene regulation, 

and their association with human diseases, as described in the following section. 

 

1.8 Transcription factors, their role in gene regulation and association 
with human diseases 
 
Transcription factors (TFs) are proteins that bind to specific DNA sequences in the 

promoter and/or the enhancer region to control transcription. This binding is often 

accompanied by a change in the TF conformation (Lambert et al., 2018). The 

activation of TFs involves multiple transduction pathways or direct binding of 

ligands. The specific DNA sequences where the TFs bind are known as DNA 

motifs or cis-regulatory elements (CREs). CREs are the gene regulatory regions 

that include promoters, enhancers, and silencers. These can be located upstream, 

downstream, within an intron around the target gene, or from other genomic 

locations distant from the target gene (Wilkinson et al., 2017, Powell et al., 2019). 

TFs bind the DNA at the DNA binding domain (DBD), which could be the 

homeodomain (HD), high-mobility group box (HMG), or helix-turn-helix (HTH). This 
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interaction between the DNA and the TFs gets more complicated with the influence 

of epigenetic modifications, cofactors, and cooperative binding of other TFs 

(Rebeiz et al., 2017). The involvement of all these factors in the activity of TFs play 

a crucial role in gene regulation. Another step of gene regulation is the interplay 

between TFs and miRNAs. Both TFs and miRNAs are essential regulators of gene 

expression at the transcriptional level and at the post-transcriptional level, 

respectively sharing a common regulatory logic and have the potential to regulate 

each other (Qiu et al., 2010).  

 
Mutations in regulatory regions of TFs, cofactors, and chromatin regulators and 

the insufficiency of these factors in some conditions have been associated with 

diseases including cancer, diabetes, autoimmune disorders, cardiovascular 

diseases, neurological disorders, among others (Lee and Young, 2013). Both 

mutation and change in the expression of TFs have been linked with various types 

of cancers. For example, an increase in expression of oncogenic TFs, TAL1, and 

c-Myc leads to modification of the autoregulatory circuitry that controls the 

oncogenic program and tumor aggression (Lin et al., 2012, Sanda et al., 2012). A 

mutation in the autoimmune regulator (AIRE), a TF that plays a role in promoting 

transcriptional elongation, leads to the production of immune infiltrates and 

autoantibodies that cause an autoimmune disorder (Kyewski and Klein, 2006). 

Differential expression of NF-B, an immune response transcriptional regulator, has 

also been linked to various immune diseases and cancers (Hayden and Ghosh, 

2012).  

 
Altered expression of TFs has been recorded during the development of the 

cardiovascular system that leads to congenital birth defects and other diseases 

(Roger et al., 2012). Mutations in pancreatic TFs like HNF1, HNF1, HNF4, 

NeuroD1, and PDX1 lead to defects in insulin production, causing Diabetes 

mellitus (Odom et al., 2004). Such mutations and differential expression of TFs are 

also observed in neurological disorders and developmental deficiencies. For 

example, mutations in MED23, MED16 mediator activators alter the interaction 

between TFs and the activators, leading to a change in gene expression that 
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affects brain development and plasticity (Hoyer et al., 2012, Lee and Young, 

2013).  

 
Similar changes in transcription profiles have been identified in various NDs like 

AD, PD, HD, and ALS (Chu et al., 2007). These studies suggest that the control 

and regulation of TF expression plays an integral and important role in various 

principal pathways in an organism, any change in their activity triggers various 

developmental and life-threatening diseases.  

 

1.9 Aims and outcomes of the thesis 
 
The main objective of this thesis was to investigate the role of miRNAs in a 

Drosophila melanogaster model of HD. Previous studies have demonstrated that 

miRNAs are differentially expressed in human HD and cellular HD model. To study 

the role of these miRNAs in our Drosophila model, we first introduced and 

established FL and Ex1 Drosophila HD model in our lab. To identify if there were 

miRNAs that displayed a similar change in expression in our Drosophila HD model 

as observed in human HD and cellular HD model, we performed miRNA 

expression analysis using diseased HD flies. From this analysis, two miRNAs were 

selected that displayed a similar pattern of altered expression in both Drosophila 

HD variants, human HD and cellular HD models. To study the role of these miRNAs 

in HD, we hypothesised that these miRNAs are associated with (i) HD 

pathogenesis, (ii) compensatory response of host, (iii) miRNAs are involved in both 

disease pathogenesis and compensatory response or, that (iv) miRNAs are 

differentially expressed because of other biological or experimental factors like 

aging, compromised immunity, exposure to chemicals etc. but not HD. Results 

gathered from behavioural and molecular assays suggested that one of our 

candidate miRNA was a part of the genetic elements that trigger HD pathogenesis. 

Taking advantage of Drosophila genetics and behavioural assays, we further 

explored if the behavioural decline displayed by the diseased flies could be 

rescued by altering the expression of the candidate miRNA. It was observed that 

these changes led to modest rescue in behavioural decline in HD flies. To add a 

mechanistic side to our study, transcription factors that could be associated with 

the change in miRNA expression were also explored. 
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2.1 Drosophila melanogaster strains 

 
Fly lines were ordered from Bloomington Drosophila Stock Center (BDSC), Vienna 

Drosophila Research Center (VDRC), and Zurich ORFeome Project (FlyORF). 

Flies were reared on standard cornmeal molasses medium at 25 °C, on 12 hr light: 

12 hr dark cycle, and 50-60 % humidity. The transgenes were expressed using the 

bipartite Gal4/UAS system. For all the experiments, female flies carrying the Gal4 

driver were crossed with male flies carrying the UAS transgene. All the fly strains 

used for this study are listed in Table 2.1; these lists include original stocks and 

the stocks created in the lab. 

Table 2.1 List of Drosophila Strains 
 
(i) General stocks 
 
Stock Name Stock Origin Genotype 
w1118 (I) 5905 (BDSC) w[1118] 

Elavc155-Gal4 (I) 458 (BDSC) P{w[+mW.hs]=GawB}elav[C155] 

UAS-GFP (II) 108492 (DGRC) y[1] w[1118]; P{w[+mC]=UAS-Gal4.H}12B 

UAS-GFP (III) 108491 (DGRC) y[1] w[1118]; P{w[+mC]=UAS-Gal4.H}3A 

UAS-IVS-
myr::tdTomato (II) 

32222 (BDSC) w[*]; P{y[+t7.7] w[+mC]=10XUAS-IVS-
myr::tdTomato}attP40 

UAS-IVS-
myr::tdTomato (III) 

32221 (BDSC) w[*]; P{y[+t7.7] w[+mC]=10XUAS-IVS-
myr::tdTomato}attP2 

UAS-IVS-myr::GFP 
(II) 

32198 (BDSC) w[*]; P{y[+t7.7] w[+mC]=10XUAS-IVS-
myr::GFP}attP40 

UAS-IVS-mCD8::GFP 
(III) 

32186 (BDSC) w[*]; P{y[+t7.7] w[+mC]=10XUAS-IVS-
mCD8::GFP}attP2 

Engrailed-Gal4 (II) 30564 (BDSC) y[1] w[*]; P{w[+mW.hs]=en2.4-GAL4}e16E 

Woniu-Gal4 (II) 56553 (BDSC) w[*]; P{w[+mC]=wor.GAL4.A}2; Dr[1]/TM3, 
P{w[+m*]=Ubx-lacZ.w[+]}TM3, Sb[1] 

 
(ii) Huntington Stocks 
 
Stock Name Stock Origin Genotype 
UAS-16Q-FL HTT (II) 33810 (BDSC) w[1118]; P{w[+mC]=UAS-HTT.16Q.FL} 

F24/CyO 

UAS-128Q-FL HTT (III) 33808 (BDSC) w[1118]; P{w[+mC]=UAS-HTT.128Q.FL} 

f27b 

UAS-25Q-Ex1 HTT (II) 68414 (BDSC) w[*]; M{w[+m*]=UAS-HTT.ex1.Q25}ZH-51D 

UAS-120Q-Ex1 HTT (II) 68408 (BDSC) w[*]; M{w[+m*]=UAS-HTT.ex1.Q120}ZH-

51D 
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(iii) miRNA stocks 
 
Stock Name Stock Origin Genotype 
UAS-miR-10 41169 (BDSC) w[1118]; P{y[+t7.7] w[+mC]=UAS-LUC-mir-

10.T}attP2/TM3, Sb[1] 
UAS-miR-34 41158 (BDSC) w[1118]; P{y[+t7.7] w[+mC]=UAS-LUC-mir-

34.T}attP2 
UAS-miR-9c 41139 (BDSC) w[1118]; P{y[+t7.7] w[+mC]=UAS-LUC-mir-

9c.T}attP2 
UAS-miR-9b 41131 (BDSC) w[1118]; P{y[+t7.7] w[+mC]=UAS-LUC-mir-

9b.T}attP2 
UAS-miR-219 59889 (BDSC) w[*]; P{y[+t7.7] w[+mC]=UAS-mir-

219.S}attP16 

∆miR-10 58880 (BDSC) w[*]; TI{w[+mW.hs]=GAL4}mir-10[KO] 

∆miR-277/34 58908 (BDSC) w[*]; Df(3R)mir-277-34-KO, 
TI{w[+mW.hs]=TI}mir-277-34-KO/TM3, 
P{w[+mC]=GAL4-twi.G}2.3, P{UAS-
2xEGFP}AH2.3, Sb[1] Ser[1] 

∆miR-9c 58967 (BDSC) w[*]; TI{TI}mir-9c[KO]/CyO, 
P{w[+mC]=GAL4-twi.G}2.2, P{UAS-
2xEGFP}AH2.2 

∆miR-100/let-7/125 
 

58881 (BDSC) w[*]; Df(2L)let-7-C[KO1], 
TI{w[+m*]=TI}CG10283[K01]/CyO, 
P{w[+mC]=GAL4-Kr.C}DC3, 
P{w[+mC]=UAS-GFP.S65T}DC7 

∆miR-219 58900 (BDSC) w[*]; TI{w[+mW.hs]=TI}mir-219[KO]/TM3, 
P{w[+mC]=GAL4-twi.G}2.3, P{UAS-
2xEGFP}AH2.3, Sb[1] Ser[1] 

UAS-scramble 
sponge 

61501 (BDSC) w[*]; P{y[+t7.7] w[+mC]=UAS-
mCherry.scramble.sponge}attP40; P{y[+t7.7] 
w[+mC]=UAS-
mCherry.scramble.sponge}attP2 

UAS-miR-974 sponge 61460 (BDSC) w[*]; P{y[+t7.7] w[+mC]=UAS-mCherry.mir-
974.sponge.V2}attP40; P{y[+t7.7] 
w[+mC]=UAS-mCherry.mir-
974.sponge.V2}attP2/TM6B, Tb[1] 

UAS-miR-10 sponge 61377 (BDSC) w[*]; P{y[+t7.7] w[+mC]=UAS-mCherry.mir-
10.sponge.V2}attP40/CyO; P{y[+t7.7] 
w[+mC]=UAS-mCherry.mir-
10.sponge.V2}attP2 
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(iii) Chromosomal balancers with fluorescent markers 
 

Stock Name Stock Origin Genotype 
CyO, twi-EGFP (II) 6662 (BDSC) w[1118]; In(2LR)Gla, wg[Gla-1]/CyO, 

P{w[+mC]=GAL4-twi.G}2.2, P{w[+mC]=UAS-
2xEGFP}AH2.2 

TM3, twi-EGFP (III) 6663 (BDSC) w[1118]; Dr[Mio]/TM3, P{w[+mC]=GAL4-
twi.G}2.3, P{UAS-2xEGFP}AH2.3, Sb[1] 
Ser[1] 

FM7c, twi-EGFP (I) 6873 (BDSC) y[1] w[*] N[1]/FM7c, P{w[+mC]=GAL4-
twi.G}108.4, P{UAS-2xEGFP}AX 

fluorescent double 
balancer (II, III) 

Host Lab w[*]; noc[Sco]/Cyo, P{Dfd-GMR-nvYFP}2; 
ry[506] Dr[1]/TM3,  P{Dfd-GMR-nvYFP}3, 
Sb[1] 

double balancer (II, III) Host Lab w[*]; If/CyO; MKRS/TM6B 

 
(iii) Transcription factors 
 

Stock Name Stock Origin Genotype 
UAS-spps F000477 (FlyORF) M{UAS-Spps.ORF.3xHA.GW}ZH-86Fb 

UAS-hr51 F001886 (FlyORF) M{UAS-Hr51.ORF.3xHA.GW}ZH-86Fb 

UAS-atf6 F000476 (FlyORF) M{UAS-Atf6.ORF.3xHA.GW}ZH-86Fb 

UAS-dorsal F000638 (FlyORF) M{UAS-dl.ORF.3xHA.GW}ZH-86Fb 

UAS-dsp1 F000072 (FlyORF) M{UAS-Dsp1.ORF.3xHA.GW}ZH-86Fb 

UAS-scr 7302 (BDSC) w[1118]; P{UAS-Scr.M}EE2/TM6B, Tb[+] 

UAS-pan F001429 (FlyORF) M{UAS-pan.ORF}ZH-86Fb 

UAS-nub F000147 (FlyORF) M{UAS-nub.ORF.3xHA.GW}ZH-86Fb 

UAS-ecr F000480 (FlyORF) M{UAS-EcR.ORF.3xHA.GW}ZH-86Fb 

UAS-ubx 911 (BDSC) w[1]; P{w[+mC]=UAS-Ubx.Ia.C}36.2/TM3, 

Ser[1] 

UAS-sppsRNAi 45299 (VDRC) w1118; P{GD5187}v45299 

UAS-hr51RNAi 37617 (VDRC) w1118; P{GD4319}v37617 

UAS-atf6RNAi 36504 (VDRC) w1118; P{GD14782}v36504 

UAS-dorsalRNAi 45998 (VDRC) w1118; P{GD1238}v45998 

UAS-dsp1RNAi 41029 (VDRC) w1118; P{GD4269}v41029 

UAS-scrRNAi 46500 (VDRC) w1118; P{GD17052}v46500 

UAS-panRNAi 3014 (VDRC) w1118; P{GD1506}v3014 

UAS-nubRNAi 43678 (VDRC) w1118; P{GD9038}v43678 

UAS-ecrRNAi 37058 (VDRC) w1118; P{GD1428}v37058 

UAS-ubxRNAi 31913 (BDSC) y[1] v[1]; P{y[+t7.7] 

v[+t1.8]=TRiP.JF02202}attP2 

 
 

http://flybase.org/reports/FBti0161806.html
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(iii) Stocks rebalanced and combined for this study 
 

Stock Name Genotype 
UAS-16Q-FL HTT (II) w[1118];;P{w[+mC]=UAS-HTT.16Q.FL}F24/CyO, P{Dfd-GMR-

nvYFP}2 
UAS-25Q-Ex1 HTT; 
UAS-IVS-myr::tdTomato 

w[*]; M{w[+m*]=UAS-HTT.ex1.Q25}ZH-51D; P{y[+t7.7] 
w[+mC]=10XUAS-IVS-myr::tdTomato}attP2 

UAS-120Q-Ex1 HTT; 
UAS-IVS-myr::tdTomato 

w[*]; M{w[+m*]=UAS-HTT.ex1.Q120}ZH-51D; P{y[+t7.7] 
w[+mC]=10XUAS-IVS-myr::tdTomato}attP2 

UAS-25Q-Ex1 HTT; 
UAS-scramble sponge 

w[*]; M{w[+m*]=UAS-HTT.ex1.Q25}ZH-51D; P{y[+t7.7] 
w[+mC]=UAS-mCherry.scramble.sponge}attP2 

UAS-120Q-Ex1 HTT; 
UAS-scramble sponge 

w[*]; M{w[+m*]=UAS-HTT.ex1.Q120}ZH-51D; P{y[+t7.7] 
w[+mC]=UAS-mCherry.scramble.sponge}attP2 

UAS-25Q-Ex1 HTT; 
UAS-miR-974 sponge 

w[*]; M{w[+m*]=UAS-HTT.ex1.Q25}ZH-51D; P{y[+t7.7] 
w[+mC]=UAS-mCherry.mir-974.sponge.V2}attP2 

UAS-120Q-Ex1 HTT; 
UAS-miR-974 sponge 

w[*]; M{w[+m*]=UAS-HTT.ex1.Q120}ZH-51D; P{y[+t7.7] 
w[+mC]=UAS-mCherry.mir-974.sponge.V2}attP2 

UAS-25Q-Ex1 HTT; 
UAS-miR-10 sponge 

w[*]; M{w[+m*]=UAS-HTT.ex1.Q25}ZH-51D; P{y[+t7.7] 
w[+mC]=UAS-mCherry.mir-10.sponge.V2}attP2 

UAS-120Q-Ex1 HTT; 
UAS-miR-10 sponge 

w[*]; M{w[+m*]=UAS-HTT.ex1.Q120}ZH-51D; P{y[+t7.7] 
w[+mC]=UAS-mCherry.mir-10.sponge.V2}attP2 

UAS-25Q-Ex1 HTT; 
∆miR-10 

w[*]; M{w[+m*]=UAS-HTT.ex1.Q25}ZH-51D; 
TI{w[+mW.hs]=GAL4}mir-10[KO] 

UAS-120Q-Ex1 HTT; 
∆miR-10 

w[*]; M{w[+m*]=UAS-HTT.ex1.Q120}ZH-51D; 
TI{w[+mW.hs]=GAL4}mir-10[KO] 

Worniu-Gal4; UAS-IVS-
mCD8::GFP 

w[*]; P{w[+mC]=wor.GAL4.A}2; P{y[+t7.7] w[+mC]=10XUAS-
IVS-mCD8::GFP}attP2 

 

2.2 Behavioural analyses 
 
Virgin female flies carrying the Elavc155-Gal4 driver were crossed with male flies 

carrying either the expanded or the unexpanded UAS-HTT transgenes. The 

progeny expressed the desired HTT transgenes in the Elav-restricted region. Only 

female flies heterozygous for the driver and the transgene were collected and 

tested. 

 
2.2.1 Negative geotaxis or Climbing assay 
 
Flies naturally tend to move against gravity when agitated. Taking advantage of 

this behaviour, the locomotor performance of flies expressing either the expanded 

or the unexpanded HTT transgene was tested. This was done to investigate if 

these conditions hinder locomotion in flies.  
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2.2.1.1 Setup 
 
For the negative geotaxis assay setup, custom made glass vials with 15 cm x 2 

cm x 0.2 cm dimensions were used. Glass vials were preferred over plastic vials 

to avoid the change in static electric fields on fly wings. According to Newland et 

al., repeated tapping of the plastic vials causes an increase in static energy, which 

leads to changes in the neurochemistry of the fly brain that further affects 

locomotion (Newland et al., 2015). The glass vials were marked at two points along 

its length: one at 2 cm (black) and the other at the 9 cm (red) mark. To hold the 

vials upright, a 3D printed plastic tube stand was used to have three tubes 

simultaneously. The frame was printed in white for the ease of the analyst to count 

the brown flies against the white background manually. A thick sponge was stuck 

at the bottom of the stand to reduce pressure on the flies while taping.  

 
Every set of experiments was recorded using a Logitech webcam C165. The 

camera was mounted on a custom-made pedestal with 5 cm x 5 cm x 5 cm 

dimensions. This was done to level the camera parallel to the 9 cm mark on the 

glass vial to help the analyst count the number of flies that could cross the marked 

line.  

 
2.2.1.2 Fly collection and sorting  
 
For fly collection, five bottles of the desired cross were set up to have enough 

progeny to perform the experiment with three biological replicates. A total of 80 

virgin female flies were collected— 20 flies per biological replicate and 20 

additional. After the collection, all the flies were screened for broken wings, 

broken legs, and food stuck on the body parts to avoid any possibility of bias 

while scoring the locomotor behaviour. The 20 additional flies were used to 

replace flies with deformities and the flies that could not survive until day 1. 

Negative geotaxis assay was performed from day 1 until complete immobility of 

the diseased flies. 
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2.2.1.3 Locomotor analysis 
 
Glass vials were thoroughly cleaned with soap and water for 2 hours before 

conducting the experiment. The vials were left to dry at 30 °C for the first 30 mins 

and then at 25 °C for an hour.  

 
Flies were transferred to labelled glass vials and were allowed to acclimatize for 

15 mins. Three biological replicates of the same genotype were set together in the 

stand. The flies were gathered at the bottom of the tube with ten gentle taps on the 

palm of the analyst. The videos were recorded just after the final tap as the stand 

was kept upright on the table. Flies were allowed to climb for 18 seconds to reach 

the 9 cm (red) mark. This step was repeated five times after every 1 minute to have 

five technical replicates. The locomotor ability of the flies was tested every 

alternate day until the diseased flies were completely immobile and were not able 

to reach the 2 cm (black) mark on the glass tube.  

 
The time and the distance to climb, and the total number of flies required for setting 

up an experiment was selected after various trials. These tests were dependent 

on the volume of the glass vials and on the onset of the locomotor phenotype for 

the flies expressing the expanded HTT fragments. The protocol was adapted from 

Riemensperger et al., 2013 and Yao et al., 2015. 

 
2.2.1.4 Performance Index 
 
All the experimental videos were recorded and analysed using a VLC media 

player. Fly locomotion was monitored by their ability to climb up a vertical glass 

tube. The position of an individual fly in each tube was traced manually, and the 

data was transferred to an excel file. All the scored data points were used to 

calculate the performance index with the given formula (Riemensperger et al., 

2013). 
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Performance Index (PI): 
1
2
�
𝑛𝑛(𝑡𝑡𝑡𝑡𝑡𝑡) + 𝑛𝑛(𝑡𝑡𝑡𝑡𝑡𝑡) − 𝑛𝑛(𝑏𝑏𝑡𝑡𝑡𝑡)

𝑛𝑛(𝑡𝑡𝑡𝑡𝑡𝑡)
� 

 
Where, 

n(tot) – Total number of flies 

n(top) – Number of flies at the top, above the 9 cm mark 

n(bot) – Number of flies at the bottom, below the 2 cm mark 
 
PI value of 1 means that there is no decline, whereas values <1 indicates a 

decline in the locomotor ability of the flies. 

 
2.2.2 Horizontal Locomotor Assay 
 
Adult horizontal locomotor assay was conducted to strengthen the results obtained 

from the negative geotaxis experiment. For this assay, flies of desired genotypes 

were allowed to freely move around on a horizontal platform inside a fly chamber. 

The videos were recorded using Basler acA1300 – 200 mm and then analysed 

using Ctrax software. 

 
2.2.2.1 Setup 
 
Adult fly behaviour chamber was set up by Dr. Abdul-Raouf Issa, a postdoctoral 

research fellow in the lab. The fly chamber, a closed hood with a Basler acA1300 

– 200 mm camera mounted on the roof to record any movement. Fly locomotion 

was tracked on a 3D printed horizontal platform of dimensions 6 cm x 6 cm x 0.5 

cm. The top of the flat-horizontal plate had a depression of radius 2.5 cms and a 

maximum depth of 0.2 cm that allowed the flies to move freely. Flies of the desired 

genotype and age were collected and tested one at a time. The flies were 

transferred from the food vials to the platform using a suction pipe and then 

immediately covered with a glass plate coated with Sigmacote. This coat prevents 

insects from crawling on the ceiling of the glass plate. Hence, only the horizontal 

locomotor behaviour was analysed. Videos were recorded to track this movement, 

and the data was further analysed using Ctrax software. 
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2.2.2.2 Fly collection  
 
Flies of desired genotype were collected and checked for any deformity as 

mentioned in 2.2.1.2. 10 female virgin flies per genotype were tested. The flies 

were aged in fresh food vials and were flipped every alternate day. All the vials 

were maintained at 25 °C throughout the experiment. 

 
2.2.2.3 Horizontal locomotion recording and analysis 
 
The horizontal platform and the glass plate were thoroughly cleaned with soap and 

water and then wiped with 70 % ethanol an hour before setting up the experiment. 

The field view of the camera was set, and then with the help of a clean suction 

pipe, one fly at a time, was carefully transferred to the horizontal platform. The 

plate was immediately covered with a transparent glass plate coated with 

Sigmacote to prevent the flies from escaping and crawling on the ceiling. The flies 

were allowed to acclimatise for 2 mins before starting the recording. The videos 

were recorded for 5 mins by using Basler acA1300 – 200 mm camera. After the 

recording, the flies were transferred to clean and numbered fresh food vials for the 

next batch of experiments. A coding script for analysing this data was developed 

using PYTHON by a fellow Ph.D. student, Maxime Rerio. The recordings were 

then analysed using Ctrax and ImageJ software. 

 
2.2.3 Measurement of Lifespan 
 
Lifespan measurement is a fundamental method used to determine the effects of 

genetic and non-genetic factors involved in aging. Studying eclosion and survival 

of flies expressing expanded and unexpanded HTT fragments helped to 

investigate if these inserts altered the lifespan of the diseased flies.  

 
2.2.3.1 Setup 
 
Desired crosses were set up in small embryo collection cages with apple juice 

agar plates supplemented with yeast paste at 25 °C. The flies were allowed to 

mate for two days before starting the egg collection to reduce the possibility of 

collecting unfertilized eggs. Embryos were aged and collected from day 3 

onwards. The apple juice plates were flipped twice a day. 
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2.2.3.2 Embryo collection and sorting  
 
Overnight collection of embryos was rinsed in 1X PBS.  32 µL of embryos from 

this collection were transferred to 20 clean bottles with fresh molasses food for 

each genotype (Linford et al., 2013). From these 20 bottles, 10 bottles were used 

to set the Eclosion assay and the other 10 for the Survival assay. 

 
2.2.3.3 Survival Assay 
 
The bottles and the experimental vials for studying the survival/longevity assay 

were maintained at 25 °C throughout the experiment. 120 female virgin flies of 

the desired genotype were collected from 10 bottles. 10 flies from this collection 

were transferred to a fresh food vial containing 3 mL molasses food to set up the 

survival assay. Similarly, 20 biological replicates for one genotype were setup. 

The flies were transferred to fresh food after every 2 days. The total number of 

flies alive, dead, dead transferred to the new vial, and the number of flies 

escaped were scored for all the genotypes. 

 
2.2.3.4 Eclosion Assay 
 
The bottles were maintained at 25 °C throughout the experiment. After 7 days 

post-egg laying, the dark pupae/pharate start to appear. The total number of 

dark pupae for each experimental and control genotype were scored. The total 

number of flies that eclosed from these dark pupae were also scored, and the 

eclosion rate was calculated.  

 
To study if there was a bias towards eclosion and survival of one gender over 

the other, the percent eclosion of males and females for all the experimental and 

the control genotypes was also calculated. 

 
2.2.4 Pharate Eclosion 
 
To investigate the reason for reduction in the eclosion rate for the flies 

expressing the expanded HTT fragments, pharate eclosion experiment was 

conducted. In this experiment, randomly 5 – 6 late-stage dark pupae (≥180 hrs 

post-egg hatching) were collected and recorded individually until they eclosed. 
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2.2.4.1 Setup 
 
A small transparent petri-dish of dimensions 6 cm x 1.3 cm was used as a 

substrate to stick the pupae to conduct the recordings. A double-sided clear tape 

of the size of a pupa was stuck in the middle of the petri-dish. The tape was 

shielded with black paper on both its sides to avoid reflection while recording. 

This small petri-plate was placed on a bigger petri-plate of dimensions 10 cm x 

1.5 cm, and accordingly, the lamps were adjusted to provide better contrast in 

the video to track any sign of movement. The pharate eclosion videos were 

recorded using Leica DM165 FC microscope. 

 
2.2.4.2 Pharate collection and dissection  
 
Desired crosses were set up in bottles. Late-stage dark pupae, aged ≥180 hrs 

(post-egg hatching), were collected with the help of a clean brush and forceps. 

The pupal case was cleared off any dry food or dirt that might cause hindrance 

in the recording of the pharate movement. To ease the process of eclosion, the 

pupal case covering the head of the pharate was carefully removed with the help 

of forceps. This was done for all the control and experimental genotypes. The 

dissected pupa was then stuck in the middle of the small petri-plate such that 

the legs of the pharate were facing the plate and the camera. 

 
2.2.4.3 Pharate movement recording 
 
The pharate eclosion was recorded using a Leica DM165 FC microscope. The 

camera settings were adjusted using Leica software. The aperture and the light 

exposure were maintained to their minimum; only the light intensity and the gain 

were calibrated for the best contrast to study the pharate movement. The 

recordings were run overnight, and the room was maintained at 25 °C with 50 % 

humidity. The videos were then analysed using Leica software and ImageJ. 

 
2.3 Pseudopupil Assay 
 
In 1998, Jackson et al. showed that despite the physiological non-coherence 

between flies and humans, the neuronal degeneration induced by HTT fragments 

in the Drosophila eye was similar to the cell death observed in the human HD brain. 
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These defects include modifications in shape, size, and/or arrangement of the 

photoreceptors.  

 
Drosophila compound eye is composed of ~800 units, called ommatidia. Each 

ommatidium consists of 8 photoreceptor neurons, which are arranged in a highly 

regular pattern. Only 7 rhabdomeres are visible when studied under the 

microscope as photoreceptors 7 and 8 overlap each other (Jackson et al., 1998). 

The pattern of rhabdomere organisation can be assessed using a rapid optical 

technique called the pseudopupil analysis. (Franceschini, 1972).  

 
In this technique, the head of the fly is mounted at a particular angle that allows 

the bright-field light to pass from the back of the head and through the eye. By 

proper calibration, ~300 ommatidia containing 7 or less rhabdomeres (depending 

on the genotype of the fly) can be visualised. 

 
2.3.1 Setup 
 
Leica DM6000 microscope was used to study the cellular degeneration in the 

Drosophila eye. Each ommatidium in the fly eye consists of 8 rhabdomeres (only 

7 visible). The decapitated head of the fly is mounted on a depression slide, 

which provides sufficient focal depth to visualise the rhabdomeres at 63X 

magnification. The z-stacks are recorded using Leica software, and the number 

of rhabdomeres were scored manually using ImageJ. 

 
2.3.2 Fly collection and sorting  
 
Desired crosses were set up to collect ~60 female virgin flies, which were 

screened for any deformity on the head or the eye, which might cause hindrance 

in the visualisation of the rhabdomeres. After a thorough check, the flies were 

transferred to fresh food vials and were aged as per the requirement of the 

experiment. Flies were passed on to new vials every alternate day. 
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2.3.3 Pseudopupil analysis 
 
All the flies were raised at 25 °C and were maintained at this temperature 

throughout development and aging. To maintain consistency of the readings, all 

experiments were performed at a fixed time of the day. 

 
5 - 6 flies were analysed per genotype at different time points. Flies were exposed 

to CO2 until they were immobilised. Fly heads were carefully detached at the neck 

from the rest of the body using clean forceps and a brush. The dissections were 

carried out under Leica MZ6 binocular stereo-microscope. One sample was 

analysed at a time to avoid sample drying and recording false-negative results.  

 
After dissection, the fly head was stuck to the middle of a clear depression slide by 

using a small drop of transparent nail varnish. The head was oriented at 45° angle 

such that when the slide was placed under the microscope, the bright-field light 

could pass from the back of the head and through one of the eyes (Song et al., 

2013). The nail varnish was dried for 30 seconds before analysing the samples at 

10X dry objective. Microscope settings were calibrated by reducing the aperture 

and increasing the light intensity. Z-stacks were recorded using Leica software at 

63X water immersion objective. The stacks were analysed manually. 

 
2.3.4 Scoring neuronal degeneration 
 
The number of visible rhabdomeres were scored per ommatidium using Leica 

DM6000 software. The Z-stacks were taken at 63X magnification. The samples 

were scored at day 0, 10, 20, and 30 for the flies that expressed the 

FL HTT constructs and at day 0, 3, 5, and 7 for the flies that expressed the 

Ex1 HTT fragment. A total of 6 eyes were tested per genotype for each time 

interval, and a minimum of 250 ommatidia were scored per condition.  

 
For analysing the total neuronal degeneration score for a genotype at a particular 

time period, the total number of rhabdomeres were scored (refer to glossary on 

page 17). Whereas, for studying the pattern of rhabdomere degeneration, each 

rhabdomere was first identified according to its shape and orientation and then 

was scored on its presence or absence. The data was manually collected and 
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transferred to an excel file for further analysis. Leica software and ImageJ settings 

were maintained for all the experimental and control recordings. 

 
2.4 Behavioural data coherence and precautions  
 
To maintain consistency of the readings, all experiments were performed at 25 

°C room temperature with 50 % humidity and at a fixed time of the day. Another 

factor that can alter the constancy of the data is the fly exposure to carbon-

dioxide. To minimize this effect, flies were exposed to CO2 only during sorting 

and collection. Flies were transferred from the food vials to clean glass vials and 

back using clean funnels with gentle tapping. 

 
The fresh food bottles and vials were checked before transferring the flies. The 

vials with contaminated food, bubbles on the food surface, dry food, or 

concentrated food were discarded to avoid any condition which might affect fly 

survival. Also, for setting up the biological replicates same batch of food was 

used to avoid any bias and maintaining constant conditions. 
 
2.5 CNS dissection  
 
HD is a neurological disorder characterized by gradual and progressive loss of 

striatal neurons in the human brain, leading to a combination of motor, cognitive 

and behavioural decline (Bano et al., 2011). To study these changes in 

a Drosophila HD model and investigate the molecular mechanisms leading to this 

damage, we explore the fly CNS.  

 
2.5.1 Larval CNS  
  
CNS was dissected from three different stages during Drosophila larval 

development, namely, larval stage 1 (L1), larval stage 2 (L2), and larval stage 3 

(L3). For larvae collection, crosses for desired genotypes were set in small 

collection cages. 10 different batches for one genotype were collected and aged 

to study the larval stage of choice. The dissections were carried out under Leica 

MZ6 binocular stereo-microscope.  
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For the samples to be used for RNA extractions, the dissections were carried 

out in an RNase free area. This was achieved by thoroughly wiping the 

dissection table, microscope, slides, brushes, and the eppendorf stand with 70 

% ethanol and then with RNA Zap. All the solutions required for the dissections 

were prepared in DEPC H2O to avoid any contamination. These precautions 

were taken to eliminate the RNases present in the environment, which might 

affect the quality of the RNA extracted. 

 
The CNS of the three larval stages differ in size and shape and hence were 

dissected by different methods. The dissection protocols are described below: 

 
1. L1 CNS dissections using Pull-out method –  

  
Pull-Out Method, when the head/anterior and the tail/posterior ends of the larva 

are held firmly using two forceps. Holding the tail still, the head is pulled out with a 

jerk such that the CNS and the larval body are separated.  

 
2. L2 and L3 CNS dissections using Inside-out method –  

  
Inside-Out Method, where the larva is cut into half using forceps. The body wall of 

the part containing the mouth hooks is inverted such that the CNS is exposed. 

 
The mouth hooks, trachea, and the body wall are removed, and the dissected CNS 

is transferred to an eppendorf containing 100 mL of chilled 1X PBS. ~15 CNS’s 

were dissected in 30 mins by the above-described methods. These CNS’s were 

maintained on ice for a maximum of 30 mins only to prevent degradation of the 

samples. After 30 mins, the CNS’s were immediately spun down, and the PBS was 

replaced with TRIZOL. These eppendorfs were then flash freezed using Liquid 

Nitrogen and were stored at -80 °C until use. 

A total number of 60 CNS’s per biological replicate for the L1 stage and 30 CNS’s 

each for L2 and L3 stages per biological replicate were collected. The conditions 

were maintained for both the control and the experimental genotypes. 
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2.5.2 Pupal CNS 
 
For RNA extraction, CNS was collected from two different stages during pupal 

development. White pupa (age ≥165 hrs post-egg-hatching) and dark pupa (age 

≥180 hrs post-egg-hatching). The cross for the desired genotypes were set up 

in bottles. The pupae were collected using clean, dry brush and forceps. The 

white pupae had orange colour pigmented eyes and a well-defined yellow colour 

body structure with a soft cuticle. In comparison, the dark pupae had red colour 

eyes and a fully formed adult Drosophila body structure.  

 
For CNS collection from both the pupal stages, the complete head, and the 

thorax, without wings and legs were dissected. The dissections were carried out 

under Leica MZ6 binocular stereo-microscope. The dissecting table was cleaned 

thoroughly as described in section 2.5.1. and the pupal dissection protocol was 

followed. Firstly, the pupal case was removed, and then slowly, the head and 

thorax were detached from the abdomen using forceps. Legs and wings were 

also removed before transferring the sample to an eppendorf containing 200 mL 

of chilled 1X PBS. A total number of 20 heads and thorax per biological replicate 

were collected for both the pupal stages. These dissections were performed in 

30 mins on ice and then immediately spun down. The PBS was then replaced 

with TRIZOL; the samples were flash freezed and transferred to -80 ºC until use. 

 
Complete head and thorax were dissected instead of the CNS for both the pupal 

stages because of the following biological and technical constraints. Firstly, the 

cuticle and the internal organs of the white pupae were very fragile as they were 

still undergoing the process of metamorphosis, which made it very difficult to 

dissect out the CNS. Secondly, to maintain the consistency of the data same 

samples were collected from both the white and the dark pupae, and thirdly, 

collecting the full head and the thorax presented a good sample size to carry out 

the molecular experiments. All conditions were maintained for both the 

experimental and the control genotypes. 
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2.5.3 Adult fly CNS 
 
Adult flies of desired genotypes were collected and were immobilised on CO2 

pads. They were cleared off any food or dirt stuck on the head or the thorax. The 

dissection area was cleaned as described in section 2.5.1. Once the flies were 

immobilised, the head and the thorax were detached from the abdomen using 

clean forceps. The legs and the wings were also picked out. These samples 

were then transferred to an eppendorf containing 200 mL of chilled 1X PBS. 20 

heads and thorax were collected per biological replicate and were processed as 

described in section 2.5.2.  

 
The fly head mainly consists of the fly brain and the optical lobes, whereas the 

thorax consists of the ventral nerve cord and other tissues. For the consistency 

of sample collection, the entire head and the thorax of the flies without the wings 

and the legs were dissected and collected. 

 
2.6 Immunohistochemistry 
 
Immunohistochemistry (IHC), more commonly known as antibody stainings, was 

performed to study the expression patterns and localisation of different proteins 

in tissues expressing either the expanded or unexpanded HTT proteins. 

 
2.6.1 Embryo collection and fixation 
 
Crosses of desired genotypes were made in small embryo collection cages with 

apple juice plates substituted with yeast paste. According to the experiment's 

requirement, either overnight or timed embryos were collected and then washed 

3X with tap water. Embryos were dechorionated with 100 % bleach for 2-3 mins. 

The disappearance of the two tentacles located at the anterior end of the embryo 

served as an indication that the chorion had dissolved. Dechorionated embryos 

were immediately washed 3X with tap water to remove bleach and were 

transferred from the collection baskets to clean 1.5 mL eppendorf containing 500 

µL Heptane and 241 µL of 1X PBS. After the complete transfer of the embryos, 

259 µL of 10% formaldehyde fixative was added to the mix. The embryos were 

fixed for 21 mins on moderate shaking on a horizontal shaker. After shaking, the 
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tubes were kept still at room temperature for 30 seconds, and the phases were 

allowed to separate. The aqueous phase containing the fixative was pipetted 

out, leaving behind ~500 µL of the solution. Next, the vitelline membrane of the 

embryo was removed by adding 500 µL of 100 % methanol. Embryos were 

vigorously shaken for 1-2 mins until they settled at the bottom of the tube. The 

supernatant was discarded, leaving behind ~50 µL of the solution. Embryos were 

rinsed 3X in 100% methanol and stored at -20 ºC if not immediately followed up 

with the IHC protocol. The same protocol was followed for both the experimental 

and the control genotypes.  

 
2.6.2 Larval CNS collection, dissection and fixation 
 
Larval stage 3 CNS’s were dissected as described in section 2.5.1. The 

dissected CNS’s were collected in chilled 1X PBS for 20 mins in a 12-well glass 

plate. The PBS was replaced with 4% paraformaldehyde, and the samples were 

fixed for 30 mins at room temperature on a horizontal shaker at 75 rpm.  These 

samples were then rinsed and washed 2X with 1X PBTx (1X PBS + 0.3 % Triton 

X-100). The plate was incubated overnight at 4 ºC, if not immediately followed 

up by the IHC protocol. 

 
For the IHC protocol, mouth hooks or the trachea surrounding the larval CNS 

was left loose (not completely removed as described in section 2.5.1) to help the 

experimentalist to transfer the sample from one dish to the other without 

damaging the CNS. This excess tissue was removed while mounting the 

samples for microscopy. 

 
2.6.3 Staining protocol  
 
The fixed IHC samples stored in 100 % methanol were rehydrated with 

increasing amounts of PBTx, 75% methanol/25 % PBTx, 50 % ethanol/50 % 

PBTx, 25 % methanol/75 % PBTx, followed by 3X rinses and 4X 10 mins washes 

in 100 % PBTx. Primary antibody dilutions were prepared in 1X PBTx and were 

added to the samples, which were incubated overnight at 4 ºC. The next day, 

the samples were washed 3X for 30 mins, 2X 1 hour and 1X 30 mins in 1X PBTx. 
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All the washing was done at room temperature on a horizontal shaker at 90 rpm. 

The secondary antibody dilutions were also prepared in 1X PBTx. The samples 

were incubated with the secondary antibody for 2 hrs 30 mins at room 

temperature on a horizontal shaker at 90 rpm. They were rinsed and washed 3X 

in 1X PBTx, for 10 mins each, before an overnight incubation on an orbital 

shaker maintained at 25 rpm at 4 ºC. These samples were counterstained with 

DAPI (4′,6-diamidino-2-phenylindole) for 20 mins and then rinsed and washed 

2X with 1X PBTx. IHC samples were mounted on transparent glass slides. For 

mounting the embryos and the CNS’s, three layers of transparent tape were 

used to create enough depth to avoid squishing the samples with the coverslip. 

The samples were mounted in a drop of 70 % glycerol to avoid drying and 

allowing movement of the samples. The samples were oriented as per 

requirement before mounting. For the larval samples, all the excess tissue was 

carefully removed before placing the coverslip. The coverslip was placed slowly 

to avoid any air bubbles and was fixed using transparent nail varnish. All the 

control and the experimental samples were processed at the same time to 

maintain consistency. The primary and the secondary antibodies that have been 

used for antibody staining are mentioned in table 2.2. 

 
2.6.4 Imaging and quantification  
 
All the images were obtained using Leica SP8 confocal microscope. Images were 

taken as series of Z-stacks with the help of Leica Software. These images were 

further processed using ImageJ. The same settings were used for both the control 

and the experimental samples to maintain consistency. 

 
ImageJ was used for the quantification of HTT protein in the samples expressing 

the expanded and the unexpanded HTT constructs. For all the images, the slices 

of the z-stack were collapsed to give a single projection. A region of interest (ROI) 

was designed around the part of the image that was to be quantified, and the 

fluorescent intensity (FI) was calculated. The FI for each sample was normalised 

by subtracting the FI of the background (maintaining the same area of selection 

for the ROI). A total number of 10 samples were compared for each genotype for 

one biological replicate. 
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Table 2.2 List of Antibodies 

 
(i) Primary antibodies 
 
Antibody Species Origin Epitope Dilution 
anti-Elav Mouse (mono) 9F8A9, DSHB Elav protein 1:300 

anti-Elav Rat (mono) 7E8A10, DSHB Elav protein 1:300 

S830* Sheep (poly) Bates Lab, UCL 
(in-house) 

1-90aa Ex1 human 
HTT 

1:1000 

MAB2166* Mouse (mono) Sigma-Aldrich 
 

181-810 aa  
human HTT 

1:500 

anti-Engrailed Rabbit (mono) 4D9, DSHB 38-48 aa of 
engrailed homeobox 

1:100 

anti-GFP Rabbit (poly) A6455, Invitrogen GFP 1:500 

* Generous gift from Prof. Gill Bates, UCL 
    
   mono – monoclonal 
   poly – polyclonal 
   aa – amino acid 
   HTT – Huntingtin 
   GFP – Green Fluorescent Protein 
   DSHB – Developmental Studies Hybridoma Bank 

 
(ii) Secondary antibodies 
 
Antibody Species Origin Dilution 
Alexa Fluor® 488 Goat  anti-mouse A-11001, Invitrogen 1:500 

Alexa Fluor® 488 Goat anti-rabbit A-11034, Invitrogen 1:500 

Alexa Fluor® 555 Goat anti-rat A-21434, Invitrogen 1:500 

Alexa Fluor® 555 Goat anti-mouse A-32727, Invitrogen 1:500 

Alexa Fluor® 647 Goat anti-rabbit A-32733, Invitrogen 1:500 

CyTM3 AffiniPure Donkey Anti-Sheep 713-165-147, Jackson 
ImmunoResearch 

1:200 

 
2.7 DNA Extraction 
 
10 male flies of the desired genotype were collected and were left in a clean, empty 

vial (without food) for 2 hours. This was done to remove all the food debris and 

waste attached to their body to minimise the contamination of the sample. The flies 

were then transferred to another clean, empty vial (without food), which was kept 

at -20 ºC for 10 mins. Frozen, immobilised flies were transferred to 1.5 mL 

eppendorf. To this, 250 µL of squishing buffer was added (10 mM Tris-Cl ph 8.2,   

1 mM EDTA, and 25 mM NaCl). The sample was mixed by slowly inverting the 
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tube, making sure that all the flies were immersed or were floating in the solution. 

Next, 5 µL of 200 µg/mL of proteinase K (from life technologies) was added, and 

the mix was homogenised with the help of mortar and pestle. The volume of the 

mix was made up to 500 µL by adding another 250 µL of squishing buffer. The 

tubes were incubated at 37 ºC overnight in a water-bath with intermittent shaking. 

The following day proteinase K was inactivated by heating the sample at 95 ºC for 

2 mins on a heat block. The supernatant was pipetted out without touching the 

debris. The gDNA concentration in the supernatant was measured using 

NanoDrop 2000 (Thermo Fisher Scientific), and the samples were stored at                

-20 ºC. 

 
2.8 RNA Extraction 
 
The work station was sterilised as described in section 2.5.1 to minimize 

contamination by RNases.  

 
Tissue Homogenisation –  

 
Frozen TRIZOL samples were thawed on ice and then homogenised using clean 

pestles for 3 mins. The volume of the samples was made up to 500 µL by adding 

~300 µL of TRIZOL to the mix. Samples were invert mixed slightly before leaving 

the tube stand-still at room temperature for 5 mins to allow the dissociation of 

nucleoprotein complexes. 

 
Phase separation –  

 
To this, 200 µL of RNase-free chloroform was added. The solution was vortexed 

for 1 min or until the solution became milky white. The tube was left stand-still 

for 2 mins at room temperature. Samples were then centrifuged at 12,000 rpm 

for 15 mins at 4 ºC. The solution in the mix got separated into 3 different phases. 

The supernatant was transferred very carefully to a clean RNase-free eppendof. 
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RNA precipitation – 

 
To this, 250 µL of chilled isopropanol and 2 µL of glycogen was added and mixed 

gently. This solution was stored at -80 ºC until use or at -20 ºC for 3 hrs if the 

samples were to be processed the same day. Samples were thawed on ice and 

maintained at 4 ºC before centrifugation for 1 hr at 12,000 rpm at 4 ºC to pellet 

the RNA. The supernatant was discarded, and the faint white color pellet was 

visible at the bottom. This pellet was washed 3X with 75 % ethanol at 7500 rpm 

for 10 mins each at 4 ºC. The supernatant was discarded, and the pellet was air-

dried for 2-3 mins and then eluted in 15-20 µL RNase-free water, depending on 

the size of the pellet. The concentration and the purity of the RNA sample was 

checked using a nanodrop machine. These RNA samples were stored at -80 ºC 

for further use. 

 
RNA extraction from pharate and all the adult stages when the intact head and 

thorax were used, an additional step of centrifugation was performed. After 

homogenisation and making up the volume to 500 µL, the samples were 

centrifuged for 10 mins at 12,000 rpm at 4 ºC. This step was done to remove all 

the body debris from the solution after homogenisation. The supernatant was 

carefully transferred to an RNase-free eppendorf without touching the debris. 

From here, the samples were treated as described above. 

 
2.9 Reverse Transcription 
 
For this study, two protocols with mostly similar reagents were used to prepare 

cDNA samples from the total RNA collected. Two different kits were used 

because the production of the first kit was dropped by the company and was 

replaced by another kit, which has been used to complete the series of cDNA 

preparations for this project.  
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The following steps were maintained for both RT-protocols. 

 
DNase treatment - 
 
Total RNA (200-1000 ng) was used for cDNA synthesis. A mix of 2 µL of DNase 

buffer and 2 µL of DNase I enzyme was added to 10 µL of total RNA sample and 

then transferred to a BioRad PCR thermocycler, which was set for 1 cycle - 10 

mins at 37 ºC. This was done to remove the DNA from the mix. This reaction 

was stopped by adding 2 µL of EDTA and transferring the tube to a PCR set for 

1 cycle – 10 mins at 75 ºC.  

 
Next, the concentration of the samples was checked using a nanodrop machine. 

A final concentration of 1 µg RNA was used to prepare the cDNA samples. This 

concentration and the nanodrop settings were maintained for all the 

experimental and the control samples. 

 
cDNA Preparation Protocol 1: 
 
To 1 µg of RNA, 3 µL of oligo dT(18) primer (deoxythymine, Invitrogen) was 

added and then transferred to a PCR machine for 10 mins at 85 ºC for 

denaturation. The dilutions were prepared using RNase-free water, and the 

volume of the mix was made to 10 µL; this was names as reaction mix. All the 

tubes were placed on ice until the RT-mix was prepared. To prepare the RT-mix 

for one sample, 2 µL of 10X RT-buffer (Invitrogen), 4 µL of 2.5 mM dNTP mix 

(deoxyribonucleotide triphosphate, Invitrogen), 1 µL of RNase inhibitor (Applied 

Biosystems), 1 µL of muLVT reverse transcriptase (Moloney Murine Leukemia 

Virus Reverse Transcriptase, Applied Biosystems), and 1 µL of RNase-free 

water were mixed and further added to reaction mix, to make up to a final volume 

of 20 µL. To prepare cDNA, this mix was incubated at 44 ºC for 1 hr and then at 

92 ºC for 10 mins for deactivating the enzyme in a PCR-thermocycler. 

 

cDNA Preparation Protocol 2: 
 
To 1 µg of total RNA, 1 µL of 50 µM oligo dT(20) primers (deoxythymine, 

Invitrogen) and 4 µL of 2.5 mM dNTP’s (deoxyribonucleotide triphosphate, 
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Invitrogen) were mixed. The volume was made up of 17 µL using RNase-free 

water. This mix was transferred to a PCR-thermocycler for 5 mins, maintained 

at 65 ºC. Meanwhile, the Invitrogen RT-mix with 4 µL of 5X SSIV buffer 

(Superscript IV, Invitrogen), 1 µL of 100 mM DDT (Dithiothreitol, Invitrogen), 2 

µL of RNase inhibitor (Invitrogen), and 1 µL of muLVT reverse transcriptase 

(Moloney Murine Leukemia Virus Reverse Transcriptase, Invitrogen) was 

prepared. To prepare cDNA, the RT mix was added to the RNA tube, and a PCR 

was set for one cycle of 55 ºC for 10 mins. The reaction was stopped by heating 

at 85 ºC for 10 mins. 

 
All the steps for both protocols were carried out on the ice to minimize RNA 

degradation. The synthesised cDNA was stored at -20 ºC for further use. 

 
2.10. Primer designing 
 
Primer pairs used to amplify the gene of interest were designed using either Primer 

Blast or Primer3 softwares. For difficult amplicons, Primer3 was used as they have 

a variety of parameters that can be adjusted to amplify the amplicon of choice. The 

primer pair specificity was checked with an in-silico PCR tool made available by 

UCSC browser and NCBI-Blast. In-silico PCR and NCBI-Blast tools search for 

identical sequences that are complementary to the primer sequences in the 

genome. If the search results show only one amplicon, then it means that the 

primer pairs are specific. The list of primer pairs used for this project are given in 

table 2.3. 
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Table 2.3 List of Primers 
 
(i) RT-PCR 
 

Gene Amplicon (bps)  Primer sequence (5’-3’) 
miR-10 157 Fw GCTTGCCATCAGCAACACTTT 

Rv CGGACTTCATTTCGCCCCAG 
miR-34 214 Fw CCGTTACACACGACTATTCTCA 

Rv ATTATGAGCCAGTTCCTCCGC 
miR-9 200 Fw TCATGCATTATGTACTCGCCCA 

Rv TTGATTTGGCAAGCGGGTGA 
miR-219 172 Fw CAGGATGAAATAGCTTGCGCC 

Rv TTCAGTGGTGATTTGGTTGCC 
miR-92b 220 Fw CGAGATGTGAGTGCAGTGGT 

Rv AGTGATTAGATCCCACACAAAAACT 
miR-124 167 Fw CGACATAAAGCCCAAGTGTCC 

Rv TCAGGCTTTTAAACACTTTCTGTCT 
miR-137 217 Fw AGCCACTAACATTTTCCAGCTC 

Rv CGGATTACGGCCAGTGAAAG 
miR-7 246 Fw AAAGGTGTCTGCTGTGCGTC 

Rv GGTAGTTTCCAATGCCGTGT 
Ace 275 Fw ACTCCCTGCAGTATCGACCT 

Rv GGTGGCCACATGGGTTATGT 

 
(ii) Transcription Factors 
 

Gene Amplicon 
(bps) 

 Primer sequence (5’-3’) 

Spps 236 Fw CTCAATGCACAACTGGCCAC 

Rv GCCTGCTGTTGTTGCTGAAT 

Hr51 247 Fw CACCTCACCTCCTCAATGCA 

Rv AAGAGCTGACGGAGGAGACA 

Mef2 190 Fw CCAACGATCCGATTCCGCTA 

Rv TTGTCCGACGGCTGTTGTTA 

Atf6 226 Fw GATACCATGTTCCAGCGCCT 

Rv CAGCCGGAGTACAACAGGAA 

Grn 190 Fw ACTCCTTGGCCAGCAATTGA 

Rv CTCGCCAACAACATCAGCAG 

TRF 165 Fw CTCAAGGCAATCAACTCGCG 

Rv CGATCCAATGTCCGCCTCAA 
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CrebB 239 Fw CTTCGCTCCGCTCTGTTCTA 

Rv GTGTGTCCGGCAGATAGACC 

Dorsal 183 Fw CGCCGTAGTTGTTGTCTCCT 

Rv GCCGCCTCAATGTCCTTCTT 

Dsp1 174 Fw CGCGAGATGACCGAGTACAA 

Rv GTCATCATCTCCATCGCCGT 

Ubx 181 Fw GCAGCGCAATGAACTCGTAC 

Rv TGCAGATGGTGGTTGGCATA 

Pan 222 Fw GACACACCAATTCGAACGCC 

Rv CAGCTAGTGTGAATGCGAACG 

Nub 182 Fw GACTTCTCGCAGACCACCAT 

Rv CCAATGATCTCCGGTGTGCT 

EcR 168 Fw GCTGGACTCGCACGACTATT 

Rv GGAATGATGGTTGTCTGCGC 

Clk 151 Fw AGGTTGTCAGCTATGCCGAG 

Rv CTCAGTGTTGTGGTGGCAGA 

TBP 204 Fw GAGCAACATCCACCAGACGA 

Rv ATTCGCATAATCACAGCCGC 

Toy 
 

161 Fw AGTCTCCAACGCCGCATTAA 

Rv GCCATTAACATATACGCCGCC 

Ey 
 

195 Fw ACAGCAGCATCAACAGCAGA 

Rv CTCTGGTGACCGATACTGGC 

Gh 
 

158 Fw CGGTCCGAGTTCTATGGCAT 

Rv GAGTGCGAGTTGGAGTTGGA 

Scr 
 

245 Fw CTGGAGTTCAAGGCGGACAT 

Rv TTGCTCGTGGTTCCATCTCC 

 
2.11 Polymerase Chain reaction (PCR) 
 
Polymerase Chain reaction was performed using standard Taq DNA Polymerase. 

For a 25 µL reaction sample, the reaction mix was prepared using 2.5 µL of 

Standard Taq Reaction Buffer (New England Biolabs), 0.5 µL dNTPs mix (New 

England Biolabs), 1 µL of each reverse and the forward primer (Sigma-Aldrich), 

0.5 µL of Standard Taq Polymerase, and 1 µL of gDNA or cDNA. The reaction 

volume was made up to 25 µL using RNase-free water. This protocol was used to 

amplify products of size up to 1.5 kbs. This reaction was then placed in a PCR 
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thermocycler (BioRad), and the reaction was run according to conditions presented 

in Table 2.4.  

For every set of primers, we first performed a gradient PCR using control cDNA 

samples to find out the correct annealing temperature for the experiment. This was 

done to avoid any non-specific secondary bands during quantification. The 

annealing temperature at which a single strong band was visible was selected. 

Next, to determine the dilution factor for cDNA where the primers can efficiently 

detect the target, we performed standard curve analysis. Sequential dilutions of 

1:10 dilution factor for the cDNA were used. A negative control that had water 

instead of cDNA was run with all reactions to detect contaminants and to 

discriminate background amplification. Efficient primers resulted in a proportional 

dose-response curve, i.e., the optical signal from the band displayed a linear 

relationship with the amount of cDNA used. This information about the annealing 

temperature and the dilution factor of cDNA were used to study the expression of 

the target genes. The annealing temperature and the number of PCR cycles for 

the miRNAs investigated in this study are miR-7 = 59.6 ºC, 32 cycles; miR-9c = 

63.1 ºC, 32 cycles; miR-10 = 63 ºC, 35 cycles; miR-34 = 55 ºC, 35 cycles; miR-

92b = 58 ºC, 32 cycles; miR-124 = 60.2 ºC, 30 cycles; miR-125 = 59 ºC, 32 

cycles; miR-137 = 59.6 ºC, 35 cycles and miR-219 = 62 ºC, 32 cycles. 

Table 2.4 PCR conditions for Standard Taq DNA Polymerase 
 

Steps No. of cycles Temperature Duration 
Initial denaturation  1 94 °C 5 minutes 
DNA denaturation   

25-35* 
94 °C 30 seconds 

Primer annealing  55°C – 65 °C* (Tm) 30 seconds 
Extension  72 °C 30 – 120 seconds* 

Final Extension  1 72 °C 5 – 10 minutes* 
Hold  1 4 °C ∝ 

*Conditions were changed as per the requirement of the primers and the desired amplicon. 
 

For difficult amplicons and for amplicons weighing more than 1.5 kb PlatinumTM 

Taq Polymerase was used. The reaction mix was similar to the standard Taq 

polymerase mix; the only addition was 2 mM MgCl2, which increased the 
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productivity of the polymerase. The standard polymerase was replaced with 

PlatinumTM Taq DNA Polymerase. The conditions used for running the PCR with 

PlatinumTM Taq DNA Polymerase are given in Table 2.5. 

 
Table 2.5 PCR conditions for PlatiniumTM Taq DNA Polymerase 
 

Steps No. of cycles Temperature Duration 
Initial denaturation  1 94 °C 2 minutes 
DNA denaturation   

25-35* 
94 °C 30 seconds 

Primer annealing  55°C – 65 °C* (Tm) 30 seconds 
Extension  72 °C 1 minute/kb* 

Final Extension  1 72 °C 5 – 10 minutes* 
Hold  1 4 °C ∝ 

*Conditions were changed as per the requirement of the primers and the desired amplicon. 
 

Two mandatory controls were run with every PCR: first, a non-template control 

(NTC) that would help us study if there is any contamination in the reagents, and 

second, is the reference gene Rp49 (Ribosomal protein 49) with gDNA, which 

would show if the PCR reaction can amplify the gene of interest. All the reactions 

were repeated with 5 technical replicates and 3 biological replicates each. For 

expression analysis, Rp49 was run as a control with the gDNA sample and all the 

cDNA samples for data normalisation. 

 
Rp49 is a housekeeping gene that is constitutively expressed and is involved in 

fundamental cellular functions essential for the survival of the cell (Tamate et al., 

1990). Housekeeping genes are selected for normalising data as they are widely 

expressed and show no or minimal changes in their expression levels when 

compared between the control and experimental samples (Panina et al., 

2018). Actin, tubulin, Gapdh, and other ribosomal protein complexes can also be 

used as reference genes, but we selected Rp49 as it has been used extensively 

for quantification studies in Drosophila (Maitra et al., 2019, Cao et al., 2013, 

Sansone and Blumenthal, 2013, Kim et al., 2011). Developmental expression 

studies for Rp49 have shown that it is expressed constantly through Drosophila 

melanogaster development but does not present the same expression level at all 

the stages. These results suggest that Rp49 can be used for comparing gene 
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expression of different samples at the same developmental stage but not for 

samples where different stages are considered (Loevenbruck et al., 1991, 

O’Connell and Roshbash, 1984). 

 
2.12 Agarose gel electrophoresis and quantification 
 
All PCR products were visualised using agarose gel with concentration ranging 

from 0.8-2.5 % (w/v) depending on the size of the amplicon being studied. Agarose 

gels were prepared by dissolving agarose in 1X Sodium Borate (SB) buffer. This 

mix was boiled until the agarose powder was completely homogenised, and the 

crystals were no more visible. The flask was then allowed to cool down till it 

became bearable to the skin. 400 ng/mL of ethidium bromide was added to this 

mix and was homogenised with slow round movements. The mixture was poured 

into a gel casting tray, avoiding any air bubbles that might interfere with the 

movement of the samples. The gel was allowed to solidify for 30 mins and then 

transferred to the gel tank filled with 1X SB buffer. The PCR sample dilutions were 

prepared using 1X purple loading buffer (New England Biolabs). The samples were 

then loaded into the wells and ran via electrophoresis at 100-120 V for 20-40 mins 

depending on the concentration of the gel. All the controls and the DNA ladder 

(100 bp or 1 kb) were loaded with each run. After the run, Gel pictures were taken 

using a UV Gel-doc imaging system and were printed using a graphic printer. All 

the images were scanned and further quantified using ImageJ.  

 
For gel band quantification, the presence or absence of the genes of interest was 

studied by comparing the size of the amplified band to the equivalent expected 

size of the product on the ladder. For expression analysis, the band intensity of 

both the gene of interest and the reference gene was calculated using ImageJ. 

The expression levels were calculated as the ratio of Normalised band intensity of 

the gene of interest and Normalised band intensity of the reference gene. 

 
For calculating the band intensities of all the bands for one set of experiments the 

size of the ROI was maintained. The same settings were used to quantify the 

bands of both the control and the experimental samples. 
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2.13 Gel band extraction and sequencing 
 
For sequencing purposes, agarose gel was run and visualised on a horizontal UV 

gel-doc system. The bands of interest were marked and excised using a scalpel 

blade. These bands were then purified and sent for sequencing. Gel purification 

was performed by following the instructions on the Qiagen Gel extraction kit. The 

gDNA sequencing was performed by Eurofins Genomics. The sequence alignment 

and validation were then carried out by using BLAST-Nucleotide and ClustalW 

Online Tool. 

 
2.14 In-situ hybridisation 
 
To study the expression pattern of miRNAs in whole-mount samples and extracted 

CNSs, in-situ hybridization was performed. Labelled RNA probes were designed 

complementary to the miRNAs of interest with an aim that the binding of these two 

molecules would reveal the location of the tissue where these genes are 

expressed. 

 
Primer designing and sequencing – 
 
RNA probes of ~800 bps of length exhibit the highest sensitivity and specificity. 

Mature miRNAs are small non-coding sequences and are ~22-25 bps in length. To 

increase the size of our gene of interest, additional nucleotides were inserted 

upstream and downstream of the target gene.  To do this, the UCSC genome 

browser was used. 300 additional nucleotides were added upstream and 

downstream of the primary miRNA sequence. Primers were designed to amplify 

this gene of interest using Primer-Blast. The list of primers used for in-situ probe 

preparation are given in Table 2.6. 

 
PCR was performed using in-situ primers on gDNA to check the size of the 

amplicon and confirm that the primers were able to bind to the target sequences. 

The PCR band was extracted using the Qiagen gel purification kit, and then these 

extracted fragments were cloned into pGEMT vector. 
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Table 2.6 List of in-situ primers 
 

Gene Amplicon 
(bps) 

 Primer sequence (5’-3’) 

miR-10 Probe 1 599 Fw CAGCTCCTATATGAGGGAGAATC 
Rv CCCGCGAATGCCTCATTTA 

miR-10 Probe 2 561 Fw CCTATATGAGGGAGAATCAGTGA 
Rv GGCGGGCTTTGTAATCACATT 

 
Ligation –  

 
The ligation mix was prepared by adding 5 µL of 2X ligation buffer, 1 µL of 50 ng 

pGEMT vector, 1 µL of T4 ligase, and 3 µL of the purified DNA sample. The 

contents were thoroughly mixed with the help of a pipette and then were kept at 4 

°C overnight for ligation. 

 
Transformation –  
 
After overnight incubation, 50 µL aliquot of DH5a competent cells were 

transformed with 5 µL of the ligation media containing the pGEMT vectors by cold 

shock treatment. The contents were mixed thoroughly by slowly flicking the bottom 

of the tube before placing it on ice for 30 mins to give the cells a cold-shock 

treatment. Next, the cells were transferred to 42 °C for 30 seconds, followed by 2 

mins on ice, and then maintained at 25 °C room temperature. 

 
Cloning – 
 
To prepare LB plates, 50 µL of Ampicillin was added to 500 mL of LB media. The 

plates were prepared a day before plating the samples. From the master mix, 950 

µL of LB broth and Ampicillin were added to the tubes containing the transformed 

bacterial colonies. The tubes were mixed gently before placing them on a shaker 

at 37 °C for 2 hrs.  

 
Meanwhile, the sterilized LB plates were coated with 20 µL X-gal and 7 µL of IPTG. 

All the steps associated with the LB media and plating were performed near a 

burning flame to avoid contamination and to maintain sterilised conditions. The 

tubes with the transformed colonies were then removed from the shaker and 
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centrifuged for 1 min at 4000 rpm. The pellet was dissolved in 200 µL of the 

supernatant and was plated on sterilised LB plates before leaving them for 

overnight incubation at 37 °C. 

 
Colony PCR – 
 
The next day, the plates were checked for blue and white bacterial colonies. The 

white colonies contain the transformed vector, whereas the blue colonies do not 

have the insert. 5 white colonies that grew independently and that did not have any 

satellite colonies were labelled and selected. The reaction mix was prepared for a 

colony PCR for the 5 selected colonies. Colony PCR was performed to check if the 

transformed cells contain the gene of interest or not. Sp6 and T7 generic primers 

were used to amplify the plasmid sequence surrounding the insert. For one 15 µL 

PCR reaction, we mixed 1.5 µL of Taq buffer, 0.3 µL of dNTPs, 0.5 µL of SP6 

primer, 0.5 µL of T7 primer, 12.05 µL of RNase free water, and 0.15 µL of Taq 

polymerase. After preparing the reaction mix, the labelled colonies were scraped 

off with the help of a sterilised pipette tip and were dipped in their respective 

reaction mixes. This step was repeated for all the 5 colonies. To have a backup of 

the selected colonies, the pipette tips that were dipped in the PCR reaction mix 

were used to make streaks on a fresh, sterilised LB plate. These streaks were 

labelled to avoid mixing, and the reserve plates were kept at 4 °C until use. The 

colony PCR was run using the PCR conditions described in Table 2.4. 

 
Samples were run on an agarose gel as described in section 3.2. The colonies 

with the right size of the insert were selected by comparing the size of the amplified 

band and the expected size on the ladder. Bacterial stocks for the colonies that 

contain the insert of choice were prepared and stored at -80 °C.  

 
The reserve plate was used to amplify the bacterial colony that has the transformed 

vector with the right size of the insert. A sterilised pipette tip was used to scrape 

off the colony of interest; this tip was then transferred to a sterilised glass bottle 

containing 5 mL of LB media with Ampicillin. These bottles were sealed and left 

overnight on a shaker maintained at 37 °C. The next day, the media become 

translucent, suggesting bacterial growth. 40 µl of this bacterial culture and 94 µl of 
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80 % glycerol was added to a clean eppendorf to prepare bacterial stocks that 

contained the insert of choice and were stored at -80 °C. 

 
RNA probe preparation – 
 
2000 µL of the bacterial culture was transferred to a 2 mL eppendorf and then 

centrifuged at 8000 rpm for 3 mins (step repeated 4X with 500 µL of the sample). 

The Midiprep kit was used to recover the plasmids. All the steps were followed as 

described on the kit. At the last step, the sample was dissolved in 25 µL of RNase-

free water, and the concentration of the sample was checked using a Nanodrop 

machine (ideally, the concentration should be ~300-500 ng/µL). These samples 

were then sent for sequencing to Eurofins services. 

 
The sequences were compared and aligned using Ape software. And, the % 

identity and the orientation of the sequences were analysed using NCBI Blast. 

Studying the orientation of the sequence helped the analyst to decide which RNA 

polymerase (SP6 or T7) should be used for in-vitro transcription for preparing the 

probes.  

 
Next, a 50 µL standard PCR was performed using generic primers (SP6 and T7) 

with Taq DNA Polymerase, following the conditions mentioned in section 3.2. This 

was done to increase the yield of the product obtained after performing the 

Midiprep. This PCR product was purified using a Qiagen PCR purification kit, and 

the reaction mix was prepared for in-vitro transcription (Roche labelling Kit). To 

prepare a 20 µL reaction, we mixed 2 µL of transcription buffer, 2 µL of DIG NTPs, 

1 µL of RNase inhibitor, 2 µL of SP6 or T7 RNA Polymerase (depending on the 

orientation of the target sequence), 4 µL of the purified PCR product and the 

volume was made up using RNase free water. The mix was homogenised by slight 

tapping and flicking. Next, 2 µL of DNase I enzyme was added to this mix before it 

was incubated at 37 °C for 10 mins on a heat block. 
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Precipitation of RNA probe – 
 
To this mix, 10 µL of 4 M lithium Chloride (LiCl) and 300 µL of 100 % pre-chilled 

ethanol were added. The sample was thoroughly mixed by flicking, and the tube 

was incubated overnight at -20 °C. The next day, the tube was centrifuged for 30 

mins at 13,000 rpm at 4 °C. The supernatant was discarded, and the RNA pellet 

was washed 3X with 300 µL of 70 % RNase free ethanol for 10 mins at 13,000r 

pm at 4 °C. The pellet was air-dried and re-suspended in 20 µL of RNase-free 

water. The concentration of the sample was measured, and the sample was further 

diluted to 50 ng/µL in freshly prepared hybridisation buffer. 1 µL of this RNA sample 

was run on an agarose gel as described in section 3.2 to check the quality of the 

RNA. 

 
Pre-treatment of the embryos – 
 
Endogenous HRPs were pre-quenched using MeOH/H2O2 (900 µL /100 µL to a 

final concentration of 3 % H2O2 for 20 mins. The samples were rinsed and washed 

4X in 1 mL PBTw (0.1% Tween-20 RNase-free). Next, the samples were treated 

with 0.001 g of sodium borohydride in 1 mL of PBTw to reduce auto-fluorescence. 

The tubes were mixed gently by inversion and were allowed to stand open in the 

laminar hood for 10 mins before rinsing and washing them 4X with 1 mL PBTw. 

 
Pre – hybridisation – 
 
The samples were left in 1mL PBTw/Hybridisation solution (1:1) for 10 mins and 

then in 1 mL Hybridisation solution (Hyb solution) for 10 mins. Both the incubations 

were performed at room temperature. Next, 1 mL of Hyb solution was added to the 

samples and were transferred to a water bath maintained at 5 °C for 2 hrs. The 

Hyb solution was changed twice during this incubation. Probe dilutions were 

prepared in Hyb. Solution and were heated at 85 °C for 3 mins to make the probe 

single-stranded and maintained on ice for 5 mins.  The probes were added to the 

samples and were left overnight at 55 °C for hybridisation. 
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Post hybridisation – 
 
The samples were exposed to a series of incubations. First, in fresh pre-warmed 

hybridisation solution at 55 °C for 5 mins, 2X in fresh pre-warmed hybridisation 

solution at 55 °C for 30 mins and finally in pre-warmed hybridisation solution /PBTw 

(1:1) at 55 °C for 30 mins. Following the incubations, these samples were washed 

2X for 15 mins in PBTw at 55 °C and then 1X for 10 mins in PBTw at rt. Until now 

the PBTw used was RNase free but from now onwards we don’t need RNase free 

conditions anymore.  To block the parts of the tissue where the probe did not bind, 

the samples were incubated in TNB buffer for 30 mins at room temperature. 

 
Colorimetric in-situ – 
 
α-DIG-AP was diluted 1:2000 in TNB buffer to label the probes and was added to 

the samples before an overnight incubation at 4 °C. The next day, the samples 

were rinsed and washed 4X for 10 mins with 1X PBTw at room temperature.  

 
For color development, the samples were washed 3X for 5 mins in AP buffer and 

then were divided into multiple replicates in 36-well plate. To each well, 4.5 µL of 

NBT and 3.5 µL of BiCP was added and the color was allowed to develop. The 

stain was checked every 15 mins under Leica MZ6 binocular stereo-microscope. 

The different replicates were used to study the spatial and temporal expression of 

the probe in different tissues at multiple stages of development. This technique 

also helped locate and compare the expression of miRNAs in samples expressing 

the expanded and unexpanded HTT constructs.  

 
To stop color development, the samples were washed 5X with 1X PBTw for 5 mins 

each, 1X in 30 % ethanol for 5 mins, 2X in 100% ethanol for 10 mins each and 

finally 5X in 1X PBS for 10 mins each. After washing, the samples were mounted 

in 70 % glycerol and visualised under a Leica DM6000 microscope. 
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Fluorescent in-situ –  
 
α- DIG-POD diluted 1:500 in TNB buffer was added to the sample to label the 

probes before incubating them overnight at 4 °C. Next, the samples were rinsed 

1X and washed 4X in PBTw for 10 mins each at room temperature. The samples 

were washed in TNT buffer 3X for 5 mins each before adding 100 µL of tyramide 

Cy3 diluted 1:50 in the amplification diluent for developing the color. The tubes 

were incubated at room temperature with the antibodies for 10 mins. The reaction 

was stopped by washing the samples 3X in TNT buffer for 10 mins each and 

checking the staining under Leica DM6000 microscope. The samples were further 

washed for 2 hrs at room temperature in 1X PBS before mounting them in 70 % 

glycerol. These samples were visualised under Leica SP8 confocal microscope. 

 
All the experimental and the control samples were processed at the same time 

with the same procedure to maintain consistency. 

 
Imaging and quantification – 

Images for the in-situ samples were taken with Leica DM6000 for the colorimetric 

samples and Leica SP8 confocal microscope for the fluorescent samples. The z-

stacks for the images were captured using the Leica software, and the images 

were quantified as described in section 2.6.4 using ImageJ. The settings were 

maintained for both sets of experiments, and the samples were quantified 

accordingly. 

2.15 Statistics and figures  

Calculations were executed in Microsoft Excel for Mac 2011 and figures were 

composed in Microsoft PowerPoint for Mac 2011. All images were processed and 

quantified in Image J. All statistical tests and graphs were executed in Prism 

GraphPad 7.0 software package. All the numerical data is reported as Mean ± 

SEM. 

Climbing ability and survival of the flies was analysed using Kruskal Wallis test with 

Bonferroni correction for non-normally distributed data or One-way ANOVA with 
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Tukey’s post-hoc analysis. These tests were used to compare the statistical 

significance between more than two groups 

MiRNA expression was analysed using Unpaired t-tests (independent t-test) for a 

normally distributed data with Bonferroni correction. Normality of the data was 

calculated using QQ test in excel. This test was used to compare the statistical 

significance between two groups.  

Eclosion assay and photoreceptor degeneration (pseudopupil analysis) was 

analysed using Kruskal Wallis test with Bonferroni correction, for a non-normally 

distributed data. These tests were used to compare the statistical significance 

between more than two groups. 

Speed and distance travelled by flies was analysed using Unpaired t-tests 

(independent t-test) for a normally distributed data with Bonferroni correction, for a 

normally distributed data. This test was used to compare the statistical significance 

between two groups.  

For study the expression of miRNAs through the development of the flies we 

performed Two-way ANOVA with Sidak’s Multiple comparison as we were 

investigating two independent variables (Age and Fold-change expression) to 

study how they affect a dependent variable (Fly development stage). 
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3.1 Chapter Overview 

 
In this chapter, we discuss the successful development of a Drosophila model of 

HD in our lab by using a series of behavioural and cellular assays previously 

established in other labs (Chan and Bonini, 2000, Sang and Jackson, 2005, Bilen 

and Bonini, 2005, Lu and Vogel, 2009, McGurk et al., 2015). It was essential to 

conduct these experiments to study if these flies were able to recapitulate disease 

symptoms as described by Marsh et al., 2003, Romero et al., 2008, Burr et al., 

2014, Barbaro et al., 2015, Kovács et al., 2017, Fernius et al. 2017, Yeh et al., 

2018, Chongtham et al., 2020 and to identify the age at which the symptoms were 

manifested and the longevity of these flies. This behavioural data was used to 

study the age-associated differential expression of miRNAs in the CNS of the 

diseased flies in chapter 4 and chapter 5. 

 

We develop two Drosophila HD variants for our study, expressing either the FL or 

the Ex1 constructs of human HTT. We selected these two variants as it was of 

interest to investigate if the expression of the shorter N-terminal human HTT 

fragment was sufficient to trigger molecular changes that would lead to comparable 

differential expression of miRNAs in Drosophila and humans. For each condition, 

we set up comparable Drosophila HD lines expressing experimental and 

control HTT. Behavioural and cellular assays (Chan and Bonini, 2000, Sang and 

Jackson, 2005, Bilen and Bonini, 2005, Lu and Vogel, 2009, McGurk et al., 2015) 

were used to identify the age of disease onset and progression. These assays 

included: 

• Negative geotaxis assay or the climbing assay, to study the locomotor 

defects in HD flies,  

• Life-span (longevity) assay, including the eclosion and the survival analysis, 

to study the age-associated progressive decline and, 

• Pseudopupil assay to study the degeneration of photoreceptors in 

the Drosophila eye. 

The results from this chapter helped us propose that both the FL and the 

Ex1 HTT constructs could reproduce human HD-associated behavioural decline. 
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This data was used to identify the time-points to investigate the expression of 

miRNAs during HD pathogenesis in our Drosophila HD model. 

 

3.2 Results 

3.2.1 The Huntingtin protein is evolutionary conserved 
 
In this project, we use an invertebrate transgenic HD model to study a human 

disease. It was of interest to explore the evolutionary divergence between these 

organisms to investigate if our invertebrate model expressed an endogenous htt 

and if that could influence the studied disease-associated behaviour. Li et al. in 

1999, Gissi et al., 2006, Tartari et al., 2008 among others have previously 

demonstrated that huntingtin is evolutionary conserved between vertebrate and 

invertebrate organisms. We replicate these results using bioinformatic analysis by 

constructing a rooted phylogenetic tree representing the conservation of huntingtin 

in different organisms. In Figure 3.1A, huntingtin from six different classes of 

selected vertebrate and invertebrate organisms were compared. The evolutionary 

history between these organisms was inferred using the Minimum Evolution 

method, and the evolutionary distances were computed using the Maximum 

Composite Likelihood method in MEGA X software. The branch length of the tree 

was proportional to the number of amino acid substitutions, and the scale bar 

indicated 0.2 amino acid substitutions per position in the sequences. The number 

on each node indicated the percentage confidence values based on 500 replicate 

bootstrap resampling of the alignment data. The two red arrows pointing 

towards Homo sapiens and Drosophila melanogaster indicated the presence of 

huntingtin homologs. This data complies with Li et al., who first identified a putative 

homolog of human HTT in Drosophila. They performed molecular experiments and 

bioinformatic analysis to demonstrate that huntingtin was conserved between the 

two species (Li et al., 1999). By comparing the distance and the position of these 

two organisms on the phylogenetic tree, we can infer that the vertebrate HTT has 

evolved with additional features and functions through evolution as compared to 

the invertebrate htt.  
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3.2.2 Drosophila melanogaster expresses a Human HTT homolog 
 

Approximately 75 % of human disease-causing genes are shared between Homo 

sapiens and Drosophila melanogaster (Marsh et al., 2003, Perrimon et al., 2016). 

In figure 3.1A, the phylogenetic tree demonstrates that huntingtin protein is 

evolutionarily conserved between vertebrate and invertebrate organisms, further 

suggesting that both humans and Drosophila express an endogenous huntingtin 

protein. To study the similarities and differences between these homologs and rule 

out the possibility of their interaction in our transgenic flies that might influence the 

disease pathogenesis, we perform protein sequence alignment. Li et al. in 1999 

determined that there were five regions of high similarity between Drosophila and 

vertebrate huntingtin. The main difference between the homologs was the 

absence of a polyQ stretch in Drosophila htt (Li et al., 1999). The polyQ repeats 

are located in the first 90 aa at the N-terminal end of the human HTT and have 

been previously identified as the minimal part of the human HTT that was 

responsible for causing HD (Mangiarini et al.,1996, Jackson et al.,1998). To verify 

this data, we compare the homologs by performing a pairwise sequence alignment 

of the first 90 aa of human (subject) and Drosophila (query) huntingtin proteins 

(Figure 3.1B). These sequences were aligned using BLOck SUbstitution Matrix 

(BLOSUM) that gave an alignment score of -43, which meant that there was a high 

frequency of unlikely substitutions, further indicating that the sequences were very 

different. A few conserved aa residues were identified along Drosophila htt 90 aa 

sequence, but no polyQ stretch was detected. The highlighted distinction between 

the first 90 aa of the Drosophila and human huntingtin proteins, as previously 

demonstrated by other labs and our study, is the absence of the polyQ repeats in 

Drosophila htt (Li et al., 1999). Results gathered from figure 3.1 suggested that 

both H. sapiens and D. melanogaster contain an endogenous huntingtin protein, 

where the Drosophila htt lacks the polyQ stretch at the N-terminal end that is 

responsible for causing HD in humans (Marsh et al., 2003). Hence, we can assume 

that Drosophila htt might not influence HD pathogenesis triggered by the 

expression of human HTT transgene (Burr et al., 2014, Barbaro et al., 2015). 
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A.  
 
 

 
 
 

 
 

 
B.  
 
 
 
 
 
 
 

Figure 3.1 Huntingtin is evolutionary conserved in vertebrate and invertebrate 
organisms (A). Rooted phylogenetic tree displaying the evolutionary conservation of 

huntingtin. The tree illustrates huntingtin conservation in vertebrate and invertebrate 

organisms by comparing the protein sequences of organisms from 6 different classes: 

Mammalia, Amphibia Actinopterygii, Aves, Echinoidea, and Insecta. The number next to each 

node represents the bootstrap values between sequences. The red arrows indicate that 

huntingtin is conserved between Homo sapiens and Drosophila melanogaster. (B). Huntingtin 

sequence alignment. Pairwise sequence alignment of the subject (human HTT) and the query 

(Drosophila htt) sequences comparing the first 90 aa of the proteins, where ‘ * ‘ represents the 

conserved residues between the two sequences. The red block indicates that human HTT 

expresses polyQ repeats at the N-terminal end, which are absent in the Drosophila 

counterpart.  
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3.2.3 Variants of Drosophila models of HD  
 
A number of FL and Ex1 Drosophila HD transgenic models have been developed 

by several labs working on neurodegeneration. They have demonstrated that 

these HTT variants can successfully recapitulate human HD symptoms described 

in Chapter 1, section 1.5.1.4. For our project, we investigate both the FL and Ex1 

HD constructs to study the role of small non-coding RNAs in the system. As we 

know that the expression of Ex1 HTT is sufficient to trigger HD pathogenesis 

(Jackson et al., 1998), we explore if this minimal unit of human HTT was capable 

of generating molecular responses similar to the FL Drosophila HD model and 

human HD patients. To do that, we set up Drosophila HD lines expressing 

experimental and control HTT proteins, where the experimental lines expressed 

pathogenic polyQ expansions, and the control lines expressed a normal, healthy 

range of polyQ repeats. These constructs were available at BDSC, Indiana 

University, USA.  

 

Previous studies have shown that both male and female flies can model HD 

(Gonzales et al., 2010, Tamura et al., 2011, Weiss et al., 2012). For our project, 

all the experiments were performed with female flies expressing the desired 

constructs. This was done because of technical constraints that made it difficult to 

express the expanded HTT constructs in male flies to generate specific genotypes. 

Female flies were also preferred over male flies because of dosage compensation, 

a process that balances the X-chromosome expression between males (XY) and 

females (XX) (Gelbart and Kuroda, 2009). The pan-neuronal driver used for 

studying the expression of HTT constructs was located on the X-chromosome 

which could lead to differential expression of transgenes in the two sexes. Hence, 

to avoid dosage compensation and maintain consistency in the results, we 

selected female flies. 

 

Further, we select virgin females over mated females because it has been shown 

that mated female flies exhibit reduced survival (Service, 1989) and also display 
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increased aggression behaviour (Nilsen et al., 2004, Bath et al., 2017). Hence, to 

exclude the possibility of these behavioural changes to impact the performance of 

the flies expressing the HTT constructs, only virgin female flies were used for the 

behavioural analysis. 

 

3.2.3.1 Origin and properties of human HTT constructs used in this study 
 
The naturally occurring, brain enriched human HTT transcript is 13,498 bps long 

that encodes for a large HTT protein weighing 348 kDa (NCBI, Saudou and 

Humbert, 2016). According to BDSC, the FL HTT transgenic constructs were 

donated to the stock center by Vitruvean, LLC. They were produced using P-

element mediated integration, which leads to random integration of transgenes into 

the genome as described in Chapter 1, section 1.5.1.2. The two FL 

transgenic HTT lines used for this study were 16Q (control), located on the 2nd 

chromosome, and 128Q (experimental), located on the 3rd chromosome (Figure 
3.2A). These lines have been used in studies conducted by Burr et al., 2014, 

Fernius et al., 2017, Kovács et al., 2017, and Yeh et al., 2018. 

 

HTT gene contains 67 exons, out of which Ex1 has been shown as the most 

pathogenic and sufficient fragment that causes HD (Barbaro et al., 2015, Saudou 

and Humbert, 2016). Ex1 fragments are generated by aberrant splicing events 

leading to the formation of short 90 aa sequences (Sathasivam et al., 2013). 

Transgenic Drosophila lines expressing Ex1 HTT constructs were donated to 

BDSC by Prof. Lawrence Marsh, University of California, Irvine. These constructs 

were created using ΦC321:int mediated integration; the transgene was 

incorporated into the host genome at a specific location described in Chapter 1, 

section 1.5.1.2. For this study, two Ex1 transgenic lines were used: 25 polyQ 

(control) and 120 polyQ (experimental), both located on the 2nd chromosome at 

51D9, 2R:15054298..15054298 (Figure 3.2B). These lines have been used by 

Barbaro et al., 2015 and Chongtham et al., 2020. 
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A. FL human HTT construct.                

 
 
 
 
 
 
 
 
 
 
B. Ex1 human HTT construct 

 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Variants of Drosophila HD models 
(A). Schematic representation of the FL human HTT construct. The diagram demonstrates 

that the FL transgenic HD flies expressed 13,498 bps long HTT transcripts. The control line 

contains 16Q repeats, whereas the experimental line had 128Q repeats. The polyQ expansion 

was located at the N-terminal end of the protein sequence. The rest of the protein structure 

was maintained for both the control and the experimental lines. (B). Schematic representation 

of the Ex1 human huntingtin construct. Transgenic Ex1 HD flies carried only the first 270 bps 

of the HTT transcript that encoded for a 90 aa protein fragment containing the ployQ stretch. 

The control Ex1 variant expressed 25Q repeats, and the experimental line expressed 

120Q repeats. 
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3.2.4 Expression of human HTT constructs in the Nervous System 
 
HD is a neurological disorder that displays gradual loss of neurons within the 

cortical and the striatal parts of the human brain, which leads to motor and 

cognitive impairment (Hoss et al., 2015). To replicate these changes in a 

Drosophila HD model, we express the HTT constructs in the fly nervous system by 

applying the Gal4/UAS binary expression system described in Chapter 1, section 

1.5.1.3, using the pan-neuronal Elavc155-Gal4 driver (Robinow and White, 1991). 

 

Elav (embryonic lethal, abnormal vision) gene is expressed ubiquitously 

throughout the Drosophila nervous system and is required for its maintenance and 

development (Robinow and White, 1991). The Elavc155-Gal4 driver is an enhancer 

trap line created by Lin and Goodman in 1994 and is located on the X chromosome 

at 1B8, X:523350..523350 (BDSC, Lin and Goodman, 1994). It was generated by 

inserting a reporter transgene – Gal4 near the 3’ end of the naturally 

occurring Elav in the Drosophila genome (Lin and Goodman, 1994).  

 

Our aim here was to study the expression of the Elavc155-Gal4 driver construct in 

the fly CNS. It was important to know the expression pattern of this driver, as it 

was used to express human HTT transgenes in the Drosophila system. Moreover, 

to study a type of ND, it was crucial to use a driver whose expression was restricted 

to the CNS; to rule out the possibility of factors expressed elsewhere in the body 

to influence the transgene expression in the brain. Hence, to study the expression 

pattern of Elavc155-Gal4 driver in the CNS we performed an immunostaining 

experiment on fly embryos expressing UAS-IVS-myr::GFP (II) driven by Elavc155-

Gal4 (X). These embryos were stained with Elav-antibody, anti-GFP, 

and DAPI (Figure 3.3). The antibody staining revealed that both anti-

elav and anti-GFP had an overlapping expression pattern for ELAV-protein 

labelling the CNS in the embryonic system. From these results, we concluded 

that Elavc155-Gal4 driver and the endogenous ELAV-protein have an overlapping 

expression in the CNS during the late embryonic stages. 
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Figure 3.3 Expression pattern of pan-neuronal Elavc155-Gal4 driver 
Whole-mount stage 16 embryos expressing UAS-IVS-myr::GFP>Elavc155-Gal4 in the CNS. 

The embryos are presented in a ventral view, anterior-up orientation, and were stained with 

Elav-antibody (red), anti-GFP (green), and DAPI (blue). The four panels represent (A.) GFP 

pattern of the Elavc155-Gal4 line (green), (B.) endogenous ELAV pattern in the CNS (red), (C.) 

DAPI counterstain for DNA (blue) and (D.) merged images of A, B, and C (yellow). The white 

block in the merged panel labels the VNC of the embryo that displayed overlapping staining 

for ELAV and GFP, suggesting co-localisation of the expression patterns (n = 15).  
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3.2.5 Establishing a Drosophila HD model using human FL HTT 
 

Male flies carrying the UAS-HTT transgene were crossed with female flies carrying 

the Elavc155-Gal4 driver to produce progeny that expressed the HTT transgene in 

the fly nervous system. The control FL HTT construct, carrying 16Q HTT was a 

heterozygous line containing only one copy of the HTT transgene, which was 

balanced with a CyO balancer. This, when crossed with an Elavc155-Gal4 driver, 

generated half progeny expressing the HTT transgene. These flies were selected 

against the balancer and were used for further experiments. On the other-hand, 

the experimental FL HTT construct carrying the 128Q HTT was a homozygous line 

which when crossed with the Elavc155-Gal4 driver gave rise to a progeny 

expressing one copy of the HTT transgene. The crossing scheme for these 

constructs is shown in figure 3.4. 
 

3.2.5.1 Expression of FL human HTT leads to behavioural decline 
 

To establish the FL HTT constructs, the flies were examined for various 

behavioural phenotypes to confirm that these constructs were able to recapitulate 

human HD symptoms. The behavioural experiments conducted are discussed in 

the following sections. 

 
3.2.5.1.1 Effects of FL human HTT on Drosophila climbing behaviour 
 

Climbing assay also known as the negative geotaxis assay was first developed by 

Seymour Benzer in 1967 as the counter-current apparatus used to study gravitaxis 

(Benzer, 1967). Since then, the climbing assay protocol has been adapted in 

multiple ways. The standard climbing assay is a quantitative measure of the total 

number of flies that have travelled a given distance against gravity from bottom to 

top in a defined period of time.  

 

Climbing ability is one of the most extensively-studied fly behaviours that has been 

used to investigate disease pathogenesis in Drosophila HD models (Romero et al., 

2008, Barbaro et al., 2015, Fernius et al., 2017). Any defects in fly climbing 
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behaviour can be compared to the motor decline demonstrated by human HD 

patients (Pouladi et al., 2013). As we aim to establish a Drosophila HD model in 

this chapter, we investigated if the expression of toxic FL human HTT in the fly 

nervous system could replicate human HD-associated motor decline. Studies 

conducted by Burr et al., 2014, Kovács et al., 2017, Fernius et al., 2017 and Yeh et 

al., 2018 using the same HD constructs demonstrated a progressive decline in the 

locomotor ability of the diseased flies.  

 

To verify these results, we analysed the climbing behaviour of the flies expressing 

the FL human HTT variants. The flies were collected, and the experiment was run 

with three biological replicates following the protocol illustrated in figure 
3.5A. Flies of desired age were transferred to clean glass vials and were allowed 

to acclimatize for 15 minutes before conducting the climbing analysis as described 

in Chapter 2, section 2.2.1. Figure 3.5B represents the climbing analysis results 

of FL HTT constructs. The upper panel displays screenshots from the climbing 

assay videos recorded at four different time-points – Day 1, Day 10, Day 20, and 

Day 30. The three tubes in each picture represent the following 

genotypes- w1118 (wildtype control), elav>16Q FL HTT(II) (elav driven 

FL HTT control construct) and elav>128Q FL HTT(III) (elav driven 

FL HTT experimental construct). Each consecutive picture demonstrates that the 

flies expressing 128Q repeats exhibit reduced locomotor ability as they age. The 

climbing ability of two additional controls: elav>UAS-GFP(II) and elav>UAS-

GFP(III), was also analysed. This information helped us establish that the change 

in locomotor activity observed was a result of UAS-HTT transgene expression and 

not the Elavc155-Gal4 driver. Two different UAS-GFP control lines were used as the 

FL HTT inserts were located on different chromosomes: the 2nd (16Q) and the 3rd 

chromosome (128Q). 

 

The graph in the lower panel compares the PI (refer to 2.2.1.4 for the formula) 

with respect to the age of the all the control and the experimental genotypes 

expressing the FL HTT constructs. Multiple comparisons for the five genotypes at 

different time-points were performed and analysed using the Kruskal-Wallis test. 

The significance was corrected using Bonferroni correction to avoid type I error. 
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We conducted ten comparisons for each time-point; the calculated Bonferroni 

significance value was 0.05/10 = 0.005. Comparing the PI of the control 

genotypes: w1118, elav>16Q FL HTT(II), elav>UAS-GFP(II) and elav>UAS-

GFP(III) for each time-point, it was observed that there was no significant 

difference in the locomotor activity of these flies (p > 0.9999). To study if there was 

a difference in behaviour for the flies expressing the control elav>16Q FL 

HTT(II) and the experimental elav>128Q FL HTT(III) variants, their PI was 

compared from day 1 until day 28. It was observed that the flies expressing the 

expanded 128Q displayed significant progressive decline from day 14 onwards - 

until day 28 when the flies were completely immobile, as shown in the graph (**p = 

0.0012, 0.0024, ***p = 0.0001, 0.0006, 0.0010). Similarly, to investigate if there 

was a difference in the locomotor activity of flies from the above-mentioned control 

groups with flies expressing expanded elav>128Q FL HTT(III) on day 14 (when 

the locomotor decline was first observed) and day 28 (disease flies were 

immobile). It was observed that the flies expressing 128Q displayed significantly 

reduced locomotor activity when compared with the controls (**p = 0.0011).  

 

This data suggested that the flies expressing expanded 128Q FL HTT constructs 

displayed age-associated locomotor decline compared to the control 16Q 

FL HTT variant. It also confirmed that the expression of mutant FL HTT constructs 

in our Drosophila model successfully recapitulated the locomotor defect observed 

in human HD patients (Pouladi et al., 2013). 
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A.  
 
 
 
 
 
 
 
 
B.  
 
 
 
 
 
 
 
 

 
 
 
 
Figure 3.4 Crossing scheme for the FL transgenic HTT constructs 

(A). Control (B). Experimental. The control line had 16Q, and the experimental line had 128Q 

repeats. Female flies expressing the Elavc155-Gal4 driver were crossed with male flies 

expressing either UAS-16Q FL HTT or UAS-128Q FL HTT. From both the crosses, 

heterozygous female flies expressing one copy of the Elavc155-Gal4 driver and one copy of the 

UAS-HTT transgene were collected for the behavioural analysis. 
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A. 

B.  
 

 

 
 

 
 
 
 
 
 
 
 
 
 
Figure 3.5 Effects of FL human HTT on locomotion 

(A). Schematic representation of the Climbing assay workflow. Flies were collected, aged, and 

transferred to three clean labelled glass tubes and were exposed to climbing analysis. The 

climbing ability of the flies was recorded every alternate day until the diseased flies were 

completely immobile. The temperature and humidity were maintained at 25 ºC and 45 % 

throughout the experiment. (B). FL HTT climbing assay analysis. Compares the climbing 

ability of w1118 (grey), elav>UAS-GFP(II) (black), elav>UAS-GFP(III) (black), elav>16Q FL 

HTT(II) (yellow) and elav>128Q FL HTT(III) (brown). The upper panel displays the 
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screenshots taken from the climbing assay videos on the 18th second at Day 1, Day 10, Day 

20, and Day 30. The three vials in the picture correspond to the following genotypes – w1118 

elav>16Q FL HTT(II) and elav>128Q FL HTT(III). There was an increase in the number of flies 

expressing expanded 128Q FL HTT construct gathered at the bottom of the tube as the flies 

aged. The climbing ability of these flies was calculated using the PI formula and was plotted 

in a graph shown in the lower panel. Comparing the locomotor activity of the flies expressing 

control elav>16Q FL HTT(II) and expanded elav>128Q FL HTT(III) constructs, flies 

expressing the longer CAG repeats displayed significantly reduced locomotor ability from day 

14 until day 28 when the diseased flies completely immobile (n = 8, each sample with 20 flies; 

Mean ± SEM; Kruskal-Wallis test; Bonferroni correction p < 0.005, **p = 0.0012, 0.0024, ***p = 

0.0001, 0.0006, 0.0010). 
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3.2.5.1.2 Effects of FL human HTT on PR neurons in Drosophila eye 
 

Drosophila visual system has been proved to be a powerful genetic model for 

studying the molecular mechanisms underlying retinal degeneration. In 1998, 

Jackson et al. showed that the neuronal degeneration observed in the human HD 

brain was similar to the retinal degeneration observed in the Drosophila eye 

(Jackson et al., 1998). 

 

Drosophila has a pair of compound eyes composed of ~800 ommatidia arranged 

in a highly regular pattern (Jackson et al., 1998). Each ommatidium consists of 8 

individual polarized photoreceptors (PR) neurons and 12 accessory cells (pigment, 

cone and bristle cells). Each PR neuron contains an expanded apical domain that 

contributes to ~90 % of its surface area, and this domain is called a Rhabdomere 

(R) (Jackson et al., 1998, Raghu et al., 2009), as shown in figure 3.6A. The PR 

neurons are specified in the eye-imaginal disc during larval development. The 

founder cell - PR8 or R8 undergoes the first round of cell division to specify PR2 

and PR5 neurons, second cell division gives rise to PR3-PR4 pair, and the last 

round of cell-division specifies PR1, PR6, and PR7 (Figure 3.6B). In total, there 

are 6 outer PRs (PR1-PR6) that surround 2 overlapping PRs (PR7, PR8), where 

PR7 is placed on top of PR8 along the distal-proximal axis of the eye (Klämbt, 

1997, Pichaud and Desplan, 2001, Frankfort and Mordon, 2004 and Roignant and 

Treisman, 2009). Such that, when these PRs are studied under a microscope – 

only 7 of them are visible. After differentiation of these PRs, 12 accessory cells are 

recruited that form the complete structure of the ommatidium (Pichaud and 

Desplan, 2001). 

  

Pseudopupil analysis is one of the techniques used to analyse retinal degeneration 

in Drosophila, where the structure of the PR cells is studied by counting the number 

of intact neurons in the eye (Bonini et al., 2015). Pseudopupil or deep pseudopupil 

is a phenomenon used to describe the dark spot in the Drosophila eye. This spot 

is formed by optical neutralisation of the corneal cells that allow real-time pigment 

migration in the eye (Franceschini, 1972). 
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To investigate if the expression of the FL human HTT in the fly nervous system 

could trigger retinal degeneration, which is analogous to neuronal loss observed 

in human HD patients (Jackson et al., 1998), we performed the pseudopupil 

analysis as illustrated in figure 3.7. Flies expressing the FL HTT constructs were 

generated following the crossing scheme in figure 3.4. The flies were decapitated, 

and the number of PRs in the eye were scored as described in Chapter 2, section 

2.3. The three genotypes analysed were: w1118 (wildtype), elav>16Q FL 

HTT (healthy/normal polyQ repeats), and elav>128Q FL HTT (expanded polyQ 

repeats). Retinal degeneration was recorded at four different time-points – Day 1, 

Day 10, Day 20, and Day 30, as illustrated in figure 3.8A, to track the progressive 

decline in the number of PRs. Day 30 was selected as the last point of analysis, 

as it has been established from the climbing assay data that the flies expressing 

the expanded FL polyQ repeats at Day 30 were completely immobile (refer 

to figure 3.5). Each cluster of 7 cells in figure 3.8A represents 7 PRs in a single 

ommatidium, and the white arrows mark the partially degenerated or missing PR 

neurons. The number of intact (not partially degenerated) PRs in ~250 ommatidia 

for each of the above-mentioned genotypes were scored, compared, and plotted 

in a graph shown in figure 3.8B. Multiple comparisons for the three genotypes at 

different time-points were performed and analysed using the Kruskal-Wallis test. 

The significance was corrected using Bonferroni correction to avoid type I error. 

We conducted three comparisons for each time-point; the calculated Bonferroni 

significance value was 0.05/3 = 0.016. Comparing the number of intact PRs in flies 

expressing the expanded elav>128Q FL HTT with controls elav>16Q FL 

HTT and w1118, it was identified that the 128Q FL flies displayed a significantly 

reduced number of neurons at all time-points (**p = 0.0015), whereas no significant 

change was observed in the number of PRs in between the control genotypes (p 

> 0.9999). This data suggested that the expression of expanded FL human HTT in 

the Drosophila HD model could trigger neuronal degeneration as previously 

demonstrated by research groups including Jackson et al., 1998 and Barbaro et 

al., 2015. 

 

In human HD, the severity of the disease increases with the age of the individual 

(Saudou and Humbert, 2016). To study if the loss of PR neurons in our 
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FL Drosophila HD model was also progressive and age-associated, we performed 

multiple comparisons for flies expressing expanded elav>128Q FL HTT at Day 1, 

Day 10, Day 20, and Day 30 (Figure 3.8C). The data was analysed using the 

Kruskal-Wallis test and corrected using Bonferroni correction. We conducted six 

comparisons that gave a Bonferroni significance value of 0.05/6 = 0.0083. 

Comparing the number of PRs at the four time-points, it was identified that there 

was a significant decline in the number of intact PRs between day 1 and day 30 

(***p = 0.0002). This data suggested that there was a progressive increase in 

retinal degeneration as the flies aged, similar to the age-associated neuronal 

degeneration observed in human HD patients (Jackson et al., 1998). 

 

While scoring and comparing the number of PR neurons in flies expressing the FL 

human HTT, it was observed that the type of degenerating PRs was not consistent 

for all the ommatidia demonstrating this phenotype. In human HD, only the striatal 

and the cortical neurons undergo degeneration (Saudou and Humbert, 2016). To 

study this neuronal specificity in our FL human HTT constructs and explore if there 

was a preference towards degeneration of certain PRs more than others, we 

individually scored the different types of PRs that were partially degenerated or 

missing in the Drosophila eye (Figure 3.8D). It was observed that the proportion 

of degenerated PRs for each time-point (Day 1, Day 10, Day 20, and Day 30) 

displayed a similar pattern as the flies aged. The ascending sequence for the 

degenerated PRs at Day 30, when the flies were at their weakest (figure 3.5), was 

recorded as – PR5 < PR2 < PR1 < PR4 < PR6 < PR3, where the least and the 

most common degenerated PRs were PR5 and PR3, respectively. This data 

suggested that PR3 are the most affected retinal neurons. It was also observed 

that some PRs did not show any decline at early time-points as on Day 1 or Day 

10 but degenerated later as the flies aged. PR7 displayed no degeneration at any 

time-point. These results suggested that the expression of expanded FL 

human HTT constructs leads to specific retinal degeneration of neurons as 

observed in human HD condition (Han et al., 2011). 
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Figure 3.6 Specification and Organisation of PRs in Drosophila Ommatidium  
(A). Diagrammatic representation of Drosophila Adult Ommatidium. Drosophila has a pair of 

compound eyes that are composed of ~800 ommatidia. Each ommatidium consists of 

Photoreceptor (PR) neurons and Accessory cells (pigment and cone cells). The figure 

represents the organisation of these cells along the distal-proximal axis. Each PR neuron (light 

green) has an apical domain known a Rhabdomere (red). The transverse section identifies the 

location of the 7 PRs and their attached rhabdomeres (adapted from Jackson et al., 1998, 

Raghu et al., 2009), (B). Temporal specification of PRs in Drosophila eye. During 

development, the cells in the eye imaginal disc undergo differentiation and specification to give 

rise to 8 PR neurons. PR8 is the founder cell that specifies R1, R2, R3, R4, R5, R6, and R7 

while moving away from the Morphogenetic Furrow (MF). The unspecified cells are 

represented in grey, and the specified cells in red. (adapted from Klämbt, 1997, Pichaud and 

Desplan, 2001, Frankfort and Mordon, 2004, Roignant and Treisman, 2009). 
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Figure 3.7 Pseudopupil Analysis Setup 
5-6 flies were analysed per genotype for the pseudopupil analysis. Flies were anesthetized 

using CO2 before decapitation. The head was carefully detached from the rest of the body and 

was mounted on a depression slide at 45º angle, such that the PRs were visible under the 

microscope. The deep pseudopupil could be detected at 20X magnification, and the PR 

neurons could be identified as a cluster of 7 cells representing one ommatidium at 63X 

magnification. The alignment of different types of PR cells in the Drosophila eye is also 

illustrated. The total number of ommatidia displaying retinal degeneration was scored to 

calculate the cellular degeneration for each genotype. Z-stacks were recorded using Leica 

DM6000 microscope, and the data was analysed using ImageJ software. 
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Figure 3.8 Effects of FL human HTT on retinal degeneration                                     (contd.) 
Figure 3.8 Effects of FL human HTT on retinal degeneration       
(A.) Schematic representation of the PRs in the Drosophila eye. w1118 is represented in 

grey, elav>16Q FL HTT in yellow, and elav>128Q FL HTT in brown. The arrows indicate PRs 

that are either missing or are partially degenerated. The readings were taken on Day 1, Day 

10, Day 20, and Day 30 post eclosion. Scale bar is 80 µm, (B.) Pseudopupil analysis for data 

presented in (A.). Compares neuronal degeneration between w1118 (control), elav>16Q FL 

HTT (control) and elav>128Q FL HTT (experimental) genotypes. A significant decline in the 

number of intact PRs in flies expressing expanded 128Q FL HTT was observed when 

compared with the controls at all time-points (n = 250 ommatidia per genotype per time-point; 

Mean ± SEM; Kruskal-Wallis test; Bonferroni correction p < 0.016, **p = 

0.0015). (C.) Extended graph for data illustrated in (B.). Comparing retinal degeneration for 

flies expressing expanded elav>128Q FL HTT at different time points. A significant 

progressive decline was observed from day 1 until day 30 (n = 6, 250 ommatidia per genotype 

per day; Mean ± SEM; Kruskal-Wallis test; Bonferroni correction p < 0.0083, ***p = 

0.0002). (D.) Quantification for the type of PRs degenerating in the flies expressing the 

expanded 128Q FL HTT construct. The graph demonstrates that all PRs expressing 

expanded FL HTT were susceptible to retinal degeneration except PR7. A steady increase in 

the degeneration of different PRs was observed. PR2, 4, and 5 were not degenerated at Day 

1 but were lost as the flies aged. The most degenerated neurons were P3 and P6 (n = 6, 250 

ommatidia per genotype per day). 
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3.2.5.1.3 Effects of FL human HTT on Drosophila Eclosion (emerging from 
pupal case) 
 

HD is an age-associated ND usually manifested after 35-40 years, depending on 

the CAG repeat length. Late-onset HD patients express an average of 43 CAG 

repeats (Kremer et al., 1993, Nance and Myers, 2001). Patients expressing 55 

CAG repeats suffer from Juvenile HD, which affects children and adolescents aged 

2-20 years as described in section Chapter 1, section 1.4.3.3.1 (Nance and Myers, 

2001, Wild and Tabrizi, 2007, Roos, 2010). Our Drosophila HD variants express 

highly pathogenic 128Q FL HTT or 120Q Ex1 HTT. As these constructs express 

long stretches of polyQ HTT proteins, we can assume that our HTT variants 

replicate juvenile HD conditions rather than adult-onset HD. Comparing the life 

cycle of humans and flies, we can presume that the larval stages could be 

equivalent to the initial 2-20 years of human life. The expression of the Elavc155-

Gal4 driver used to express HTT transgenes in the CNS of the flies begins at stage 

12 during embryonic development (BDSC). This assures that our transgenes will 

be expressed early in life, and the effect of this expression could be analysed 

through development using longevity assay.  

 
To study the effects of FL human HTT variant on longevity of flies during early 

stages of disease pathogenesis, eclosion assay was performed. Cages of desired 

genotypes were set up (figure 3.4), embryos were collected, transferred to fresh 

food bottles, and were allowed to develop into pupae, as illustrated in figure 3.9. 

Refer to Chapter 2, section 2.2.3 for the protocol. The genotypes analysed 

were w1118 (wildtype) represented in grey, elav>16Q FL HTT (healthy/normal 
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polyQ repeats) in yellow, and elav>128Q FL HTT (expanded polyQ repeats) in 

brown. The eclosion rate of the pupae was calculated and plotted in a graph shown 

in figure 3.10A. Multiple comparisons for the three genotypes at different time-

points were performed and analysed using the Kruskal-Wallis test. We conducted 

three comparisons for each time point; the calculated Bonferroni significance value 

was 0.05/3 = 0.016. It was observed that the flies expressing the expanded 128Q 

repeats displayed an eclosion rate of 99.32%, which was non-significant when 

compared to flies expressing 16Q (98.82%) and wildtype (98.28%) controls (p > 

0.9999). This data suggested that the expression of toxic FL HTT does not affect 

the eclosion rate of the flies.  

 

For calculating the percent eclosion, we scored and compared the rate of the total 

number of pupae formed and pupae eclosed. There could be a possibility that the 

number of pupae developed is different for the experimental and the control 

genotypes, and that this information was masked by the eclosion rate analysis. 

Hence, to study if the expression of toxic 128Q FL HTT had an effect on the 

number of pupae formed or eclosed, we scored and compared the number of 

pupae before and after eclosion for all the genotypes as displayed in figure 
3.10B. Kruskal-Wallis test was performed with a Bonferroni correction of 0.05/15 

= 0.0033. It was observed that there was no difference in the number of pupae 

formed/eclosed for the three genotypes (p > 0.9999). This data suggested that the 

expression of the expanded FL HTT construct during fly development did not affect 

pupal eclosion.  

 
Human HD affects both males and females equally and do not display any 

preference towards one sex over the other (Pouladi et al., 2013, Frank, 2014). For 

our experiments, we performed genetic crosses between male flies carrying 

the UAS-HTT transgene and female flies carrying the Elavc155-Gal4 driver to 

produce progeny (both male and female) that expressed the HTT transgene in the 

fly nervous system. To compare the effects of the FL human HTT on the eclosion 

of the two sexes, we calculated the eclosion rate of males and females from the 

control and experimental genotypes (Figure 3.10C). Kruskal-Wallis test was 

performed with a Bonferroni correction of 0.05/15 = 0.0033. Comparing the 

genotypes, it was identified that there was no significant difference in the eclosion 
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rate for flies expressing either 128Q FL HTT, 16Q FL HTT, or the wildtype control 

(p > 0.9999). These results convey that the expression of expanded FL HTT in 

our Drosophila model affects both male and female flies equally as observed in the 

human HD population (Frank, 2014). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9 Eclosion Assay Setup 
Crosses were set up in small egg collection cages supplemented with an apple agar juice plate 

and fresh yeast paste. Overnight collection of eggs were separated and transferred to an 

eppendorf containing 1X PBS. 32 µL of this embryo mix was transferred to ten bottles to 

prepare ten replicates for each genotype. The number of pupae formed were scored on day 

8, and the total number of pupae hatched were scored on Day 12. The eclosion rate of male 

and female flies was scored separately post-eclosion. 25 ºC temperature and 45 % humidity 

were maintained throughout the experiment. 
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Figure 3.10 Effects of FL human HTT on eclosion 
(A). Eclosion rate analysis for w1118 (grey), elav>16Q FL HTT (yellow) and elav>128Q FL HTT 

(brown). There is no difference in the eclosion rate of the three genotypes, signifying that all 

the pupae resulting from these crosses eclosed successfully (n = 10, w1118= 2509 pupae; 16Q 

FL = 2307 pupae; 128Q FL = 2471 pupae; Mean ± SEM; Kruskal-Wallis test; Bonferroni 

correction p < 0.016; ns = non-significant, p > 0.9999). (B.) Effect on the number of pupae 

formed. No significant change was observed, suggesting that the number of pupae 

formed/eclosed was similar (n = 10, w1118 = 2509 pupae; 16Q FL = 2307 pupae; 128Q FL = 

2471 pupae; Mean ± SEM; Kruskal-Wallis test; Bonferroni correction p < 0.0033; ns = non-

significant, p > 0.9999). (C.) Effect of FL HTT on gender. The percent eclosion for the number 

of males and females was ~50 % for all the genotypes, suggesting that there was no bias 

towards eclosion of one sex over the other (n = 10, w1118= 2475 flies; 16Q FL= 2281 flies; 
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128Q FL = 2545 flies; Mean ± SEM; Kruskal-Wallis test; Bonferroni correction p < 0.0033; ns 

= non-significant p > 0.9999). 

 

3.2.5.1.4 Effects of FL human HTT on Drosophila survival 
 

HD patients survive for approximately 15 - 20 years after the appearance of the 

first clinical symptoms (Solberg et al., 2018). To investigate if the 

expanded FL human HTT constructs could replicate reduced survival in 

our Drosophila HD model, we performed the survival assay. Crosses were set up 

in small egg collection cages (figure 3.4). Embryos were collected, transferred to 

fresh food bottles, and developed into young adult flies before conducting the 

survival assay experiment described in figure 3.11. Refer to Chapter 2, section 

2.2.3 for the protocol. Flies expressing the expanded elav>128Q FL HTT construct 

(brown) and controls elav>16Q FL HTT (yellow) and w1118 (grey) were collected in 

vials. Number of flies’ alive were scored every alternate day and the percent 

survival was calculated as shown in figure 3.12. Kruskal-Wallis test was 

performed with a Bonferroni correction of 0.05/3 = 0.016. Comparing the percent 

survival of flies expressing elav>16Q FL HTT (control) with 

experimental elav>128Q FL HTT, it was observed that the flies with expanded 

128Q repeats displayed significantly reduced survival from day 19 until day 37 

(**p = 0.0038, ***p = 0.0002, ****p < 0.0001) as represented in figure 3.12. 

Similarly, comparing the survival rate at day 19 (starting point) and day 37 (ending 

point), it was observed that the flies expressing the expanded repeats displayed 

significantly reduced survival (p < 0.0001) between the two time-points. In contrast, 

the control groups did not demonstrate such a change (p > 0.9999). This data 

suggested that flies expressing the toxic FL HTT repeats could replicate the age-

associated reduced longevity observed in human HD patients (Bates, 2005). 
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Figure 3.11 Survival Assay Setup 
Crosses were set up in small egg collection cages supplemented with an apple agar juice 

plate and yeast paste. Overnight collection of embryos was collected and processed. 

Embryos were cleaned thoroughly with 1X PBS, 32 µL of this mix was transferred to ten fresh 

food vials and were allowed to develop into mature flies. Freshly eclosed flies were separated 

into batches of ten flies each for twenty replicates. The flies were flipped to fresh food vials 

every alternate day after recording the number of flies’ dead, alive, dead transferred and the 

number of flies escaped. All the crosses and flies were maintained at 25 ºC temperature and 

45 % humidity throughout the experiment. 
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Figure 3.12 Effects of FL human HTT on Survival 
Graph comparing the percent survival of flies expressing elav>16Q FL HTT (yellow, control) 

and elav>128Q FL HTT (brown, experimental). The expanded 128Q FL construct 

demonstrates a significant decline in survival from day 19 until day 37. No such decline was 

observed in flies expressing 16Q FL or w1118 (grey) controls (n = 20, each sample with 10 flies; 

Mean ± SEM; Kruskal-Wallis test; Bonferroni correction p < 0.016, **p = 0.0038, ***p = 0.0002, 

****p < 0.0001). 
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3.2.6 Establishing Drosophila HD model using human Ex1 HTT  
 
We aim to establish two variants of the Drosophila HD model, expressing either 

FL or Ex1 part of the human HTT. From previous studies, we know that both the 

expanded FL and the Ex1 HTT constructs can trigger pathogenesis in our 

Drosophila HD model (Burr et al., 2014, Barbaro et al., 2015, Kovács et al., 2017, 

Fernius et al. 2017, Yeh et al., 2018, Chongtham et al., 2020). In section 3.2.5, we 

established a FL HD model using well-studied behavioural and cellular phenotypes 

(Chan and Bonini, 2000, Sang and Jackson, 2005, Bilen and Bonini, 2005, Lu and 

Vogel, 2009, McGurk et al., 2015). In this section, we took advantage of the same 

setup to establish an Ex1 HD model. We are developing both the FL and Ex1 

models to study if the expression of shorter Ex1 human HTT was sufficient to 

trigger molecular changes that would lead to comparable differential expression of 

miRNAs in both the Drosophila HD model and human HD patients.  

 

Female flies with the Elavc155-Gal4 driver were crossed with male flies containing 

the UAS-HTT transgene to generate a progeny expressing the transgene in the fly 

nervous system. The Ex1 constructs used for this study were UAS-25Q Ex1 

HTT (control) and UAS-120Q Ex1 HTT (experimental). Both the control and the 

experimental Ex1 constructs were homozygous lines located on the 2nd 

chromosome, which, when crossed with homozygous Elavc155-Gal4 driver, 

resulted in a heterozygous progeny. The crossing scheme for the Ex1 model for 

both the control and the expanded constructs is demonstrated in figure 3.13. 

 

3.2.6.1 Expression of Ex1 human HTT leads to behavioural decline 
 
To establish the Ex1 HTT model, flies expressing the control and the 

expanded HTT constructs were analysed for behavioural and cellular phenotypes 

described in section 3.2.5.1.  
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3.2.6.1.1 Effects of Ex1 human HTT on Drosophila climbing behaviour 
 

Previous studies have demonstrated that the expression of Ex1 

human HTT constructs in the Drosophila CNS leads to progressive locomotor 

decline (Barbaro et al., 2014, Chongtham et al., 2020). To verify these results and 

establish our Ex1 HD model, we performed climbing assay, illustrated in figure 
3.5A. The upper panel in figure 3.14 represents the screenshots from the 

climbing assay video taken on Day 1, Day 3, Day 5, and Day 7. The three tubes in 

the screenshot images correspond to w1118 (wildtype control), elav>25Q Ex1 

HTT(II) (elav driven Ex1 HTT control construct) and elav>120Q Ex1 

HTT(II) (elav driven Ex1 HTT experimental construct) (refer to figure 3.13 for the 

genetic crosses). The screenshots demonstrate that flies expressing 120Q Ex1 

HTT construct displayed age-associated progressive locomotor decline. As the 

flies aged, they gathered more at the bottom of the tube than across the 9 cm mark. 

The locomotor activity of these flies was analysed using the PI formula (refer to 

Chapter 2, section 2.2.1.4) and plotted in the graph shown in the lower 
panel of figure 3.14. An additional control expressing elav>UAS-GFP(II) was also 

analysed to demonstrate that the change in locomotor activity resulted from the 

expression of UAS-HTT transgene and not the Elavc155-Gal4 driver. The UAS-

GFP control, 25Q HTT control and 120Q HTT expanded constructs were located 

on the 2nd chromosome. 

 

Multiple comparisons for the four genotypes at different time-points were 

performed and analysed using the Kruskal-Wallis test. The significance was 

corrected using Bonferroni correction to avoid type I error. We conducted six 

comparisons for each time-point; the calculated Bonferroni significance value was 

0.05/6 = 0.008. Comparing the PI of the control genotypes: w1118, elav>25Q Ex1 

HTT, elav>UAS-GFP(II) for each time-point, it was observed that there was no 

significant difference in the locomotor activity of these flies (p > 0.9999). To study 

if there was a difference in behaviour for the flies expressing the control elav>25Q 

Ex1 HTT and the experimental elav>120Q Ex1 HTT variant, their PI was 

compared from day 1 until day 7. It was observed that the flies expressing the 
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expanded 120Q displayed significant progressive decline from day 3 until day 7 

when the flies were completely immobile, as shown in the graph (***p = 0.0001, 

****p < 0.0001). Similarly, to investigate if there was a difference in the locomotor 

activity of flies from the above-mentioned control groups with flies expressing 

expanded elav>120Q Ex1 HTT on day 3 (when the locomotor decline was first 

observed) and day 7 (disease flies were immobile). It was observed that all the 

control groups displayed a significant difference in their locomotor activity when 

compared to 120Q Ex1 HTT (****p < 0.0001).  

 

This data suggested that the flies expressing expanded 120Q Ex1 HTT displayed 

age-associated locomotor decline when compared to control 25Q Ex1 HTT, as 

previously demonstrated by Barbaro et al., 2015 and Chongtham et al., 2020. It 

also confirmed that the expression of Ex1 HTT constructs in our Drosophila HD 

model was sufficient to trigger locomotor defects observed in human HD patients 

(Pouladi et al., 2013). 
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Figure 3.13 Crossing scheme for the Ex1 transgenic HTT constructs 

(A). Control (B). Experimental. The control line had 25Q repeats, whereas the experimental 

line had 120Q repeats. Female flies carrying the Elavc155-Gal4 driver were crossed with male 

flies with either UAS-25Q Ex1 HTT or UAS-120Q Ex1 HTT. From both the crosses, 

heterozygous female flies expressing one copy of the Elavc155-Gal4 driver and one copy of the 

UAS-HTT transgene were collected for the behavioural analysis. 
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Figure 3.14 Effects of Ex1 human HTT on locomotion 
Compares the climbing ability of w1118 (grey), elav>UAS-GFP(II) (black), elav>25Q Ex1 

HTT(II) (blue) and elav>120Q Ex1 HTT(III) (orange). The upper panel displays the 

screenshots taken on the 18th second from the climbing assay video. The climbing ability was 

analysed at four different time points Day 1, Day 3, Day 5, and Day 7. Flies expressing the 

expanded 120Q were collected at the bottom of the tube as they aged. The lower 
panel represents a graph comparing the locomotor performance of the flies, demonstrating 

that the flies expressing the expanded 120Q HTT displayed progressive locomotor decline 

from Day 3 until Day 7 when compared with the control 25Q HTT. The control genotypes 25Q, 

UAS-GFP, and w1118 do not exhibit such decline in their locomotor ability (n = 10, each sample 

with 20 flies; Mean ± SEM; Kruskal-Wallis Test; Bonferroni Correction p < 0.008, ***p = 0.0001, 

****p < 0.0001). 
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3.2.6.1.2 Effects of Ex1 human HTT on PR neurons in Drosophila eye 
 
Studies conducted by Jackson et al., 1998, Barbaro et al., 2015, and 

Chongtham et al., 2020, have previously demonstrated that the expression of toxic 

Ex1 HTT constructs in the Drosophila HD model triggers retinal degeneration. This 

decline in the number of retinal neurons is compared with the degeneration of 

cortical and striatal neurons in the human HD brain (Jackson et al., 1998). To 

establish our Drosophila Ex1 HTT model, we conducted the pseudopupil assay to 

study if the expression of the Ex1 constructs in the CNS can lead to loss of retinal 

neurons, also known as PR neurons (refer to section 3.2.5.1.2). Following the 

protocol illustrated in figure 3.7, we analysed the PRs in the Drosophila compound 

eye. The desired progeny expressing elav>120Q Ex1 HTT (healthy/normal polyQ 

repeats), elav>25Q Ex1 HTT (expanded polyQ repeats), or a w1118 (wildtype) were 

generated from the genetic crosses described in figure 3.13. Figure 
3.15A compares the PRs in the control and the experimental genotypes at Day 1, 

Day 3, Day 5, and Day 7 post-eclosion. The white arrow indicates PRs that are 

either partially degenerated or are missing. It was observed that the expression of 

the expanded Ex1 HTT constructs leads to retinal degeneration compared to the 

controls. The number of intact PRs was scored and plotted in a graph in figure 
3.15B.  

 

Multiple comparisons for the three genotypes at different time-points were 

performed and analysed using the Kruskal-Wallis test. The significance was 

corrected using Bonferroni correction to avoid type I error. We conducted three 

comparisons for each time-point; the calculated Bonferroni significance value was 

0.05/3 = 0.016. Comparing the number of intact PRs in flies expressing the 

expanded elav>120Q Ex1 HTT with controls elav>25Q Ex1 HTT and w1118, it was 

identified that the120Q Ex1 flies displayed a significant reduction in the number of 

neurons at all time-points (**p = 0.0015). In contrast, no significant change was 

observed in the number of PRs in the control genotypes (p > 0.9999). This data 

suggested that the expression of expanded Ex1 human HTT in the Drosophila HD 

model could trigger neuronal degeneration, as demonstrated by other research 

groups (Jackson et al., 1998, Barbaro et al., 2015).  
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In human HD, the severity of the disease increases with the age of the individual 

(Saudou and Humbert, 2016). To study if the loss of PR neurons in our Ex1 

Drosophila HD model was also progressive and age-associated, we performed 

multiple comparisons for flies expressing expanded elav>120Q Ex1 HTT at Day 1, 

Day 3, Day 5, and Day 7 (Figure 3.15C). The data was analysed using the Kruskal-

Wallis test and corrected using Bonferroni correction. We conducted six 

comparisons that gave a Bonferroni significance value of 0.05/6 = 0.0083. 

Comparing the number of PRs at four time-points, it was identified that there was 

a significant decline in the number of intact PRs between day 1 and day 7 (**p = 

0.0027). This data suggested a progressive increase in retinal degeneration as the 

flies aged. 

 

From previous studies conducted on the human HD population, it is known that the 

toxic HTT has a ubiquitous expression, but it leads to degeneration of specific 

neurons (cortical and striatal neurons) in the human brain that further leads to 

motor and cognitive decline (Saudou and Humbert, 2016). To study if this 

specificity existed in the PR neurons in the Drosophila CNS, we scored the type of 

PRs that were either partially or entirely degenerated in flies expressing 120Q Ex1 

at Day 1, Day 3, Day 5, and Day 7, as shown in figure 3.15C. The observed 

ascending sequence of PR degeneration at Day 7 was recorded as PR5, PR2 < 

PR4 < PR1, PR6 < PR3, where the most degenerated neurons were PR3, and the 

least degenerated were PR5 and PR2. PR7 displayed degeneration only on Day 

5. From these results, we can infer that 6 out of 7 PRs undergo degeneration in 

flies expressing Ex1 HTT. It also suggested that our Ex1 HD model demonstrates 

a preference towards PR3 degeneration in the disease condition. We can also 

assume that the loss of specific type of retinal neurons upon expression of 

expanded 120Q HTT is analogous to the loss of striatal neurons in human HD 

condition as previously stated by Jackson et al., 1998. This data further confirms 

that our Ex1 HTT Drosophila model is capable of recapitulating human HD 

symptoms. 
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Figure 3.15. Effects of Ex1 human HTT on retinal degeneration                         (Contd.) 
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Figure 3.15 Effects of Ex1 human HTT on retinal degeneration       
(A). Schematic representation of the PRs in the Drosophila eye. w1118 is represented in 

grey, elav>25Q Ex1 HTT in blue, and elav>120Q Ex1 HTT in orange. The arrows indicate PRs 

that are either partially degenerated or missing. The readings were taken on Day 1, Day 3, 

Day 5, and Day 7. The scale bar is 80 µm. (B.) Pseudopupil analysis for data presented in 

(A.). Compares neuronal degeneration of Ex1 control and experimental genotypes. A 

significant decline in the number of intact PRs in flies expressing the expanded 120Q Ex1 

HTT was observed when compared with w1118 and elav>25Q Ex1 HTT controls (n = 6, 250 

ommatidia per genotype per day, Mean ± SEM; Kruskal-Wallis test; Bonferroni correction p < 

0.016, **p = 0.0015). (C.) Extended graph for data illustrated in (B.). Compares the retinal 

degeneration in flies expressing elav>120Q Ex1 HTT at different time-points. It was observed 

that there was a progressive decline in the number of intact PRs visible from day 1 until day 7 

(n = 6, 250 ommatidia per genotype per day, Mean ± SEM; Kruskal-Wallis test; Bonferroni 

correction p < 0.0083, **p = 0.0027). (D.) Quantification for the types of PRs degenerating in 

the flies expressing the expanded 120Q Ex1 HTT construct. The graph demonstrates that all 

PRs in the Drosophila eye are susceptible to retinal degeneration. A steady increase in the 

degeneration of different types of neurons was observed as the flies aged. The most 

degenerated neuron was PR3, and the least were PR5 and PR2. PR7 neurons displayed 

degeneration only at Day 5 (n = 6, 250 ommatidia per genotype per day). 
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3.2.6.1.3 Effects of Ex1 HTT on Drosophila Eclosion (emerging from pupal 
case) 
 
Juvenile HD is a condition when the HD patients express more than 55 polyQ 

repeats. This condition is recorded in children and adolescents aged 2-20 years 

as described in Chapter 1, section 1.4.3.3.1 (Nance and Myers, 2001, Wild and 

Tabrizi, 2007, Roos, 2010). Our expanded Ex1 HTT construct expressed 120Q 

repeats, which we assume triggers juvenile HD in our Drosophila model. 

Comparing the life cycle of humans and flies, we can presume that 

the Drosophila larval stages would be equivalent to the initial 2-20 years of human 

life. If this is true, we can expect developmental changes that would affect the 

eclosion rate of the flies expressing expanded Ex1 HTT. To investigate this, 

eclosion assay was conducted (figure 3.9) for flies expressing elav>120Q Ex1 

HTT (orange), elav>25Q Ex1 HTT (blue), and w1118 (grey) (refer to figure 3.13 for 

the genetic crosses). Pupal eclosion rate was calculated and plotted in a graph 

shown in figure 3.17A. Kruskal-Wallis test was performed multiple comparisons 

with a Bonferroni correction of 0.05/3 = 0.0016. It was observed that there was 

significant decline in the eclosion rate of flies expressing expanded 120Q repeats 

(26.54 %) when compared with 25Q (99.35 %) and wildtype (99.25 %) genotypes 

(***p = 0.0010, ****p < 0.0001). No such difference was observed when the 

eclosion rate of the above-mentioned control groups was compared to the 

experimental genotype (p > 0.9999). This data suggested that the expression of 

the expanded Ex1 HTT construct during fly development had an effect on pupal 

eclosion.  

 

For calculating the percent eclosion, we scored and compared the rate of the total 

number of pupae formed and pupae eclosed. There could be a possibility that the 

number of pupae developed and is different for the experimental and the control 

genotypes, and that the eclosion rate analysis masked this information. Hence, to 

study if the expression of toxic 120Q Ex1 HTT had an effect on the number of 

pupae formed or eclosed, we scored and compared the number of pupae before 

and after eclosion for all the genotypes as demonstrated in figure 3.17B. Kruskal-

Wallis test was performed with a Bonferroni correction of 0.05/15 = 0.0033. 

Comparing the total number of pupae formed for the three genotypes, it was 
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identified that there was no significant difference in the number of pupae formed 

between the three genotypes. This suggests that the expression of the 

Ex1 HTT constructs through fly development did not affect pupal formation.  

 

Flies expressing toxic 120Q Ex1 repeats displayed a significantly reduced number 

of pupae formed, and pupae eclosed only when compared with w1118 control 

(****p < 0.0001) and not when compared with the healthy 25Q Ex1 repeats (p = 

0.0324). This data suggests that there was no difference in the number of pupae 

eclosed between the two Ex1 HTT variants, which is contrary to the results 

obtained in the previous section (figure 3.16A), which displayed a significantly 

reduced eclosion rate between the two variants of Ex1 HTT. We can conclude that 

this experiment would require further validation and a higher ‘n’ number to confirm 

the difference in the number of pupae formed and eclosed between the control and 

the experimental genotypes. On the contrary, if we assume that there was no error 

during the experiment and that we do not require Bonferroni correction, then 

applying  𝛼𝛼 = 0.05 would suggest that there is a significant difference in the number 

of pupae eclosed in between the two Ex1 HTT variants.  

 

Next, we wanted to study if the change in eclosion rate had an effect on the sex of 

the pupae eclosed. In human HD, both males and females are affected equally 

(Pouladi et al., 2013). To investigate if the expression of Ex1 HTT constructs 

during fly development affected the sex of the pupae eclosed, we scored the 

number of male and female flies eclosed for elav>120Q Ex1 HTT (orange), and 

controls elav>25Q Ex1 HTT (blue), w1118 (grey) flies (Figure 3.17C). Kruskal-

Wallis test was performed with a Bonferroni correction of 0.05/15 = 0.0033. 

Comparing the total number of male and female flies eclosed for the three 

genotypes, it was identified that there was no significant difference between the 

control genotypes such that 25Q Ex1 HTT produced 52.23% females and 47.76% 

males (p > 0.9999), and w1118 produced 48.91% females and 51.08% males (p > 

0.9999).  For our experimental genotype 120Q Ex1 HTT, it was observed that 

there was a drastic decline in the number of male flies (0.41%) as compared to the 

number of female flies (99.58 %, p < 0.0001). These results suggested that the 

expression of toxic Ex1 HTT expansions through fly development affected the 
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eclosion rate of the male flies. This gender bias is absent in the human HD 

population (Frank, 2014). Because of reduced male progeny for the behavioural 

analysis, only female flies were used to study the fly behaviour and the molecular 

changes in the HD model. 

 

To further explore the cause for this difference in the eclosion rate between males 

and females for the 120Q Ex1 HTT variant, we perform the pharate eclosion 

experiment (refer to the Annex). This experiment was conducted to investigate the 

reason for the reduced eclosion, particularly to study if the decreased eclosion rate 

was a result of the inability of the weak flies to open the pupal case or did the flies 

die before the eclosion stage.  
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Figure 3.16 Effects of Ex1 human HTT on eclosion  

(A). Eclosion rate analysis for w1118 (grey), elav>25Q Ex1 HTT (blue) and elav>120Q Ex1 HTT 

(orange). Flies expressing the expanded HTT demonstrate drastically reduced eclosion rate 

of 26.54% whereas the controls 25Q Ex1 and w1118 exhibit 99.35% and 99.25% eclosion rate, 

respectively. (n = 10, w1118 = 2161 pupae; 25Q Ex1 = 1246 pupae; 120Q Ex1 = 904 pupae; 

Mean ± SEM; Kruskal-Wallis test; Bonferroni correction p < 0.0016, ***p = 0.0010, ****p < 

0.0001). (B). Effect on the number of pupae before and after eclosion. Significant change in 

the total eclosed for the flies expressing 120Q Ex1 HTT when compared with the controls (n = 

10, w1118 = 2161 pupae; 25Q Ex1 = 1246 pupae; 120Q Ex1 = 904 pupae; Mean ± SEM; 

Kruskal-Wallis test; Bonferroni correction p < 0.0033, ****p < 0.0001) (C). Eclosion rate of 

males and females. Flies expressing the expanded 120Q HTT displayed drastically reduced 

eclosion rate of males (0.41%) as compared to females (99.58%). No such decline was 

observed in the controls (n =10, w1118 = 2621 flies; 25Q Ex1 = 1855 flies; 120Q Ex1 = 241 

flies; Mean ± SEM; Kruskal-Wallis test; Bonferroni correction p < 0.0033, ****p < 0.0001).  
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3.2.6.1.4 Effects of Ex1 human HTT on Drosophila Survival 
 
In human HD patients’ survival is reduced to 15-20 years after the appearance of 

the first clinical symptoms (Solberg et al., 2018). To study if the expression of Ex1 

HTT constructs in the Drosophila CNS could trigger a comparable decline in 

longevity, we conducted the survival analysis for w1118 (wildtype) flies represented 

in grey, elav>25Q Ex1 HTT (healthy/normal polyQ repeats) flies in blue and 

elav>120Q Ex1 HTT (expanded polyQ repeats) flies in orange (Figure 3.18). The 

survival of the flies was scored every alternate day following the protocol illustrated 

in figure 3.11. Kruskal-Wallis test was performed with a Bonferroni correction of 

0.05/3 = 0.016. Comparing the percent survival of flies expressing elav>25Q Ex1 

HTT (control) with experimental elav>120Q Ex1 HTT, it was observed that the flies 

with expanded 120Q repeats displayed significantly reduced survival from day 3 

until day 13 (****p < 0.0001). Similarly comparing the survival rate at day 3 (starting 

point) and at day 13 (ending point), it was observed that the flies expressing the 

expanded repeats displayed significantly reduced survival (p < 0.0001) between 

the two timepoints, whereas the control groups did not demonstrate such a change 

(p > 0.9999). This data suggested that flies expressing the toxic Ex1 HTT repeats 

were able to recapitulate the reduced longevity demonstrated by human HD 

patients (Bates, 2005). 

. 
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Figure 3.17 Effects of Ex1 human HTT on Survival 
Comparing the survival rate of w1118 (grey), elav>25Q Ex1 HTT (blue) and elav>120Q Ex1 

HTT (orange) flies. The graph demonstrates a progressive decline in the survival of adult flies 

expressing the expanded 120Q Ex1 HTT from Day 3 until Day 13 when compared with 25Q 

Ex1 HTT. No such decline was observed in the flies expressing the 25Q Ex1 or the w1118 

controls (n = 20, each sample with 10 flies; Mean ± SEM; Kruskal-Wallis test; Bonferroni 

correction p < 0.016, ****p < 0.0001).  
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3.3 Discussion 
 
In this Chapter, our task was to introduce and establish a Drosophila melanogaster 

model of HD in our lab for the first time. Using a series of behavioural and cellular 

assays previously established in other labs (Chan and Bonini, 2000, Sang and 

Jackson, 2005, Bilen and Bonini, 2005, Lu and Vogel, 2009, McGurk et al., 2015), 

we successfully developed two Drosophila HTT lines namely, FL and Ex1 HTT 

constructs to explore the role of miRNAs in HD. These HTT variants have been 

previously established in other labs that demonstrated that both FL and Ex1 HTT 

constructs could replicate human HD symptoms (Marsh et al., 2003, Romero et 

al., 2008, Burr et al., 2014, Barbaro et al., 2015, Kovács et al., 2017, Fernius et al. 

2017, Yeh et al., 2018, Chongtham et al., 2020). It was important to conduct these 

experiments to confirm that these flies were able to recapitulate disease 

symptoms, to identify the age of disease onset and the longevity of these flies. This 

behavioural data was further used to study the age-associated differential 

expression of miRNAs in the CNS of the diseased flies in chapter 4 and chapter 5. 

 
Two different Drosophila HD variants, FL and Ex1 were established as it has been 

demonstrated that the short Ex1 HTT fragments are sufficient to trigger HD 

pathogenesis (Jackson et al., 1998, Mangiarini et al., 1996) and that the 

expression of toxic FL HTT in human HD patients leads to differential expression 

of miRNAs (Hoss et al., 2014). It was of interest to investigate if the expression of 

the minimal part of the human HTT that is, Ex1 HTT was sufficient to trigger 

molecular changes that would lead to comparable differential expression of 

miRNAs in humans and Drosophila. 

 
As we expressed human HTT transgenes in an invertebrate HD model. We wanted 

to explore if huntingtin was evolutionary conserved and if there were similarities 

between human and Drosophila huntingtin homologs that might interfere with the 

disease pathogenesis in our model. These questions have been previously 

explored by Tartari et al., 2008, Gissi et al., 2006, Li et al. in 1999. Similar to their 

findings, our results demonstrated that huntingtin is evolutionary conserved 

between vertebrate and invertebrate organisms, and that the Drosophila htt 

homolog contains five regions of similarity with human HTT but lacks the polyQ 
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stretch that is responsible for causing HD in human population (Mangiarini et 

al.,1996 and Jackson et al.,1998). For each HTT variant, we had set up 

comparable Drosophila HD lines expressing experimental and control HTT. The 

FL variant expressed 16Q control and 128Q experimental lines, and the Ex1 

variant expressed 25Q control and 120Q experimental lines. These lines have 

been previously studied by Chongtham et al., 2020, Yeh et al., 2018, Fernius et 

al., 2017, Kovács et al., 2017, Barbaro et al., 2015, Burr et al., 2014. The FL 

constructs were produced using P-element mediated integration, a process that 

leads to random integration of transgenes into the genome. 16Q FL was located 

on the 2nd chromosome and 128Q was located on the 3rd chromosome (BDSC). 

As these FL constructs were inserted on different chromosomes, there was a 

possibility that they might have different positional effects depending of their 

location and this could influence the studied Drosophila behaviour. But as these 

constructs have been successfully used by several labs including Yeh et al., 2018, 

Fernius et al., 2017, Kovács et al., 2017 and Burr et al., 2014, we can assume that 

the location of these FL HTT lines did not alter fly behaviour. This allowed us to 

establish these FL HTT constructs for our project. Similarly, the Ex1 constructs 

were created using ΦC321:int mediated integration such that the transgenes were 

incorporated into the host genome at a specific site. Both 25Q and 120Q lines were 

located on the 2nd chromosome and were used to establish our Ex1 HD model 

(BDSC, Chongtham et al., 2020, Barbaro et al., 2015).  

 
To study the effects of the FL and Ex1 human HTT transgenes in our Drosophila 

HD model, we expressed these constructs in the fly nervous system using a pan-

neuronal Elavc155-Gal4 driver. The progeny generated from these crosses 

expressed HTT constructs in the Drosophila CNS. These flies were analysed using 

a series of behavioural and cellular assays to demonstrate that these constructs 

were capable of inducing human HD-associated disease symptoms. These assays 

included climbing assay, pseudopupil assay, eclosion assay and survival assay.  

(McGurk et al., 2015, Lu and Vogel, 2009, Bilen and Bonini, 2005, Sang and 

Jackson, 2005, Chan and Bonini, 2000).  

 

One of the most prominent symptoms of an individual suffering from HD is reduced 

locomotor activity (Pouladi et al., 2013). To study if the expression of FL and Ex1 
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HTT constructs were able to replicate human locomotor defects in our Drosophila 

HD model, we performed the climbing assay. It was observed that both FL and the 

Ex1 human HTT lines expressing the expanded polyQ constructs displayed age-

associated progressive locomotor decline similar to human HD patients (Saudou 

and Humbert, 2016). This decline in the locomotor activity was not demonstrated 

by the control genotypes.  

 
Retinal degeneration in Drosophila HD model has been studied as a measure to 

quantify neuronal loss in an invertebrate model. The loss of specific striatal 

neurons in human HD patients is assumed to be analogous to the loss of retinal 

neurons in a fly model (Jackson et al.,1998, Saudou and Humbert, 2016). To study 

this neuronal degeneration in our Drosophila HD model, pseudopupil assay was 

performed (Kackson et al., 1998). The number of degenerated neurons were 

scored with respect to time and it was shown that the flies expressing both 

expanded FL and Ex1 polyQ repeats exhibit increased degeneration of PR 

neurons in the Drosophila compound eye. Next, we wanted to explore if this 

degeneration was random or it affected a specific group of neurons. The different 

types of PR neurons either missing or partially degenerated were scored for both 

FL and Ex1 HTT constructs. An increase in the degeneration of retinal neurons 

was observed as the flies aged. All PR neurons displayed some degree of 

degeneration except PR7. The ascending sequence of loss of retinal neurons in 

flies expressing FL HTT construct was recorded as PR5 < PR2 < PR1 < PR4 < 

PR6 < PR3 and Ex1 HTT construct was PR5, PR2 < PR4 < PR1, PR6 < PR3. 

From these sequences we can infer that a similar pattern of PR degeneration was 

demonstrated by both the expanded polyQ constructs. This data also suggested 

that the expression of Ex1 HTT is sufficient to trigger neuronal loss in HD condition. 

PR3 neurons have been demonstrated as the most affected neurons in both the 

FL and Ex1 HTT constructs. Further experimentation and validation would be 

required to identify a link that causes PR3 degeneration in Drosophila HD model. 

 
In humans, expression of ≥55 polyQ repeats leads to onset of juvenile HD, which 

affects children and adolescents of 2-20 years of age (Roos, 2010, Wild and 

Tabrizi, 2007, Nance and Myers, 2001). Our expanded FL and Ex1 human HTT 

constructs express 128Q and 120Q repeats respectively. Hence, we can assume 
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that the expression of these toxic HTT constructs would lead to onset of juvenile 

HD. Comparing the life cycle of humans and flies, we can presume that the 

Drosophila larval stages could be equivalent to initial 2-20 years of human life. If 

this is true, then we can expect a change through development that would lead to 

a reduced eclosion rate of the flies expressing expanded HTT constructs. To study 

longevity of these flies, eclosion assay was conducted. It was observed that the 

expanded FL HTT constructs did not show any decline in the eclosion rate but, the 

expanded Ex1 HTT constructs displayed drastically reduced percent eclosion. 

Additionally, we wanted to explore if this change was limited to the eclosion rate 

or if the expression of toxic HTT affected earlier stages of Drosophila development 

that influenced the number of pupae formed. It was observed that the flies 

expressing expanded FL HTT did not demonstrate any change in the number of 

pupae formed but the flies expressing the Ex1 HTT constructs displayed a 

significant decrease in the number of pupae formed and pupae eclosed, 

demonstrating that the expression of Ex1 constructs were able to induce juvenile 

HD condition in our Drosophila model. Kim et al., 2001, Saudou et al., 1998, 

Goldberg et al., 1996 have previously shown that the generation, localisation and 

accumulation of toxic Ex1 fragments in human HD brain triggers cellular 

dysfunction leading to neuronal death. From this information, we can speculate 

that the FL HTT constructs did not affect the eclosion rate or earlier developmental 

stages as these fragments could not generate toxic Ex1 fragments or cause rapid 

HTT accumulation that are responsible for triggering HD pathogenesis (Kim et al., 

2001, Saudou et al., 1998, Goldberg et al., 1996). It was only later during the adult 

stages that the FL constructs were able to display HD-associated symptoms, 

suggesting that these FL constructs triggered late-onset HD rather than juvenile 

HD. 

 
Equal number of males and females are affected in human HD population (Bates, 

2015). To study if the expression of expanded FL and Ex1 human HTT constructs 

in Drosophila nervous system affected both the sexes equally or displayed a bias, 

we scored the eclosion rate of male and female flies. It was observed that the 

expression of the expanded FL HTT constructs affected both the sexes equally, 

similar to human HD condition (Bates, 2015). Whereas, the expression of 

expanded Ex1 HTT constructs affected the eclosion of male flies more than female 
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flies. The decline in the eclosion rate of the male flies could be influenced by 

dosage compensation, a process in which the expression of the genes on the X 

chromosome in males is increased to compensate for the absence of another X 

chromosome in the genome. This meant that there would be an overexpression of 

Elavc155-Gal4 driver which is located on the X chromosome. We assume that an 

increase in Gal4 protein molecules would lead to an enhanced production of toxic 

polyQ proteins. This effect of dosage compensation generates weak males that 

displayed severely reduced eclosion and survival rate.  

 
In human HD patients’ survival is reduced to 15-20 years after the appearance of 

the first clinical symptoms (Solberg et al., 2018). To study if our FL and Ex1 HTT 

constructs could replicate this decline, we performed the survival assay. It was 

observed that the flies expressing expanded FL or Ex1 HTT exhibit reduced 

survival when compared to the controls, demonstrating that our Drosophila HD 

variants could replicate human HD behaviour. 

 
Flies expressing the expanded FL and Ex1 HTT constructs demonstrated similar 

behavioural decline as observed in human HD patients (Saudou and Humbert, 

2016). One prominent difference between these constructs was that the Ex1 

variant exhibit disease symptoms very early as compared to the FL variant. 

Previous research has shown that expansions in the Ex1 construct are sufficient 

to cause HD (Mangiarini et al.,1996, Jackson et al., 1998) and that the HD 

pathogenesis is triggered by the generation, localisation and accumulation of Ex1 

HTT fragments (Kim et al., 2001, Saudou et al., 1998, Goldberg et al., 1996). 

Hence, we speculate that as the FL HTT construct cannot generate toxic Ex1 

fragments by itself. These FL constructs take longer to aggregate and trigger HD 

toxicity as compared to the Ex1 variants.  

 

Results gathered from this chapter demonstrate that we successfully established 

a Drosophila model of HD, expressing FL and Ex1 HTT fragments. These HD 

constructs were used to explore the role of miRNAs in HD, in the consecutive 

chapters. 
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CHAPTER 4 

Differential Expression of 
miR-10 in HD 
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4.1 Chapter Overview 
 
In the previous chapter, we established two Drosophila HD constructs expressing 

FL and Ex1 HTT variants that could recapitulate human HD-associated 

behavioural and cellular decline. The diseased flies expressing the expanded HTT 

constructs displayed reduced locomotor activity, decreased life-span and neuronal 

degeneration whereas the flies expressing the normal/healthy HTT constructs 

displayed no such decline. In this chapter, we explore the expression of previously 

identified human HD-associated altered miRNAs in the CNS of our Drosophila HD 

model, to study if these miRNAs accentuate, diminish or have no effect on HD 

pathogenesis (Hoss et al., 2014). 

 

miRNAs were discovered in 1993 by Lee et al. (Lee et al., 1993). Since then, 

various research groups have investigated the link between miRNAs and human 

diseases including cancer, diabetes, cardiovascular diseases and NDs (Hoss et 

al., 2014, Martins et al., 2011, Alisi et al., 2011, Harris et al., 2008, Junker et al., 

2009, Ikeda et al., 2007, Landgraf et al., 2007, Rodriguez et al., 2007, Klein et al., 

2005) as discussed in Chapter 1, section 1.7.2. Studies conducted by Hoss et al., 

2015, Hoss et al., 2014, Müller, 2014, Soldati et al., 2013, Ghose et al., 2011, 

Gaughwin et al., 2011, Packer et al., 2008 have shown that miRNAs are 

differentially expressed in human HD and HD cellular models. The role of these 

altered miRNAs in HD is still unclear. In this chapter, we took advantage of the 

established FL and Ex1 HTT Drosophila variants to explore why are miRNAs 

differentially expressed in HD. To study this, we conduct a bioinformatics search 

to locate evolutionary conserved miRNAs that displayed altered expression in 

human HD and had an ortholog in flies, to further perform an expression analysis 

to test if there are miRNAs that demonstrate similar pattern of differential 

expression in both the organisms in HD condition. Remarkably, two miRNAs 

displayed a comparable change in expression in both human and Drosophila HD 

conditions. To investigate the role of these miRNAs in HD, we designed four 

hypotheses which suggest that these miRNAs are a part of the genetic elements 

that trigger HD pathogenesis, are associated with the compensatory response to 

HD pathogenesis, are a part of the disease pathogenesis as well as the 
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compensatory mechanism or are indirectly linked to HD, but play no role in the 

pathogenesis or disease compensation. 

 

Next, we study the effects of restoring the expression of these differentially 

expressed miRNAs in the CNS of our Drosophila HD model using miRNA null-

mutants and miRNA sponges, to explore if this manipulation could delay or 

improve HD-associated symptoms.  

 

This chapter provides evidence to support that evolutionary conserved miRNAs 

between human and Drosophila HD condition undergo similar changes in miRNA 

regulation that leads to comparable changes in their expression. Results also 

demonstrate that manipulation of these altered miRNAs in diseased flies affect 

HD-associated behavioural decline. 

 
4.2 Results 
 
4.2.1 Differential Expression of miRNAs in HD 
 

miRNAs regulate gene expression by binding to complementary mRNAs and 

targeting them for degradation or translational repression (O’Brien et al., 2018). 

Since, the discovery of miRNAs in 1993, they have been linked to human diseases 

including cancer, diabetes, cardiovascular diseases and NDs (Hoss et al., 2014, 

Martins et al., 2011, Alisi et al., 2011, Harris et al., 2008, Junker et al., 2009, Ikeda 

et al., 2007, Landgraf et al., 2007, Rodriguez et al., 2007, Klein et al., 2005). 

miRNAs expressed in the CNS have been implicated in fundamental processes 

like neuronal differentiation, development, plasticity and survival. Any change in 

their expression could prove fatal for the neurons, leading to onset of neurological 

conditions like NDs and tumours (De Rie et al., 2017). Hence, it is important to 

study the involvement of miRNAs in brain disorders to elucidate mechanisms by 

which they induce these changes in the disease condition. 

 

Several research groups have demonstrated that miRNAs are differentially 

expressed in HD (Hoss et al., 2015, Hoss et al., 2014, Müller, 2014, Soldati et al., 

2013, Gaughwin et al., 2011, Ghose et al., 2011 and Packer et al., 2008). To 
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explore the role of these miRNAs, their expression data from human HD brain and 

HD cellular models was collected as demonstrated in figure 4.1. The graph 

displays a total number of 86 differentially expressed miRNAs, that are sorted 

according to their expression pattern as recorded in HD condition (Hoss et al., 

2015, Hoss et al., 2014, Müller, 2014, Soldati et al., 2013, Gaughwin et al., 2011, 

Ghose et al., 2011 and Packer et al., 2008). The graph shows that out of 86 

miRNAs, 39 miRNAs are downregulated and 47 are upregulated, demonstrating 

that approximately equal number of miRNAs display an increase or a decrease in 

their expression suggesting that there was no bias towards a particular expression 

pattern in HD. 

 

miR-34b, miR-10b-5p and miR-196a-5p were the three most upregulated miRNAs 

(green) with a log2 fold change (FC) ranging between 2 to 5. And, miR-9, miR-

124a and miR-125b were the three most downregulated miRNAs (red) that exhibit 

a 3-fold reduction when compared to the control samples. It was of interest, to 

study if these six most significantly altered miRNAs were differentially expressed 

in other neurological disorders, as they might be linked to a common behavioural 

or molecular change associated with most NDs. It has been previously shown that, 

miR-9, miR-10b, miR-125b were differentially expressed in AD (Cogswell et al., 

2008, Lukiv, 2007), miR-34b in PD (Minones-Moyano et al., 2011), miR-125b, miR-

34b in SCA3 (Shi et al., 2014) and miR-125b in ALS (Kovanda et al., 2018) 

demonstrating that these miRNAs are linked to other NDs, further suggesting that 

the selected miRNAs might play a critical role in HD as well as other neurological 

disorders. 

 

To explore the role of these differentially expressed miRNAs in HD, evolutionary 

conservation of the 86 miRNAs was investigated in the following section 
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Figure 4.1 Altered miRNA expression in human HD patients and HD cellular models                                                                                              

(legend on the next page) 
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Figure 4.1 Altered miRNA expression in human HD patients and HD cellular models. 
Systematic representation of 86 differentially expressed miRNAs. The pie chart classifies the 

miRNAs based on their altered expression pattern, indicating that 47 miRNAs were 

upregulated (green) and 39 miRNAs were downregulated (red). miR-34b, miR-10b-5p and 

miR-196a-5p were the three most upregulated miRNAs whereas miR-9, miR-124a and miR-

125b were the three most downregulated miRNAs. Data collected from Hoss et al., 2015, Hoss 

et al., 2014, Müller, 2014, Soldati et al., 2013, Ghose et al., 2011, Gaughwin et al., 2011 and 

Packer et al., 2008. 
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4.2.2 Evolutionary conservation of miRNAs between humans and Drosophila 
 

miRNAs are evolutionary conserved from C. elegans to complex primates (Bartel, 

2004). miRbase, a bioinformatics tool that acts as an archive of miRNA sequences, 

annotations and predicted targets (Griffiths-Jones et al., 2006) indicates that Homo 

sapiens express 1917 fully annotated miRNAs whereas Drosophila melanogaster 

expresses only 258 miRNAs. In the previous section, we have shown that 86 

miRNAs are differentially expressed in human HD and HD cellular models (Hoss 

et al., 2015, Hoss et al., 2014, Müller, 2014, Soldati et al., 2013, Gaughwin et al., 

2011, Ghose et al., 2011 and Packer et al., 2008). Our aim for this chapter is to 

study the expression of human HD associated altered miRNAs in our Drosophila 

model. To do that, we wanted to investigate if there were evolutionary conserved 

miRNAs from the 86 candidates, between the two organisms (figure 4.1). 

 

Hoss et al. demonstrated that miR-10 is the most differentially expressed miRNA 

in human HD post-mortem brain samples (Hoss et al., 2014). To study if miR-10 is 

evolutionary conserved, we performed a nucleotide BLAST and MSA for primary 

miR-10 sequence between vertebrate and invertebrate organisms including Homo 

sapiens, Gallus Gallus, Bos Taurus, Macaca mulatta, Mus musculus, Tribolium 

castaneum, Drosophila melanogaster and Apis mellifera among others as shown 

in figure 4.2A. A rooted phylogenetic tree for miR-10 was constructed, displaying 

evolutionary distance and conserved branch length for miR-10 between Homo 

sapiens and Drosophila melanogaster. This data suggests that miR-10 is 

evolutionarily conserved between humans and Drosophila. 

 

To perform a more robust screening for sequence conservation of the 86 selected 

miRNAs between humans and Drosophila, we used the miRviewer webserver. It a 

multispecies miRNA homologous viewer that provides information regarding the 

sequence alignments and secondary structure of all the fully annotated miRNAs in 

the animal kingdom (Kiezun et al., 2012). Figure 4.2B represents the protocol of 

miRviewer software to calculate the conservation score of miRNA sequences 

between species. The steps include: (i) running a nucleotide BLAST to find 

matches for the query miRNA in the target genome, (ii) alignment of the precursor 
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miRNAs, (iii) estimating the fold energy threshold of the secondary RNA structures, 

(iv) alignment of the mature miRNA sequences and finally (v) calculating the 

conservation score between the seed sequences of the subject and the query 

miRNAs (Kiezun et al., 2012). All the 86 miRNAs from figure 4.1 were analysed for 

homology search using the miRviewer software and it was identified that nine 

differentially expressed human HD miRNAs had evolutionary conserved 

orthologous counterparts in Drosophila melanogaster. These selected miRNAs 

were represented using a heat map, based on their conservation score in figure 

4.2C. The software allocates scores ranging from 1 – 0.4 to the miRNA pairs, 

where 1 defines pairs that maintained their sequences through evolution and <1 

was assigned to diverged sequences. The nine selected candidate miRNAs 

shared a conservation score between 1 – 0.6, establishing that these miRNAs 

maintained at least 60 % of sequence conservation between humans and 

Drosophila. 

 

From this bioinformatics analysis, we can conclude that Drosophila expresses 

orthologs for nine miRNAs that were found to be differentially expressed in human 

and cellular HD conditions. The expression of these orthologous miRNAs in the 

nervous system of Drosophila HD model is explored in the following section. 
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A. Rooted phylogenetic tree for miR-10 

 
 
 
 
  
 

 

 

 

 

 

 

 
B. miRviewer software protocol 

 

 

 

 

 

 

 

 

 

 
Figure 4.2 miRNA homology search using miRviewer software 

                                                                                                             (contd. on the next page) 

 



 
 
 

150 

C. Heatmap comparing the miRviewer conservation score of orthologous miRNAs 

 
 
 
 
 
 

 

 

 

 

 
Figure 4.2 miRNA homology search using miRviewer software                                                                                 

(A.) Rooted phylogenetic tree displaying evolutionary conservation of miR-10. The tree 

illustrates miR-10 sequence conservation between vertebrate and invertebrate organisms, 

highlighting the branches that diverges Homo sapiens and Drosophila melanogaster through 

the course of evolution. (B.) miRviewer software protocol. A schematic representation of the 

steps performed by the miRviewer software to calculate the conservation score between 

miRNAs from different species. (C.) Heatmap comparing miRviewer conservation score of 

orthologous miRNAs between humans and Drosophila. A graphical representation of the nine 

miRNAs that are differentially expressed in human HD condition and are evolutionarily 

conserved between humans and Drosophila. The miRNAs are arranged in a descending order 

of their sequence conservation score (1 – 0.6). 
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4.2.3 Differential expression of miRNAs in Drosophila HD model 
 

From previous bioinformatic analysis, we know that Drosophila expresses 

orthologs of nine differentially expressed human HD miRNAs (figure 4.2C) (Hoss 

et al., 2015, Hoss et al., 2014, Müller, 2014, Soldati et al., 2013, Gaughwin et al., 

2011, Ghose et al., 2011 and Packer et al., 2008). To explore the role of these 

miRNAs in HD using our Drosophila HD model, we perform miRNA expression 

analysis for flies carrying expanded FL and the Ex1 HTT constructs. 

 

HD is a neurological disorder that affects the CNS (Marsh et al., 2003). Pan-

neuronal Elavc155-Gal4 driver was used to express human HTT variants in the 

Drosophila CNS. Adult fly CNS is divided into two parts, the brain (contained in the 

head) and the VNC (contained in the thorax). For the expression analysis, both 

head and thorax of the flies were collected and processed. Fly legs, wings and 

abdomen were removed to avoid contamination of the sample as described in 

Chapter 2, section 2.5.3. 

 

4.2.3.1 Effects of FL HTT on miRNA expression in Drosophila HD model 
 
To investigate the expression of the nine candidate miRNAs in flies expressing the 

FL HTT constructs, we generated progeny from genetic crosses described in 

figure 3.4. The progeny from these crosses demonstrate extremely reduced 

locomotor and survival behaviour at Day 20 (figure 4.3A and figure 3.12). Human 

HD miRNA expression analysis was performed on post-mortem brain samples, 

when the individual had lost their life to HD; to replicate this condition in our 

experiments CNS samples were collected when HD flies displayed extremely 

reduced locomotor and survival behaviour (Hoss et al., 2014). To study the 

expression of the miRNAs in the CNS, head and thorax samples were collected 

from flies expressing elav>128Q FL HTT(III) (experimental), and elav>16Q FL 

HTT(II) (control) as illustrated in figure 4.3B and then processed using the RT 

protocol described in Chapter 2, section 2.9. 
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The expression profile of the nine evolutionary conserved orthologous miRNAs in 

Drosophila HD model was generated. Unpaired t-tests were performed and the 

significance value was corrected using Bonferroni correction 0.05/9 = 0.0056. It 

was identified that six out of the total nine miRNAs were differentially expressed 

and only four out of those six miRNAs displayed altered expression similar to 

human HD and HD cellular models (figure 4.3C). miR-10 (FC = 2.19, ****p < 

0.0001), miR-34 (FC = 2.51, ****p < 0.0001) displayed a significant increase in 

their expression, whereas miR-9 (FC = 0.52, **p = 0.0030) and miR-125 (FC = 

0.87, **p = 0.0026) were significantly downregulated; miR-7 (FC = 0.55, **p = 

0.0013) and miR-124 (FC = 1.25, **p = 0.0031) were also differentially expressed 

but the pattern was not similar to human HD; miR-92 (FC = 0.98, p = 0.0834), miR-

137 (FC = 1.00, p = 0.5357) and miR-219 (FC = 1.26, p = 0.3370) displayed no 

change in their expression levels. 

 

From this data, we can conclude that the flies expressing toxic FL HTT displayed 

altered miRNA expression in the CNS. We also observed that some miRNAs 

demonstrated a similar change in miRNA expression pattern as was observed in 

human HD and HD cell models (Hoss et al., 2015, Hoss et al., 2014, Müller, 2014, 

Soldati et al., 2013, Gaughwin et al., 2011, Ghose et al., 2011 and Packer et al., 

2008). Some miRNAs that did not show any change in their expression or 

displayed an opposite pattern to what is known for human HD were also identified. 

A possible explanation for these differences could be that we are comparing 

molecular mechanisms in flies and humans, which are drastically different in 

shape, size, movement and function. Hence, we can assume that they might not 

share similar biological mechanisms controlling these behaviours. 
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Figure 4.3 miRNA expression profile in FL HD model 
(A). Graphical representation of locomotor decline displayed by FL HD variants. Locomotor 

performance graph indicating that flies expressing 128Q FL HTT exhibit significantly reduced 

locomotor abilities from Day 14 until Day 28. The yellow bar highlights the age of the flies (Day 

20) when samples were collected for miRNA expression analysis. (B). Sample preparation 

and collection for miRNA expression analysis. Schematic representation of head and thorax 

collected from 20 days old female virgin flies. These samples were processed using RT-

protocol to study miRNA expression levels. (C). Differential expression of miRviewer selected 
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nine candidate miRNAs. miRNA expression was compared between control-16Q FL and 

experimental-128Q FL genotypes. miR-10 (FC = 2.19, ****p < 0.0001), miR-34 (FC = 2.51, 

****p < 0.0001) were upregulated; miR-9 (FC = 0.52, **p = 0.0030) and miR-125 (FC = 0.87, 

**p = 0.0026) were downregulated; miR-7 (FC = 0.55, **p = 0.0013) and miR-124 (FC = 1.25, 

**p = 0.0031) were differentially expressed but their pattern was not similar to human HD, and 

miR-92 (FC = 0.98, p = 0.0834), miR-137 (FC = 1.00, p = 0.5357) and miR-219 (FC = 1.26, p 

= 0.3370) displayed no change in their expression levels (n = 4, each sample with 20 flies; 

Mean ± SEM; Unpaired t - test; Bonferroni correction, p < 0.0056). 
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4.2.3.2 Effects of Ex1 HTT on miRNA expression in Drosophila HD model 
 
In the previous section, we investigated miRNA expression profile in flies carrying 

the expanded FL HTT constructs. Here, we perform a similar analysis to study the 

expression of miRNAs in flies carrying Ex1 HTT constructs, to explore if this 

minimal part of the human HTT is sufficient to trigger comparable changes in 

miRNA expression levels in humans and Drosophila. Genetic crosses as described 

in figure 3.13 were setup. Virgin female flies were collected and aged. 

 

miRNA expression analysis data for human HD patients was collected from the 

post-mortem samples from deceased patients (Hoss et al., 2014). To replicate this 

condition for our Ex1 HD expression analysis, the samples were collected when 

the diseased flies displayed drastically reduced locomotor activity, on Day 7 post 

eclosion (figure 4.4A). We collected the head and thorax of the flies for the RT-

protocol as the head contains the brain and the thorax has the VNC (figure 4.4B). 

 

miRNA expression profile was generated for elav>25Q Ex1 HTT (control) and 

elav>120Q Ex1 HTT (experimental) genotypes as represented in figure 4.4C. 

Unpaired t-tests were performed on our normally distributed data, the significance 

value was corrected using Bonferroni correction 0.05/9 = 0.0056. It was identified 

that six out of the total nine miRNAs were differentially expressed and only three 

out of those six miRNAs displayed altered expression similar to human HD and 

HD cellular models (figure 4.4C). miR-10 (FC = 1.91, ***p = 0.0003), miR-34 (FC 

= 2.12, ***p = 0.0003) displayed a significant increase in their expression, whereas 

miR-219 (FC = 0.44, ****p < 0.0001) was significantly downregulated; miR-9 (FC 

= 1.46, **p = 0.0011), miR-124 (FC = 1.35, ***p = 0.0003), miR-125 (FC = 1.43, 

**p = 0.0016) were also differentially expressed but the pattern was not similar to 

human HD; miR-7 (FC = 1.07, p = 0.7697), miR-92 (FC = 0.93, p = 0.6522) and 

miR-137 (FC = 0.98, p = 0.3107) displayed no change in their expression levels. 

 

From this analysis, we accomplished that the expression of toxic Ex1 HTT in 

Drosophila CNS is sufficient to produce a similar pattern of change in miRNA levels 

in both Drosophila and human HD condition. 
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Figure 4.4 miRNA expression profile in the Ex1 HD model 
(A). Graphical representation of the locomotor decline displayed by the Ex1 HD model. 

Locomotor performance quantification graph indicating that flies expressing the toxic 120Q 

Ex1 HTT repeats exhibit reduced locomotion from Day 3 until Day 7 when compared with the 

control 25Q Ex1 HTT. The yellow bar indicates that the samples were collected at Day 7 for 

miRNA expression analysis. (B). Sample preparation and collection for miRNA expression 

analysis. Schematic representation of the steps undertaken for head and thorax sample 
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collection from flies expressing expanded Ex1 HTT, to study the miRNA expression profile at 

Day 7. (C). Differential expression of miRviewer selected nine candidate miRNAs. miRNA 

expression was analysed for the control – 25Q Ex1 and the experimental – 120Q Ex1 

genotypes.  miR-10 (FC = 1.91, ***p = 0.0003), miR-34 (FC = 2.12, ***p = 0.0003) were 

upregulated; miR-219 (FC = 0.44, ****p < 0.0001) was downregulated; miR-9 (FC = 1.46, **p 

= 0.0011), miR-124 (FC = 1.35, ***p = 0.0003), miR-125 (FC = 1.43, **p = 0.0016) were 

differentially expressed but the pattern was not similar to human HD; miR-7 (FC = 1.07, p = 

0.7697), miR-92 (FC = 0.93, p = 0.6522) and miR-137 (FC = 0.98, p = 0.3107) displayed no 

change in their expression levels (n = 4, each sample with 20 flies; Mean ± SEM; Unpaired t - 

test; Bonferroni correction, p < 0.0056). 
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4.2.4 Comparable miRNA expression profile in Drosophila and Human HD  
 

In section 4.2.3, we demonstrated that expression of both the expanded FL and 

the Ex1 human HTT constructs in our Drosophila HD model lead to a similar 

changes in miRNA expression profile in the diseased condition. Next, we wanted 

to compare the altered miRNA expression profile from our FL, Ex1 Drosophila HD 

constructs with the expression profile obtained from human HD and cellular HD 

models (Hoss et al., 2015, Hoss et al., 2014, Müller, 2014, Soldati et al., 2013, 

Gaughwin et al., 2011, Ghose et al., 2011 and Packer et al., 2008). We compare 

log2 FC values of the miRNAs that displayed a consistent change in the Drosophila, 

human and cellular models. miRNAs that did not show any change in expression 

or displayed an opposite expression pattern were not compared. This was done to 

identify miRNAs that displayed a similar and consistent change in expression in 

our Drosophila HTT variants and human HD condition. 

 

In figure 4.5, the first column presents the expression pattern of the miRNAs in 

human HD and HD cellular models. It shows that miR-10 and miR-34 were 

upregulated whereas miR-9, miR-125 and miR-219 were downregulated. 

Expression of the toxic HTT in the Drosophila CNS also lead to similar changes in 

the miRNA expression profile as shown in the second and the third column. Flies 

expressing FL HTT constructs demonstrated an increase in the expression of miR-

10 and miR-34, and a decrease in miR-9 and miR-125. Similarly, flies expressing 

the Ex1 HTT constructs displayed upregulation of miR-10, miR-34 and reduced 

expression of miR-219. Comparing the expression pattern between human and 

Drosophila HD conditions, it was discovered that only miR-10 and miR-34, showed 

a consistent ~2-fold increase in expression in both human HD and Drosophila HD 

models. Whereas, miR-9, miR-125 and miR-219 did not show a consistent 

decrease when compared between the FL and the Ex1 Drosophila HTT variants. 

These results suggested that the expression of Ex1 HTT was sufficient to induce 

comparable miRNA levels in Drosophila and human HD conditions. We could also 

assume that as miR-10 and miR-34 demonstrate a consistent change in human 

and Drosophila HD, then they might share similar biological pathways associated 

with the disease pathogenesis. 
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Figure 4.5 Differential expression of miRNAs in human and Drosophila HD.  
Graphical representation of miRNA expression pattern in human HD and HD cellular models 

(first column), Drosophila FL HTT model (second column) and Drosophila Ex1 HTT model 

(third column). miR-10 and miR-34 demonstrate ~2-fold increase (green) in the all three 

conditions whereas miR-9, miR-125 and miR-219 (red) did not show a consistent decrease in 

expression between the three conditions.  
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4.2.5 Why are miRNAs differentially expressed in HD? 
 
Previous studies have demonstrated the miRNAs are differentially expressed in 

human HD and HD cellular models (Hoss et al., 2015, Hoss et al., 2014, Müller, 

2014, Soldati et al., 2013, Gaughwin et al., 2011, Ghose et al., 2011 and Packer 

et al., 2008). In section 4.2.5, we have demonstrated that evolutionarily conserved 

miR-10 and miR-34 display comparable altered expression in both human and 

Drosophila HD condition. To study the role of these miRNAs and to investigate 

‘why’ are miRNAs differentially expressed in HD, we designed four hypotheses. 

 

Hypothesis 1, suggests that miRNAs are a part of the genetic elements that 

trigger HD pathogenesis, any change in their expression would lead to HD-like 

symptoms. 

 

Hypothesis 2, proposes that miRNAs are associated with the compensatory 

response to HD pathogenesis, they are differentially expressed after the disease 

onset where they function to balance or restore the changes triggered by HD 

pathogenesis. 

 

Hypothesis 3, suggests that miRNAs are part of HD pathogenesis as well as the 

compensatory mechanis. miRNAs can participate in one or both the mechanisms 

in HD. 

 

Hypothesis 4, proposes that miRNAs are indirectly linked to HD, but play no role 

in the pathogenesis or disease compensation. Suggesting that miRNAs are 

differentially expressed because of other biological or environmental factors like 

ageing, other age-associated diseases, compromised immune system, exposure 

to chemicals etc. but have been indirectly linked to HD. 

 

In the following section, we test these hypotheses to define a link between 

differential expression of miRNAs and HD. 
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Figure 4.6. Hypotheses to investigate the role of altered miRNA expression in HD. A 

schematic representation of the hypotheses to identify the route that lead to a change in the 

miRNA expression profile in HD condition. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

162 

4.2.5.1 Effects of overexpression of miRNAs in non-HD wildtype Drosophila 
nervous system 
 

Our first hypothesis states that differentially expressed miRNAs in HD are a part 

of the genetic elements that trigger HD pathogenesis. To test this, we either 

overexpress or downregulate the expression of our candidate miRNAs in the CNS 

of w1118 (non-HD/healthy) flies, to investigate if these flies could demonstrate HD-

like symptoms upon change in miRNA expression. 

 

Previous data, as illustrated in figure 4.5 demonstrated that miR-10 and miR-34 

were upregulated in humans HD patients and HD cellular models (Hoss et al., 

2015, Hoss et al., 2014, Müller, 2014, Soldati et al., 2013, Gaughwin et al., 2011, 

Ghose et al., 2011 and Packer et al., 2008) and our FL and Ex1 HTT Drosophila 

constructs. To test the first hypothesis for miR-10 and miR-34, we overexpressed 

these miRNAs in the nervous system of w1118 (non-HD/healthy) flies, to study if 

these flies could demonstrate HD-associated symptoms. Figure 4.7A. represents 

the genetic cross used to generate flies that overexpressed miR-10 in the CNS of 

w1118 flies and figure 4.7B. demonstrates the effects of pan-neuronal 

overexpression of miR-10 on Drosophila locomotor behaviour. The upper panel 
displays screenshots from climbing assay videos comparing the locomotor ability 

of w1118 (control, wildtype), UAS miR-10/+ (control, heterozygous UAS miR-10 

alone) and elav>UAS miR-10/+ (experimental, elavc155-Gal4 driven expression of 

UAS miR-10). The position of the flies on the 6th, 12th and the 18th second on Day 

8 were compared. The flies overexpressing miR-10 in the CNS displayed severe 

locomotor deficits, such that these flies were always found below the 2cm mark 

whereas the control flies crossed the 9cm mark by the end of 18 seconds. The 

lower panel represents the quantification for locomotor performance of the above-

mentioned miR-10 control and experimental genotypes. Additional control 

genotypes expressing elav>UAS-GFP(III) /+ and elavGal4/+ driver alone were also 

included to demonstrate that the decline in locomotor activity was not because of 

the expression of constructs individually. Multiple comparisons were performed 

using Kruskal Wallis test, the significance value was corrected using Bonferroni 

correction 0.05/10 = 0.005. Comparing the locomotor activity of the flies pan-
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neuronally overexpressing miR-10 (elav>UAS miR-10/+) with the w1118 control, it 

was observed that our experimental flies displayed drastic locomotor defects since 

day 1 post eclosion until day 16 (**p = 0.0025, 0.0043, 0.0035). No such decline 

was observed while comparing the performance of the control genotypes (p > 

0.9999). 

 

Similarly, we studied the locomotor activity of flies overexpressing miR-34 in the 

CNS of healthy/non-HD flies. Figure 4.8A represents the genetic cross required 

to generate flies that overexpressed miR-34 in the CNS and figure 4.8B 

demonstrates the effects of this overexpression on the locomotor ability of the flies. 

The genotypes tested were w1118 (control, wildtype), UAS miR-34/+ (control, 

heterozygous UAS miR-34 alone) and elav>UAS miR-34/+ (experimental, elavc155-

Gal4 driven expression of UAS miR-34). The upper panel displays a schematic 

representation of screenshots indicating the position of the flies during the climbing 

analysis on the 6th, 12th and 18th second of Day 4. Multiple comparisons were 

performed One-way ANOVA with Tukey’s post-hoc analysis. Comparing the 

locomotor activity of the flies pan-neuronally overexpressing miR-34 (elav>UAS 

miR-34/+) with the w1118 control, it was observed that our experimental flies 

displayed severe locomotor deficits since day 1 post eclosion until day 4 (****p < 

0.0001) such that flies displayed no movement and were always gathered at the 

bottom of the tube. No such decline was observed while comparing the 

performance of the control genotypes (p > 0.9999). 

 

From these experiments, we concluded that overexpression of miR-10 and miR-

34 in healthy/non-HD wildtype flies lead to HD-like locomotor defects. Flies 

overexpressing miR-10 display gradual decline in their locomotor performance 

whereas flies overexpressing miR-34 were immobile since after eclosion. These 

observations confirmed the predications from our first hypothesis that differentially 

expressed miRNAs in HD are a part of the genetic elements that trigger HD 

pathogenesis, such that a change in miRNA expression would lead to HD-like 

symptoms. 
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Figure 4.7 Effects of miR-10 overexpression on Drosophila locomotor behaviour 
(A). Genetic cross for generating flies overexpressing miR-10 in Drosophila CNS. (B). 
Locomotor performance analysis for flies overexpressing miR-10. Upper panel: Pictorial 

representation of the location of the flies in the climbing tube expressing controls; w1118 (grey) 

and UAS miR-10/+ (dark grey) and, the experimental genotype elav>UAS miR-10 (maroon) 

on the 6th, 12th and the 18th second of climbing analysis on day 8.  Lower panel: Flies 

overexpressing miR-10 exhibit severe locomotor decline since Day 1 until Day 16 (when they 

were completely immobile). The controls display no such decline (n = 5, each sample with 20 

flies; Mean ± SEM; One-way ANOVA; Tukey’s post-hoc test; ****p < 0.0001).   
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Figure 4.8 Effects of miR-34 overexpression on Drosophila locomotor behaviour 
(A). Genetic cross for generating flies overexpressing miR-34 in Drosophila CNS. (B). 
Locomotor performance analysis of flies overexpressing miR-34. Upper panel: Pictorial 

representation of the location of the flies expressing controls; w1118 (grey) and UAS miR-34/+ 

(dark grey) and, the experimental genotype elav>UAS miR-34 (maroon) at the 6th, 12th and the 

18th second during climbing analysis on day 4. Lower panel: Graphical representation of 

locomotor performance of the control and the experimental genotypes demonstrating that the 

flies overexpressing miR-34 display severe locomotor deficits since after post eclosion. No 

such change was observed in the control genotypes. (n = 5, each sample with 20 flies; Mean 

± SEM; One-way ANOVA; Tukey’s post-hoc test; **p < 0.0001).   
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4.2.5.2 Effects of miR-10 and miR-34 overexpression on HD pathogenesis  
 
We designed four hypotheses to investigate the role of differentially expressed 

miRNAs in HD (figure 4.6). To test the hypotheses, our first aim was to explore if 

the change in miRNA expression pattern in HD was linked to the diseased 

pathogenesis. miR-10 and miR-34 were upregulated both human HD and 

Drosophila HTT variants (figure 4.5). To replicate these conditions in non-

HD/healthy flies, we overexpressed these miRNAs in the fly nervous system to 

study if these change in miRNA expression could trigger HD-like behavioural 

decline. It was observed that overexpression of miR-10 and miR-34 in the CNS 

lead to severe locomotor deficits. These results confirmed our prediction from to 

our first hypothesis, suggesting that miRNAs are a part of the genetic elements 

that trigger HD pathogenesis. 

 

Our second Hypothesis proposed that miRNAs are associated with the 

compensatory response to HD pathogenesis, they are differentially expressed 

after the disease onset where they function to balance or restore the changes 

triggered by HD pathogenesis. As we have already demonstrated that an increase 

in miR-10 and miR-34 expression leads to severe locomotor deficits. These results 

established that miR-10 and miR-34 do not belong to the compensatory response 

mechanism. But other miRNAs that are not analysed in this study could be 

associated with the compensatory mechanism.  

 

Our third hypothesis suggested that miRNAs are a part of HD pathogenesis as 

well as the compensatory mechanism. From the above-described experiments, we 

can confirm that miR-10 and miR-34 are associated with the disease pathogenesis 

and not with the compensatory response. But there could be other miRNAs that 

might be play a role in disease pathogenesis as well as in the compensatory 

mechanism. 

 

Our fourth hypothesis proposed that miRNAs are indirectly linked to HD, but play 

no role in the pathogenesis or disease compensation. This suggests that miRNAs 

are differentially expressed because of other biological or environmental factors 
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like ageing, other age-associated diseases, compromised immune system, 

exposure to chemicals etc. but have been indirectly linked to HD. As we have 

demonstrated that the overexpression miR-10 and miR-34 in the CNS of non-HD 

flies leads to HD-like phenotypes, we can rule out this hypothesis.  

 

From our observations, we can conclude that the differentially expressed miR-10 

and miR-34 in HD are a part of the genetic elements that trigger HD pathogenesis.  

 
4.2.7 Selection of a miRNA system for detailed analysis 
 
miR-10 and miR-34 display a consistent pattern of differential expression in human 

HD patients, cellular HD models and both FL and Ex1 Drosophila HTT constructs, 

indicating that these miRNAs might share similar regulatory processes that lead to 

comparable changes in their expression as shown in figure 4.5. We have shown 

that both miR-10 and miR-34 are upregulated in HD condition and an 

overexpression of these miRNAs in wildtype (non-HD) flies leads to severe 

locomotor deficits confirming that there might be a link between the differential 

expression of these miRNAs and the observed behavioural defects. 

 

As both the miRNAs are upregulated and display similar behavioural decline, we 

decided to narrow down our research to only one miRNA for technical feasibility 

and detailed analysis.  miR-34 is a highly conserved miRNA, with a seed 

conservation score of 0.65 as demonstrated in figure 4.2. It is one of the most well 

studied miRNAs and has been associated with various neurodegenerative 

diseases in humans and other HD models. In 2012, Liu et al., demonstrated that 

miR-34 displays an age-modulated expression in the wildtype Drosophila brain. 

Decrease in miR-34 expression accelerated brain degeneration and ageing, 

leading to severe decline in survival and locomotor behaviour whereas the rescue 

of miR-34 mutation displayed improved behavioural activities. It was also shown 

that the expression of miR-34 in wildtype Drosophila, increased in young flies and 

then decreased as the flies aged (Liu et al., 2012). To exclude the possibility of 

such natural regulatory mechanisms to influence our data and to focus only on the 
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changes that were induced because of the expression of transgenic human HTT 

constructs, we selected against miR-34. 

 

miR-10 is also a highly conserved miRNA, that displays a seed conservation score 

of 0.73 (miRviewer) with humans. It has been shown as the most upregulated 

miRNA in the expression analysis conducted by Hoss et al. on human HD patients 

(Hoss et al., 2014). miR-10 is a Hox-regulating miRNA that is expressed within the 

antennapedia cluster in Drosophila and between human paralogue groups (PG) 4 

and 5, as shown in figure 4.9. Hox genes were discovered in Drosophila by 

Bridges and Morgan in 1923. These genes encode for a family of transcription 

factors that majorly contribute to morphological changes during embryonic 

development and are required for specifying the body plan along anterior-posterior 

axis (Hoss et al., 2014, Mallo and Alonso, 2013). We can speculate that as miR-

10 is located within the Hox cluster, the Hox-regulating mechanisms might be 

involved in maintaining miR-10 associated locomotor behaviour in flies. No 

previous research has been published suggesting miR-10 association with ageing 

or locomotor decline in wildtype flies. Hence, we decided to explore the effects of 

miR-10 expression in HD pathogenesis for the rest of our project. 
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Figure 4.9 miR-10 is expressed within the Hox cluster. 
Pictorial representation of Hox gene clusters in Drosophila and humans. Drosophila 

melanogaster (top) expresses a single Hox cluster that is divided into two groups - ANT-C 

(Antennapedia Cluster) and BX-C (Bithorax Cluster). Whereas, humans (bottom) express four 

Hox clusters namely, Hoxa, Hoxb, Hoxc and Hoxd, consisting of 13 paralogue groups. Hox-

regulating miRNAs are represented at their locations in between the Hox genes. miR-10 (red) 

is consistently expressed at a specific location from Drosophila to humans, between Deformed 

(Dfd) and Sex-comb reduced (Scr), and between paralogue groups 4 and 5 in Hoxd cluster, 

respectively. (Adapted from Mallo and Alonso, 2013 and Mark et al., 1997) 
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4.2.8 Horizontal locomotion tracking for flies overexpressing miR-10 
 
For all the reasons mentioned in the previous section, we have selected miR-10 

as our candidate to study the role of miRNAs in HD. We have already shown that 

overexpression of miR-10 in the Drosophila CNS leads to severe locomotor 

decline. To further support this result using a different experiment to reconfirm the 

association of miR-10 overexpression with HD-like progressive locomotor decline, 

we performed horizontal locomotion assay.  

 

To study the locomotion tracks, the flies were placed on a horizontal platform inside 

the fly chamber and were allowed to acclimatise to the new environment for 2 mins 

before initiating the tracking analysis. A single fly was traced at a time, as illustrated 

in figure 4.10A. Refer to Chapter 2, section 2.2.2 for the protocol. Figure 4.19B 

compares the locomotion tracks of the w1118 (control) and elav>UAS miR-10/+ 

(experimental) flies. Each tracking image indicates the movement of five flies. For 

the analysis, we record each fly for 300 seconds (5 mins) at 10 frames per second. 

The total distance and the mean speed of the flies for both the genotypes was 

calculated and represented in (C). Unpaired t-test and Bonferroni correction value 

of 0.05/2 = 0.025 were applied. It was observed that the control flies covered a 

total distance of 165.23 cms while the experimental flies could cover only 13.4 cms 

in 300 seconds (****p < 0.0001). When comparing speed, it was identified that the 

control flies displayed a mean speed of 5.51 mms-1 whereas the experimental flies 

displayed speed of only 0.46 mms-1 (****p < 0.0001). 

 

From these results we concluded that the flies overexpressing miR-10 

demonstrated drastically reduced locomotor ability in comparison to the control 

flies. This finding strengthened our previous results for miR-10 overexpression and 

helped us reconfirm that overexpression of miR-10 in the Drosophila CNS leads to 

a drastic reduction in movement as compared to the control flies. 

 

To further validate our results for climbing assay and horizontal locomotion tracking 

for the flies overexpressing miR-10 in the Drosophila CNS, we quantified the 

expression level of miR-10 in all the control and the experimental genotypes. This 
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was done to study if the locomotor deficit observed in flies overexpressing miR-10 

resulted from an uncontrolled expression of the miRNA which led to a system 

failure resulting in locomotor decline. Figure 4.11 compares the band intensity (BI) 

of the controls – w1118, elavGal4/+, UAS miR-10/+ and the experimental 

genotypes- elav>UAS miR-10/+, elav>128Q FL HTT/+ and elav>120Q Ex1 HTT/+. 

We identified that the flies overexpressing miR-10 (elav>UAS miR-10, BI = 82.33 

au) and the flies carrying varying lengths of HTT (FL - elav>128Q FL HTT/+, BI = 

71.66 au and Ex1 - elav>120Q Ex1 HTT/+, BI = 78 au) displayed a ~2-fold increase 

in miR-10 when compared to the control group (w1118, BI = 52.33 au; elavGal4/+, 

BI = 60 au; UAS miR-10/+, BI = 44 au). From this data we established that 

overexpression of miR-10 in the CNS of a wildtype fly produced a comparable 2-

fold increase as observed in our Drosophila HD model. This further suggested that 

we were able to mimic the differential expression of miR-10 in wildtype type. 
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Figure 4.10 Movement tracking for flies overexpressing miR-10 
(A). Tracking Assay Setup. Diagrammatic representation of the setup for tracking the 

movement of adult flies on a horizontal platform. The tracking was recorded at a maintained 

temperature of 25 °C and 45 % humidity. Single flies were recorded using the Basler acA1300 

camera and the data was analysed using Ctrax software. (B). Movement tracks of flies 

overexpressing miR-10. Data comparing the locomotor abilities of the w1118 (wildtype, control, 

grey) and elav>UAS miR-10/+ (flies overexpressing miR-10, experimental, maroon). Each 

image corresponds to the movement tracking of five flies on a horizontal platform of 25mm 

radius. Videos were recorded for 300 seconds (5mins) at 10 frames per second. (C). 
Quantification of speed and distance travelled. Graphical representation of data comparing the 

total distance and the mean speed of the w1118 and the elav>UAS miR-10/+. Flies 

overexpressing miR-10 exhibit a drastically reduced locomotor behaviour (n = 5 flies per 

genotype; Mean ± SEM; Unpaired t-test; Bonferroni Correction p < 0.025, ****p < 0.0001).  
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Figure 4.11 Quantification of miR-10 
Graphical representation of miR-10 expression levels in controls; w1118 (grey), elavGal4/+ 

(Iron), UAS miR-10/+ (dark grey) and experimental genotypes; elav>UAS miR-10/+ (maroon), 

elav>128Q FL HTT/+ (brown), elav>120Q Ex1 HTT/+ (orange). The bar graph and the gel 

pictures represent the expression and the band intensity of miR-10 in the different genotypes. 

~2-fold increase in miR-10 expression was observed in the experimental group (elav>UAS 

miR-10/+, BI = 82.33 au, elav>128Q FL HTT/+, BI = 71.66 au; elav>120Q Ex1 HTT/+, BI = 78 

au) when compared to the control group (w1118, BI = 52.33 au, elavGal4/+, BI = 60 au; UAS 

miR-10/+, BI = 44 au) (n = 2, each sample with 5 flies; Mean ± SEM). 
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4.2.9 Rescue of miR-10 upregulation in our Drosophila HD model 
 
We have established that miR-10 is upregulated in both FL and Ex1 HTT variants 

of our Drosophila HD model. A similar increase in miR-10 expression has been 

previously demonstrated by Hoss et al. in human HD patients as shown in figure 
4.1 (Hoss et al., 2014, Hoss et al., 2015). We have also demonstrated that an 

overexpression of miR-10 in the CNS of wildtype/non-HD flies leads to HD-like 

progressive locomotor decline. This data suggests that there is a link between miR-

10 and HD. Assuming that the differential expression of miR-10 is one of the factors 

that affect locomotor ability of Drosophila, we decided to investigate if we could 

rescue the locomotor defect by reducing miR-10 overexpression in the diseased 

flies. 

 
To rescue the miR-10 overexpression in Drosophila HD model we took the 

advantage of existing miR-10 null mutants and miRNA sponges: 

 
• miR-10 null mutant (∆miR-10) –  

Flies that do not express endogenous miR-10. They were produced using targeted 

homologous recombination by pW25-Gal4-attB2, that removes the miRNA and 

replaces it with a Gal4 and a miniwhite gene (Chen et al., 2014) as represented in 

figure 4.12A. As these flies do not express miR-10, we decided to cross them with 

the Drosophila HD constructs with an expectation that the absence of the 

endogenous miR-10 in the disease condition might balance the HD associated 

miR-10 overexpression and recue the locomotor decline. 

 
• miRNA sponges (miR-sponge) -  

Constructs that express competitor complementary miRNA fragments called 

sponges that sequester the pool of mature miRNAs in the targeted tissue. These 

constructs consist of 10X UAS-Gal4, 20X miRNA binding sites and mCherry 

fluorescent marker as illustrated in figure 4.13A (Fulga et al., 2015). We decided 

to cross the sponge constructs with the transgenic HTT variants expecting that the 

extra molecules of miR-10 produced as a result of the upregulation in the diseased 

condition will get isolated by the sponges. This genetic combination might be able 

to restore the normal locomotor phenotype in our Drosophila HD model. 
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For the rescue experiments, first we wanted to investigate if ∆miR-10 and miR-10 

sponge expression in the fly CNS can reduce the level of mature miR-10 in a 

wildtype fly. For ∆miR-10, we quantified the expression of miR-10 between 

homozygous ∆miR-10, heterozygous ∆miR-10 and the wildtype flies as 

represented in figure 4.12B. Band intensity quantification demonstrated that miR-

10 levels were reduced to approximately half in the heterozygous condition when 

compared to the wildtype flies and as expected there was no band for miR-10 in 

the homozygous mutant condition suggesting that there was no miR-10 expression 

in those flies.  

 

miRNAs are transcriptional modulators that bind to their target mRNA to block 

transcription and reduce the expression of the associated protein (Hammond et al. 

2000). miR-sponges target mature miRNA molecules in the system (Fulga et al., 

2015).  To investigate if miR-10 sponge could reduce the expression of miR-10 in 

the fly nervous system, we quantified the expression miR-10 targets in the fly CNS.  

Bioinformatic analysis was performed using TargetScan, Miranda and PITA target 

prediction softwares, and 33 common miRNAs were shot-listed as shown in figure 
4.13B. Nine miR-10 targets that were expressed in the CNS and were linked to 

locomotion were selected. Out of these nine targets, Acetylcholine esterase (Ace) 

- one of the highly expressed miR-10 targets in the CNS was selected for the 

analysis. Ace encodes for an enzyme that is associated with resetting the 

neurotransmission mechanism at the neuromuscular junction by catalysing the 

hydrolysis of neurotransmitter acetylcholine to acetate and choline (Flybase). The 

expression of Ace was analysed in w1118 flies and flies expressing heterozygous 

miR-10 sponge in the CNS (figure 4.13C). It was observed that the flies 

expressing the sponge displayed an increase in Ace mRNA as compared to the 

wildtype, thus confirming that miR-10 sponge could successfully sequester mature 

miR-10 molecules from the targeted tissue. 

 

In this section, we have verified that both ∆miR-10 and miR-10 sponge constructs 

were able to reduce the expression of endogenous miR-10 in wildtype flies. These 

genetic tools were further used to reduce the overexpression of miR-10 in our 

Drosophila HD model with an aim to rescue their HD-associated locomotor decline. 
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Figure 4.12 Validation of ∆miR-10 construct 
(A). ∆miR-10 assembly.  Diagrammatic representation of the components of ∆miR-10. miR-10 

is located on the 3rd chromosome within a lncRNA CR42651, it is deleted using homologous 

recombination and is replaced with a Gal4 and a miniwhite gene. (B). Quantification of miR-

10 in ∆miR-10. Graphical representation of miR-10 expression levels in w1118 (wildtype, grey), 

∆miR-10/+, (heterozygous miR-10 mutant, dark grey) and ∆miR-10 (homozygous miR-10 

mutant, pink) (n = 2, each sample with 3 flies; Mean ± SEM). 
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Figure 4.13 Validation of miR-10 sponge construct 
(A). miR-sponge assembly and mechanism. Diagrammatic representation of the components 

of miR-sponge construct. It consists of 10X UAS-Gal4, 20X miR-sponge and mCherry 

fluorescent marker. These sponge constructs are inserted on both the 2nd and 3rd 

chromosomes. miR-sponges sequester the mature miRNA from the system that leads to an 

increase in the expression of the target mRNAs. (B). miR-10 target predication. Venn diagram 

representing 33 common miR-10 targets predicted by miRanda, PITA and TargetScan. Nine 

targets out of 33 were expressed in the CNS and were associated with locomotion. miR-10 

target, Ace - Acetylcholine esterase was selected for further analysis. (C). Quantification of 

Ace. Graphical representation of bar graph demonstrating an increase in the expression of 

miR-10 target Ace in expressing heterozygous miR-10 sponge (elav>UAS miR-10 sponge/+; 

UAS miR-10 sponge/+, blue) in the CNS, when compared to wildtype flies (w1118, grey; n = 2, 

each sample with 5 flies; Mean ± SEM). 
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4.2.9.1 Effects of ∆miR-10 construct on locomotor behaviour of Drosophila 
FL HD model 
 

To test if the expression of the FL HTT constructs in ∆miR-10 could balance the 

increase in miR-10 expression levels in the disease flies, to rescue HD-associated 

locomotor phenotype, we perform the climbing assay. Genetic crosses were setup 

to generate control genotypes: elavGal4/+ (heterozygous elav driver), ∆miR-10 

(homozygous ∆miR-10),  ∆miR-10/+ (heterozygous ∆miR-10) and elav>16QFL 

HTT/+; ∆miR-10/+ (pan-neuronal expression of 16Q FL HTT in heterozygous 

∆miR-10 flies), and experimental genotypes: elav>128QFL HTT/+ (pan-neuronal 

expression of heterozygous 128Q FL HTT) and elav>128QFL HTT/∆miR-10 (pan-

neuronal expression of 128Q FL HTT in heterozygous ∆miR-10 flies) as illustrated 

in figure 4.14.  

 

Multiple comparisons between the control and the experimental genotypes is 

performed using One-way ANOVA with Tukey’s post-hoc analysis. Comparing the 

locomotor behaviour of all the control genotypes as shown in figure 4.15A; w1118, 

elavGal4/+, ∆miR-10 and ∆miR-10/+; it was observed that these flies did not show 

any locomotor decline from day 4 until day 20 (p > 0.9999). These results 

suggested that the expression of the elav driver or ∆miR-10 in heterozygous or 

homozygous condition alone do not alter locomotor behaviour. Similarly, we 

compared the locomotor activity of the flies expressing control (elav>16Q FL 

HTT/+;∆miR-10/+) and the expanded (elav>128Q FL HTT/∆miR-10) FL HTT 

repeats in ∆miR-10/+ background it was observed that the flies expressing the 

expanded repeats displayed significant decline from day 4 onwards until day 20 

(*p = 0.0266, ****p < 0.0001) as shown in figure 4.15B. These results suggested 

that the presence of ∆miR-10 in heterozygous condition was unable to rescue the 

locomotor decline observed in diseased flies. Next, we compared the locomotor 

activity of flies expressing the expanded FL HTT constructs with or without ∆miR-

10. This experiment was conducted to identify if there was any improvement in the 

locomotor activity between the two disease genotypes, elav>128Q FL HTT/+ and 

elav>128Q FL HTT/+;∆miR-10/+ as shown in figure 4.15C. Comparing the 

locomotor activity it was observed that there was no difference in the locomotor 
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motor performance of the two genotypes (p > 0.9999)1. This result further 

reiterated our results from 4.15B that the presence of ∆miR-10/+ was unable to 

rescue the locomotor decline observed in HD flies. Figure 4.15D compares the 

pattern of locomotor behaviour in all the control and the experimental genotypes 

analysed. 

 
Next, we take the advantage of miR-sponges to reduce the expression of miR-10 

in HD flies, to further study if this manipulation could rescue locomotor decline. 
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Figure 4.14 Crossing scheme for expressing FL HTT variants with ∆miR-10  
(A). Generating intermediate stable stock for 16Q FL HTT construct 

 

F0 
 
 
 
 
 
F1 
 
 
 
 
 
 
 
 
 
 
F2 
 
 
 
 
 
 
 
F3 
 
 
 

 

 

 

 

 



 
 
 

181 

                                                                                                                                    (contd.)     

(B). Generating intermediate stable stock for 128Q FL HTT construct 
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(C). Pan-neuronal expression of 16Q FL construct with ∆miR-10 

F0 
 
 
 
 
 
 
(D). Pan-neuronal expression of 128Q FL construct with ∆miR-10 

F0  
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Figure 4.15 Locomotor performance of flies expressing FL HTT with ∆miR-10 
Graphical representation of locomotor performance comparing (A). all the control genotypes, 

indicating that these controls do no exhibit any decline in their climbing ability (p > 0.9999). 

(B). Experimental genotypes expressing the normal 16Q (black) or expanded 128Q (pink) in 

the CNS of ∆miR-10 flies. Flies expressing 128Q demonstrated significantly reduced 

locomotor ability as compared to the 16Q flies on days 12, 16 and 20 (*p = 0.0266, ****p < 

0.0001). (C). Flies expressing the toxic 128Q HTT proteins in wildtype flies (brown) or miR-10 

mutant flies. There was no significant difference between the locomotor ability of the two 

genotypes p > 0.9999). (D). The locomotor activity of the flies expressing 128Q HTT with ∆miR-

10 and 128Q HTT alone is significantly different to the controls (n = 3, each sample with 20 

flies; Mean ± SEM; One-way ANOVA; Tukey’s Post-hoc analysis; *p = 0.0266, ****p < 0.0001). 
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4.2.9.2 Effects of miR-10 sponge construct on locomotor behaviour of 
Drosophila FL HD model 
 
In the previous section, we have shown that the flies expressing Drosophila FL 

HTT constructs did not show improvement in HD-associated locomotor defects 

when expressed along with ∆miR-10 construct. Here, we use miR-10 sponge to 

reduce the expression of miR-10 in HD flies, to study if sponges could rescue the 

observed locomotor defects. To test this, we analyse the climbing ability of the 

flies. Genetic crosses were set up to generate flies expressing scramble sponge, 

miR-10 sponge, miR-974 sponge, UAS tdTomato with the FL HTT variants as 

demonstrated in figure 4.16. miR-10 sponge specifically binds to mature miR-10 

strands (Fulga et al., 2015). With the expression of this sponge, we expect a 

decrease in the availability of extra miR-10 molecules detected in our Drosophila 

FL HD model, further restoring the associated locomotor decline. Scramble sponge 

is a control sponge construct that consists of a random nucleotide sequence 

repeated 20X as shown in figure 4.17A, it binds to different miRNAs unlike specific 

miR-sponges (Fulga et al., 2015). As the scramble sponge will randomly sequester 

mature miRNAs, we can assume that it will not restore HD-locomotor phenotype. 

We also test a non-neuronal miRNA control, miR-974 that is only expressed in the 

imaginal discs (Ruby et. al, 2007). We assume that as miR-974 is not expressed 

in the CNS, its complimentary sponge will have no effect on locomotion and the 

diseased flies would continue to demonstrate reduced locomotor activity.  

 

As described in figure 4.13A miR-sponges consist of 10X UAS which when 

crossed with Drosophila HD constructs containing 5X UAS-HTT makes it a total of 

15 UAS’s in one fly, that are driven by a single pan-neuronal Elavc155-Gal4 driver. 

We don’t know if both the UAS’s will be expressed equally or one would be 

favoured over the other and, if this combination would influence locomotor 

behaviour in the flies. For this reason, we include a control that expresses 10x UAS 

tdTomato with 5X UAS-HTT driven by a single Elavc155-Gal4 driver. We expect 

these flies to demonstrate a delayed locomotor defect in the disease condition 

because of the presence of multiple UAS’s in the system.  
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To study if the expression of miR-10 sponge could rescue locomotor decline, we 

perform One-way ANOVA with Tukey’s post-hoc analysis for the multiple 

comparisons in this section. To compare the locomotor activity of flies expressing 

heterozygous scramble sponge (elav>UAS scramble sponge/+) and UAS-miR-10 

sponge (elav>UAS miR-10 sponge/+) in the nervous system of wildtype flies, to 

investigate if the expression of these constructs alone could affect Drosophila 

locomotor behaviour (p > 0.9999). Our results demonstrate that these controls do 

not exhibit locomotor decline until Day 52 post-eclosion, suggesting that decrease 

in the expression of miR-10 and scramble targets in wildtype flies does not lead to 

locomotor defects (Figure 4.17B). Next, we compare the locomotor behaviour of 

flies expressing 16Q FL HTT with scramble sponge, miR-10 sponge, miR-974 

sponge and UAS tdTomato, to test if the expression of the miR-sponges with 

control 16Q FL HTT leads to locomotor defects as shown in figure 4.17C. Our 

results demonstrate that these flies do not exhibit any locomotor decline 

suggesting that the reduction in miR-10 and other control sponge expression in 

flies expressing 16Q control HTT variant do not lead to locomotor defects (p > 

0.9999). 

 

To study if the expression of these sponges in flies expressing 128Q FL HTT could 

affect locomotor behaviour in HD flies, we investigate their climbing ability. 

Comparing the locomotor performance, it was found that the flies expressing the 

miR-10 sponge displayed significantly improved climbing ability from Day 8 until 

Day 52 when compared to all the control sponges (elav>128Q FL HTT/UAS miR-

10 sponge with elav>128Q FL HTT/ UAS scramble sponge, *p = 0.0109, **p = 

0.0088; elav>128Q FL HTT/UAS miR-10 sponge with elav>128Q FL HTT/UAS 

miR-974 sponge, *p = 0.0159, **p = 0.0078, **p = 0.0008; elav>128Q FL HTT/UAS 

miR-10 sponge with elav>128QFL HTT/UAS tdTomato,*p = 0.0294, **p - 0.0086 

as displayed in Figure 4.17D, E, F. Next, we compare the locomotor performance 

of the flies expressing miR-10 sponge with both FL HTT variants. To study if the 

recovery displayed by the expression of mir-10 sponge in 128Q FL HTT was 

comparable with the locomotor activity of 16Q FL HTT flies. It was found that flies 

expressing 128Q repeats displayed significant decline in their locomotor activity 

from Day 8 until Day 32 post-eclosion and then a recovery from Day 36 onwards, 
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when compared to flies expressing 16Q FL HTT. These results suggest that the 

expression of miR-10 sponge in flies expressing expanded FL HTT repeats could 

recover the HD-associated locomotor decline. These experiments require further 

validation with higher ‘n’ 
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Figure 4.16 Crossing scheme for expressing FL HTT variants with miR-sponges  
(A). Generating intermediate stable stocks for sponges for FL construct 

(i)  Intermediate stable cross for miR-10 sponge 
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(ii)  Intermediate stable cross for scramble sponge 
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188 

(iii) Intermediate stable cross for miR-974 sponge 
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(B). Pan-neuronal expression of sponge constructs in 16Q FL HD flies 
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(C). Pan-neuronal expression of UAS-tdTomato in 16Q FL HD flies 

F0 
 
 

 
 
 
 
(D). Pan-neuronal expression of sponge constructs in 128Q FL HD flies 
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(E). Pan-neuronal expression of UAS tdTomato in 128Q FL HD flies 
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Figure 4.17 Locomotor performance of flies expressing FL HTT with miR-sponges 
(A). Assembly of sponge constructs. miR-10 and miR-974 sponge consists of 20 repetitive, 

highly specific and complementary target miRNA binding sites, whereas scramble sponge 

expresses a random sequence that leads to non-specific miRNA binding. The binding sites in 

the sponges are separated by a four-nucleotide linker sequence (red). These sponges were 

cloned in a modified pWALIUM10-moe vector (blue) to generate transgenic flies. Graphical 

representation of locomotor performance comparing control genotypes (B).  w1118, elav>UAS 

scramble sponge/+ and elav>UAS miR-10 sponge/+, indicating no decline in the locomotor 

activity (p > 0.9999). (C). Control genotypes expressing different sponges and UAS tdTomato 

with 16Q FL HTT construct. No decline in locomotion activity was monitored (p > 0.9999). 
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Comparing the locomotor performance of flies expressing elav>128Q FL HTT/UAS miR-10 

sponge (green) with (D). elav>128Q FL HTT/ UAS scramble sponge (cyan, *p = 0.0109, **p = 

0.0088) (E). elav>128Q FL HTT/UAS miR-974 sponge (blue, *p = 0.0159, p = 0.0078, **p = 

0.0008), (F). elav>128QFL HTT/UAS tdTomato (purple, *p = 0.0294, **p - 0.0086) demonstrate 

significant improvement in locomotor activity from Day 8 until Day 52. (G). The locomotor 

performance of flies expressing elav>128Q FL HTT/UAS miR-10 sponge (green) and 

elav>16QFL HTT/+; UAS miR-10 sponge/+ (*p - 0.0128, **p - 0.0076, **p - 0.0108) (black) 

display recovery in locomotor decline from Day 34 onwards (n = 3, each sample with 20 flies; 

Mean ± SEM; One-way ANOVA; Tukey’s Post-hoc analysis). 
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4.2.9.3 Effects of ∆miR-10 construct on locomotor behaviour of Drosophila 
Ex1 HD model       
 
For our project, we are testing two Drosophila HTT constructs expressing FL and 

Ex1 HTT variants. This was done to investigate if the Ex1 fragments are sufficient 

to trigger similar molecular changes as the FL HTT construct and human HD 

patients, until now we have shown that Ex1 HTT variants demonstrate that they 

successfully recapitulate human HD symptoms and display comparable change in 

miRNA expression as shown for FL HTT constructs and human HD condition. In 

section 4.3.9.1, we performed climbing analysis to study if the expression of FL 

HTT variants with ∆miR-10 could restore the locomotor decline. Similarly, in this 

section we will investigate if the expression of Ex1 HTT variants with ∆miR-10 

could rescue the HD-associated locomotor decline. This experiment was based on 

the assumption that ∆miR-10 condition would balance the enhanced upregulation 

of miR-10 observed in Drosophila HD condition, through which these flies might 

be able to restore the locomotor decline. To test the locomotor performance of the 

flies, climbing assay was conducted. Genetic crosses were performed to generate 

flies expressing Ex1 HTT variants with ∆miR-10 (figure 4.18). In this series of 

experiments, we perform One-way ANOVA with Tukey’s post-hoc analysis to study 

the locomotor difference between multiple groups. First, we compared the 

locomotor performance of the control genotypes to test if ∆miR-10 and Elavc155-

Gal4 driver constructs alone do not affect the locomotor ability of the flies. It was 

shown that these control flies do not exhibit reduced locomotion, further suggesting 

that their activity will not hinder the activity of the HTT constructs as shown in 

figure 4.19A (p > 0.9999). To study if the expression of the expanded Ex1 HTT 

construct with ∆miR-10 could improve HD-associated locomotor decline, we 

compare the locomotor performance of flies expressing the Ex1 HTT variants with 

∆miR-10 in figure 4.19B. The results demonstrate that the flies expressing the 

expanded Ex1 120Q HTT repeats display significantly reduced locomotor 

behaviour. To investigate if there was improvement in locomotor activity when 

compared to the flies expressing expanded Ex1 HTT without  ∆miR-10 (***p - 

0.0008, ****p<0.0001) (C), we compare the locomotor performance and observe 

that there was no significant difference in climbing performance of the two 
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genotypes (p > 0.9999). (D). Compares the locomotor performance of all the 

control and experimental genotypes. Our observations suggest that ∆miR-10 was 

not sufficient to reduce the enhanced expression of miR-10 in Drosophila Ex1 HTT 

model. The data indicates that there was no significant difference between the 

locomotor activity of the two genotypes further suggesting that the absence of a 

single allele of miR-10 from the system was not sufficient to rescue the locomotor 

decline.  

 

With an aim to rescue the HD-associated locomotor decline, in the next section we 

use miR-10 sponges to reduce the miR-10 upregulation to potentially rescue the 

decline in locomotor behaviour.  
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Figure 4.18 Crossing scheme for expressing Ex1 HTT variants with ∆miR-10 
(A). Generating intermediate stable stock for 25Q Ex1 HTT construct 
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(B). Generating intermediate stable stock for 120Ex1 HTT construct 
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                                                                                                                              (contd.) 

(C). Generating intermediate stable stock for ∆miR-10 
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(D). Pan-neuronal expression of 25Q Ex1 construct in ∆miR-10 
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                                                                                                                             (contd.) 

(E). Pan-neuronal expression of 120Q Ex1 construct in ∆miR-10 
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Figure 4.19 Locomotor performance of flies expressing Ex1 HTT with ∆miR-10 
Graphical representation of locomotor performance comparing (A). control genotypes, 

suggesting that these flies do not exhibit compromised locomotor behaviour (B). flies 

expressing normal 25Q (grey) or the expanded 120Q (pink) in the CNS of the ∆miR-10 

mutants. Flies expressing 120Q displayed significantly reduced locomotor performance as 

compared to the flies expressing the normal 25Q repeats. ***p - 0.0008, ****p<0.0001 (C). 
experimental genotypes comparing flies expressing the toxic 120Q HTT proteins in wildtype 

flies (orange) or miR-10 mutants, suggesting that there no significant difference in the 

locomotor activity of the two genotypes. (D). representation of all the control and the 

experimental genotypes together (n = 3, each sample with 20 flies; Mean ± SEM; One-way 

ANOVA; Tukey’s Post-hoc analysis). 
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4.2.9.4 Effects of miR-10 sponge construct on locomotor behaviour of 
Drosophila Ex1 HD model       
 
In the previous section, we demonstrated that HD-associated locomotor decline in 

the Drosophila Ex1 HD model could not be recovered using ∆miR-10. In this 

section, we investigate if the expression of miR-10 sponge in Ex1 HD flies could 

sequester the extra miR-10 molecules to improve the locomotor decline. To test 

this, we analysed the climbing ability of the flies expressing Ex1 HTT variants with 

control the experimental sponges as described in section 4.2.9.2. The genetic 

crosses required to generate these flies is described in figure 4.20. 

 

In this series of locomotor performance analysis, we compare the performance of 

multiple groups using One-way ANOVA with Tukey’s post-hoc analysis. From 

figure 4.17A, we know that the expression of the sponges in the nervous system 

of wiltype flies do not trigger any locomotor defects. Building on this, we investigate 

if the expression of sponge controls with non-expanded 25Q Ex1 HTT repeats had 

an effect on locomotion of flies, we investigate the climbing ability of these flies as 

represented in figure 4.21A. The flies display change in their locomotor ability 

demonstrating that the reduction of the sponge target miRNAs in control Ex1 HD 

flies had no effect on locomotion (p > 0.9999). Next, we investigate if the 

expression of expanded 120Q Ex1 HTT with the sponges have an effect of 

locomotion. If the expression of miR-10 sponge could isolate the extra miR-10 

molecules in Ex1 HD flies to improve the associated locomotor decline. Comparing 

the climbing ability of flies expressing 120Q Ex1 HTT and miR-10 sponge with 

4.21B.  flies expressing 120Q Ex1 HTT with scramble sponge, we observe slight 

improvement in locomotor activity only at Day 5, 7 and 15 post-eclosion, after 

which both the genotypes display similar decline in locomotor behaviour (*p = 

0.0338, **p = 0.0024, ***p = 0.0004). Similar comparison with 4.21C. flies 

expressing 120Q Ex1 HTT with miR-974 sponge, we found early improvement in 

locomotor activity on Day 5 and 11 but no recovery beyond that point (***p = 

0.0001, ****p < 0.0001). Both (B) and (C) show improvement only during early days 
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of disease progression, suggesting that the sponges were unable to consistently 

isolate the extra molecules of miR-10 in the disease condition. Figure 4.21D. also 

makes a similar comparison with flies expressing 120Q Ex1 HTT with UAS 

tdTomato control. It was found that the flies expressing miR-10 sponge display 

improvement from Day 7, 9 and then at Day 15, suggesting that miR-10 sponge 

successfully isolated the extra miR-10 molecules in the nervous system to display 

modest improvement in climbing ability of Ex1 HTT disease flies (*p = 0.0393, **p 

= 0.0044, ***p = 0.0003). Our results from (C) and (D) display inconsistent 

improvement in locomotor activity. From data demonstrated in figure 4.17 (A), we 

know that the pan-neuronal expression of the sponges do not affect locomotion. 

To investigate if the expression of these sponges in the disease condition affect 

locomotion, we compare their climbing ability. We expect that these genotypes will 

show similar locomotor decline but our data demonstrates a significant difference 

in locomotor activity on Day 9, 11 and 13, suggesting that these sponge constructs 

affect locomotion in the disease condition, both these sponges interact differently 

in the diseased condition which leads to difference in locomotor activity.  

 

Next, we investigate the locomotor behaviour displayed by flies expressing Ex1 

HTT variants with miR-10 sponge, to compare the improvement demonstrated by 

HD flies expressing 120Q Ex HTT and miR-10 sponge as shown in Figure 4.21E. 

Our results indicate that there was significant difference between the locomotor 

performance of the genotypes (***p = 0.0004, ****p = 0.0001, ***p < 0.0001), 

indicating that the expression of a single miR-10 sponge allele was not sufficient 

of completely recover the HD associated locomotor decline.  

 

Additionally, while performing the climbing analysis it was noticed that the flies 

expressing the 120Q repeats and miR-10 sponge displayed improved speed when 

compared to the other control sponges at Day 15, 17 and 19. This behaviour could 

not be quantified by the climbing assay experiment because the PI formula used 

to study negative geotaxis does not calculate the distance travelled by individual 

flies. To study if there was difference in the speed and distance travelled by the 

flies, which was otherwise masked by PI quantification, to investigate if the HD flies 

displayed improvement in locomotor behaviour with the expression of miR-10 
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sponge. To test this, the speed and the distribution of flies along the climbing assay 

glass tube was quantified. Figure 4.22 illustrates the experimental design for data 

collection for frequency distribution of the flies along the vertical glass tube. For 

the locomotor analysis, the flies were allowed to climb 9cms in 18 seconds. At the 

18th second, the distance travelled by the flies was calculated from the center of 

their body till the bottom of the glass tube using Onde ruler. Using this technique, 

we analyse the distribution and the speed of the flies that were tested for their 

climbing ability in figure 4.21. The data was quantified for Day 15, 17 and 19 as 

this was the time when the HD flies displayed extremely reduced locomotor 

behaviour as shown in figure 4.21. Figure 4.23A correspond of the distribution of 

flies along the glass tube on Day 15, 17 and 19 and the columns represent the 

distribution data between the control and experimental genotypes. If the flies 

expressing expanded 120Q Ex1 HTT with miR-10 sponge have improved 

locomotor abilities because of the presence of miR-10 sponge then we expect 

these flies to demonstrate a distribution that is skewed towards the top (right) of 

the tube. We observe that flies expressing the different sponges are scattered 

along the tube from 0cms (bottom, left) to 9cms (top, right) of the tube and as the 

flies age, their distribution gets more skewed towards the bottom of the tube, 

demonstrating that the flies display weak locomotor activity. It was important to 

note that the flies expressing miR-10 sponge display two distribution peaks 

whereas scramble sponge, miR-974 sponge and UAS tdTomato displayed a single 

distribution peak which is progressively skewed towards the left (bottom) of the 

tube. A significant number of flies expressing miR-10 sponge were always 

gathered at the bottom of the tube suggesting that these flies exhibit reduced 

locomotor ability but interestingly, displayed increased survival as compared to 

other genotypes. This data suggests that as the flies age more flies are gathered 

towards the bottom of the tube and that the flies expressing miR-10 sponge also 

followed the same pattern of locomotor behaviour but displayed a noticeable 

increase in survival rate. Next, to study if the flies expressing miR-10 sponge 

displayed improved locomotor activity as compared to other sponge and UAS 

tdTomato controls, we quantified of the flies on Day 15, 17 and 19 as shown in 

figure 4.23B. We perform One-way ANOVA with Tukey’s post-doc analysis for 

comparing multiple groups. It was observed that all the flies displayed comparable 
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speed (p > 0.9999), indicating that the expression of miR-10 sponge did not 

improve the locomotor speed of 120Q Ex1 HD flies.  

From these results, we determine that by reducing of miR-10 expression in Ex1 

HD flies we might be able to restore their longevity. To explore this possibility, we 

will investigate the effects of ∆miR-10 and miR-10 sponge on the survival rate of 

these flies in the following section. 

 
Figure 4.20 Crossing scheme for expressing Ex1 HTT variants with miR-sponges 
(A). Pan-neuronal expression of miR-10 sponge in 25Q Ex1 HD flies 
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                                                                                                                          (contd.) 

(B). Pan-neuronal expression of scramble sponge in 25QEx1 HD flies 
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                                                                                                                              (contd.) 

(C). Pan-neuronal expression of miR-974 sponge in 25QEx1 HD flies 
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                                                                                                                              (contd.) 

(D). Pan-neuronal expression of UAS tdTomato in 25QEx1 HD flies 
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                                                                                                                              (contd.) 

(E). Pan-neuronal expression of miR-10 sponge in 120QEx1 HD flies 
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                                                                                                                               (contd.) 

(F). Pan-neuronal expression of scramble sponge in 120QEx1 HD flies 
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                                                                                                                               (contd.) 

(G). Pan-neuronal expression of miR-974 sponge in 120QEx1 HD flies 
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                                                                                                                            (contd.) 

(H). Pan-neuronal expression of UAS tdTomato in 120QEx1 HD flies 
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Figure 4.21 Locomotor performance of flies expressing Ex1 HTT with miR-sponges 
Graphical representation of locomotor performance of (A). flies expressing control 25QEx1 

repeats with UAS tdTomato and different sponges (miR-10, miR-974, scramble), demonstrate 

no reduction in locomotor ability (p > 0.9999). Comparing the climbing ability of the flies 

expressing elav>120QEx1 HTT/+; UAS miR-10 sponge/+ (green) with (B). elav>120QEx1 

HTT/+; UAS scramble sponge/+ (cyan) indicate that the flies show improvement in their 

locomotor performance only at Day 5, 7 and 15 (*p = 0.0338, **p = 0.0024, ***p = 0.0004).  

The improvement is not consistent. (C). elav>120QEx1 HTT/+; UAS miR-974 sponge/+ (blue) 

display improvement at Day 5 and 11 (***p = 0.0001, ****p < 0.0001). (D). elav>120QEx1 

HTT/+; UAS tdTomato/+ (purple) indicate that the flies display statistically significant locomotor 

activity at Day 7, 9 and 15 (*p = 0.0393, **p = 0.0044, ***p = 0.0003). (E). Locomotor 
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performance of 120Q Ex HTT with either miR-974 sponge (elav>120QEx1 HTT/+; UAS miR-

974 sponge/+) or scramble sponge (elav>120QEx1 HTT/+; UAS scramble sponge/+) 

demonstrate significant difference in climbing ability on Days 9 (**p = 0.0084); (F). Comparing 

the climbing behaviour of flies expressing miR-10 sponge in the two Ex1 variants, indicating 

significant reduction in locomotion for flies expressing 120Q repeats (***p = 0.0004, ****p = 

0.0001, ***p < 0.0001) (n = 3, each sample with 20 flies; Mean ± SEM; One-way ANOVA; 

Tukey’s Post-hoc analysis). 
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Figure 4.22 Setup for Frequency Distribution Analysis 

Schematic illustration for calculating the distance travelled and the distribution of the flies along 

the climbing assay tube. The distance travelled by the flies at the 18th second during climbing 

assay analysis was calculated from the center of the fly body till bottom of the glass tube. (cms) 

The curve on the left represents the concentration of the flies in two batches and the scale on 

the right demonstrates the distance along the glass tube. 
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Figure 4.23 Frequency distribution and speed analysis for flies expressing sponges in 
the Ex1 HD constructs. (A) Graphical representation of distribution curves. The graphs 

compare the positional frequency of flies expressing 120Q Ex1 HTT with sponges and UAS 

tdTomato along the glass tube on Day 15, 17 and 19 at the 18th second during climbing assay 

experiment. The three columns compare the frequency distribution of flies expressing 

elav>120QEx1 HTT/+; UAS miR-10 sponge (green) with (column 1) elav>120QEx1 HTT/+; 

scramble sponge (cyan), (column 2) elav>120QEx1 HTT/+; UAS miR-974 sponge (blue) and 

(column 3) elav>120QEx1 HTT/+; UAS tdTomato (purple) at the three different time points. 

The distribution is progressively skewed towards the left (bottom) as the flies age. Interestingly 

the two peaks observed for flies expressing miR-10 sponge indicate that significant number of 

these flies were gathered at the bottom of the tube throughout the analysis. (B). Speed 

analysis. The graphs display no significant change in the speed of the flies expressing 120Q 

Ex1 HTT with different sponges or UAS tdTomato controls on Day 15, 17 and 19 (n = 5, each 

sample with 3 flies; Mean ± SEM; One-way ANOVA; Tukey’s Post-hoc analysis). 
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4.2.9.5 Effects of ∆miR-10 on survival of Drosophila Ex1 HD model       
 
From the previous section, the distribution curves suggest that the decrease in the 

expression of miR-10 expression leads to increased longevity in HD flies. To test 

if these flies exhibit improved survival rate, we take the advantage of ∆miR-10 and 

miR-10 sponges to reduce miR-10 expression in our Ex1 HD model, to investigate 

if this manipulation could recover the reduced survival rate in HD flies. In this 

section, we will study the survival of the flies expressing Ex1 HTT constructs with 

∆miR-10. We analysed the survival of the flies through development as described 

in figure 4.24. Embryos were collected and were allowed to develop. Survival rate 

of the three larval stages (L1, L2 and L3), late pupae and day 0 – post-eclosion 

adult flies was calculated.  

First, we calculate the survival rate of the flies expressing Ex1 HTT variants with 

∆miR-10 constructs from the climbing assay data demonstrated in figure 4.19. We 

also compare the survival are of the flies expressing ∆miR-10 alone to test if these 

flies affect the survival of the flies. All multiple comparisons between groups is 

analysed using One-way ANOVA with Tukey’s post-hoc test. We observe that the 

flies expressing the expanded repeats displayed progressive decline in survival 

Day 3, 5 and 7 (**p = 0.0011, ****p < 0.0001). This change in longevity was not 

observed in the 25Q Ex1 HTT control and ∆miR-10 controls as shown in figure 
4.35A. To test if this decline demonstrated by the flies expressing expanded Ex1 

HTT with ∆miR-10 displayed an improvement when compared the flies expressing 

120Q Ex1 HTT alone as shown in figure 4.25B. It was found that both these 

genotypes displayed a comparable decline in survival rate, indicating that 

decrease in miR-10 expression using ∆miR-10 constructs were not sufficient to 

improve longevity in the adult stages. To study if there was a change in longevity 

of different stages of fly development before adulthood, we perform the survival 

analysis for larval, pupal and Day0 – eclosed adults. Comparing the survival rate 

of different developmental stages expressing Ex1 HTT variants with ∆miR-10 

constructs in figure 4.25C. We found that there was a significant decline is survival 

of larval stage 2 (L2), larval stage 3 (L3), pupae (P) and Day 0 adults (A) 

expressing 120Q Ex1 HTT with ∆miR-10 (**p = 0.0053, ***p = 0.0002, ***p = 
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0.0007). Comparing this data with survival rate of developmental stages 

expressing 120Q Ex1 HTT without ∆miR-10 (figure 4.25D), it was found that the 

stages display reduced survival rate for all the stages but this change was 

comparable with the flies expressing ∆miR-10. These results demonstrate that the 

expression of 120Q Ex1 HTT during development leads to reduced survival of L1, 

L2 and L3 tages, and the expression of ∆miR-10 to reduce miR-10 levels in these 

stages could not rescue the decline in survival rate. 

 

Next, we investigate if the expression of 120Q Ex1 HTT with miR-10 sponge could 

improve the decline in survival rate of the diseased flies through development.  
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Figure 4.24 Survival Assay protocol for Drosophila developmental stages 
Desired crosses were set up in egg collection cages containing apple juice plates. Overnight 

collection of embryos was transferred to fresh plates and vials. 3 replicates for each genotype 

containing 20 embryos were prepared for studying the survival rate at the 3 larval stages (L1, 

L2 and L3), pupal stage and Day0 post-eclosion adults. The cages, plates and vials were 

maintained at 25°C temperature and 45% humidity throughout the experiment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

216 

 
 

 
 

 
 
 

 
 
 

 
\ 

 
 
Figure 4.25 Survival rate of flies expressing Ex1 HTT with ∆miR-10 
Graphical representation of survival data from Climbing Assay experiment (A, B). Graph (A) 
compares the longevity of ∆miR-10, elav>25QEx1 HTT/+; ∆miR-10/+ (black) and 

elav>120QEx1 HTT/+; ∆miR-10/+ (pink), indicating that the flies expressing 120Q Ex1 HTT 

display reduced survival at Day 3, 5 and 7 (**p = 0.0011, ****p < 0.0001) and graph (B) 
compares flies expressing elav>120Q Ex1 HTT/+ (orange) with ∆miR-10 or without ∆miR-10 

construct, demonstrating that the survival rate of both the genotypes is comparable. Graphical 

representation of Survival analysis through development (C, D). Graph (C). displays significant 

reduction in the survival rate for flies expressing 120Q with ∆miR-10 at L1, L2 and L3 stages 

(**p = 0.0053, ***p = 0.0002, ***p = 0.0007) Graph (D) represents no significant difference in 

survival of different developmental stages expressing 120Q Ex1 HTT with or without ∆miR-10 

(n = 3, each sample with 20 flies/embryos; Mean ± SEM; One-way ANOVA; Tukey’s Post-hoc 

analysis). 
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4.2.9.6 Effects of miR-10 sponge on survival of Ex1 HD model 
 
In the previous section, we established that Ex1 HD flies displayed reduced 

survival of larval, pupal and adult stages. The presence of ∆miR-10 in these flies, 

to reduce the enhanced miR-10 expression in HD condition could not improve the 

decline in survival. In this section, we are taking advantage of miR-sponges to 

rescue the reduced survival in flies expressing Ex1 HTT constructs. These 

experiments were built on the data demonstrated in figure 4.23 where we 

observed an increase in the number of HD flies expressing miR-10 sponge in the 

distribution curve. To test the longevity, we analyse the survival data collected from 

climbing assay analysis demonstrated in figure 4.21. The different control an dthe 

experimental genotypes are compared using One-way ANOVA with Tukey’s post-

hoc test. Comparing the survival rate of flies expressing expanded Ex1 HTT with 

miR-10 sponge, with (figure 4.26A), scramble sponge, there was no change in 

survival rate between the two genotypes (B) miR-974 sponge; no change is 

survival rate and (C) UAS tdTomato, only a modest change at Day 9 (*p = 0.0270) 

but afterwards the survival rate between the genotypes remains insignificant. Next, 

we wanted to compare this improvement of survival in flies expressing Ex1 HTT 

variants with miR-10 sponge. We observe that the flies expressing 120Q Ex1 HTT 

with miR-10 sponge display significantly reduced survival only at day 19 when 

compared to the control 25Q (D). This data indicates that the expression of miR-

10 sponge displayed no change or modest change in survival rate when compared 

with the sponge controls. The change with the 25Q control in only observed at day 

19 when the flies have lost their locomotor control and are at their weakest. This 

suggests that miRNA-sponge might be able to rescue the reduced survival in HD 

condition. This experiment would require further validation to prove this effect. 

 

Next, we wanted to investigate if there is a change in the survival of larval, pupal 

and Day 0 post-eclosion adults expressing the expanded Ex1 HTT constructs and 

miR-10 sponge. To test this, we follow the protocol described in figure 4.24. In this 

series of experiments we perform One-way ANOVA with Tukey’s post-hoc analsyis 

to compare multiple groups. First, we compared the survival rate of Ex1 HTT 

variants without miR-10 sponge, to study if the expression of expanded Ex1 HTT 
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alone could influence the survival rate of Drosophila developmental stages as 

shown in figure 4.27A (*p = 0.0141, **p = 0.0015, 0.0031, ***p = 0.0002, 0.0004, 

****p = 0.0001). We found that the flies expressing 120Q Ex1 HTT display 

drastically reduced survival of L1, L2, L3, P and A stages, indicating that the 

expression of toxic HTT repeats affects longevity through development in HD 

condition. This change was not observed in 25Q control and wildtype flies.  

 

To study if the expression of Ex1 HTT variants with miR-10 sponge could recover 

the reduced survival observed in HD flies without miR-10 sponge. We investigate 

the survival rate of the Drosophila developmental stages as shown in figure 4.27B. 

We observe that expression of miR-10 sponge in the flies expressing expanded 

120Q repeats can significantly recover the survival rate through all the 

developmental stages, suggesting a link between miR-10 expression and survival 

behaviour (*p = 0.0143, 0.0328, **p = 0.0019, 0.0023, 0.0040, ***p = 0.0002, 

0.0006, 0.0008). Such that, a decline in miR-10 expression in HD condition using 

miR-10 sponge can rescue the survival decline. 

 

Next, we investigate the effect on survival of the flies expressing Ex1 HTT variants 

with either scramble sponge (figure 4.27C), miR-974 sponge (E) and UAS 

tdTomato (G), to study if the expression of these controls by themselves in HD flies 

had an effect on the survival rate. We expect to see a decline in all the conditions 

where the developmental stages express expanded 120Q Ex1 HTT with sponges 

or tdTomato control. Comparing the survival rate using One-way ANOVA with 

Tukey’s post-hoc test, it was found that expression of scramble sponge in 120Q 

Ex1 HTT reduced longevity in only at L2 and L3 stages, expression of miR-974 

sponge do not show exhibit reduction in survival rate and expression of tdTomato 

displayed reduced survival only at L3 and adult stages. These results demonstrate 

that the expression of the sponge and tdTomato controls in 120Q Ex1 HTT flies 

have an effect on survival rate of the intermediate developmental stages when 

compared to 25Q Ex1 HTT controls. Interestingly, when the survival rate of these 

developmental stages was compared to flies expressing expanded 120Q Ex1 HTT 

with miR-10 sponge. We observe an increased survival rate at L3, P and A stages 

when compared to scramble sponge (D), P and A stages when compared to miR-
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974 sponge (F) and L3, P and A stages when compared to tdTomato control (H). 
These results suggest that in-spite of the sponge and tdTomato controls having an 

effect on the survival rate of HD flies, a reduction in miR-10 expression using miR-

10 sponge was sufficient to significantly increase the survival rate during larval, 

pupal and adult stages, further suggesting that there might be a link between miR-

10 expression and reduced longevity observed in Ex1 HD flies. 
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Figure 4.26 Survival rate of flies expressing Ex1 HTT with miR-sponges (climbing assay 
data) Graphical representation of the survival rate calculated from the climbing assay data. 

Comparing the longevity of HD flies expressing miR-10 sponge (experimental, green) with 

scramble sponge (cyan, A), miR-974 sponge (blue, B) and UAS tdTomato (purple, C) 

(controls), an increase in survival rate was observed in (A). no change in survival rate (B). no 

change in survival rate and (C). only on change on Day 9 (*p = 0.0270). (D). compares the 

survival of flies expressing the miR-10 sponge in the Ex1 in 25Q (blue) and 120Q HTT variants, 

the data reveals significant decline in longevity of 120Q flies only on day 19 (*p = 0.0195). (n 

= 3, each sample with 20 flies; Mean ± SEM; One-way ANOVA; Tukey’s Post-hoc analysis). 
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Figure 4.27 Survival rate of flies expressing Ex1 HTT with miR-sponges through 
development     
                                                                                                                                      (contd.) 

Figure 4.27 Survival rate of flies expressing Ex1 HTT with miR-sponges through 
development. Graphical representation of survival rates comparing (A). wildtype and flies 

expressing the Ex1 HD constructs, indicating significant decline in survival of 120Q HD flies 

(orange) (*p = 0.0141, **p = 0.0015, 0.0031, ***p = 0.0002, 0.0004, ****p = 0.0001) (B). flies 

expressing miR-10 sponge (green) in the Ex1 HD variants and flies expressing 120QHTT 

alone (*p = 0.0143, 0.0328, **p = 0.0019, 0.0023, 0.0040, ***p = 0.0002, 0.0006, 0.0008). 

Graphs comparing the flies expressing the control sponges in both the Ex1 HD variants (on 

left) (C, E, and G), and flies expressing the control sponges with miR-10 sponge in 120QEx1 

HTT flies (on right) (D, F and H). The controls tested in (C, D) - scramble sponge - cyan, (E, 

F) - miR-974 sponge - blue and (G, H) - UAS tdTomato - purple. (*p = 0.0270, 0.0143, 0.0195, 

0.0328) (n = 3, each sample with 20 embryos; Mean ± SEM; One-way ANOVA; Tukey’s Post-

hoc analysis). 
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4.3 Discussion 
 
In this Chapter, we used the FL and the Ex1 HD Drosophila constructs to study the 

role of human HD associated differential expression of miRNAs. Previous studies 

have shown that miRNAs are differentially expressed in human HD and cellular 

models of HD but the role, the cause or the link of miRNA differential expression 

pattern with the diseased condition is still unclear (Hoss et al., 2015, Hoss et al., 

2014, Müller, 2014, Soldati et al., 2013, Gaughwin et al., 2011, Ghose et al., 2011 

and Packer et al., 2008). 

 

To study if these miRNAs are evolutionarily conserved between humans and 

Drosophila, we performed a miRviewer analysis. We found that 9 miRNAs out of 

86 differentially expressed miRNAs in human HD patients, were conserved in flies. 

Humans express a total number of 1917 of fully annotated miRNAs whereas, flies 

express only 258 miRNAs. Hence, we can speculate that this reduced homology 

between human and fly miRNAs might be because these are functionally, 

behaviourally and structurally very different organisms. There could be a possibility 

that there are some miRNAs that are differentially expressed in Drosophila HD but 

do not share homology with human HD candidates. 

 

Next, we investigated the expression of the nine evolutionarily conserved selected 

miRNA candidates in the two Drosophila HD constructs. Interestingly, it was 

discovered that both the FL and Ex1 HD constructs displayed differential 

expression of six out of the nine candidate miRNAs, indicating that the regulatory 

mechanisms responsible for altering miRNA expression in HD condition are also 

conserved for these miRNAs. The miRNAs that did not show any change in 

expression or displayed an opposite expression, might be associated with 

regulatory factors that function differently under HD condition. 
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Comparing the expression pattern of HD-associated miRNAs in human and 

Drosophila HD models, it was identified that miR-10 and miR-34 displayed a 

consistent increase in both Drosophila HTT variants and human HD samples. This 

data also proposes that the expression of Ex1 constructs was sufficient to induce 

similar molecular and behavioural changes as FL Drosophila HD construct and 

human HD patients, suggesting that the polyQ expansion in the Ex1 HD construct 

can successfully trigger HD pathogenesis. 

From our analysis, we have identified that miR-10 and miR-34 are evolutionary 

conserved in both humans and Drosophila. And upon expression of toxic HTT 

proteins in Drosophila HD model, the flies display altered miR-10 and miR-34 

expression. This change in expression is comparable to the differential expression 

of miRNAs observed in human HD and cellular HD models. To test this, we 

designed four hypotheses that suggest that the differential expression of these 

miRNAs is lined to (i) HD pathogenesis, (ii) compensatory response of the host, 

(iii) both HD pathogenesis and compensation mechanism or that (iv) miRNAs are 

differentially expressed because of other biological and environmental factors like 

ageing, compromised immune system, exposure to chemicals etc. but not HD. To 

investigate if miR-10 and miR-34 are a part of the genetic elements that cause HD 

pathogenesis, we overexpress these miRNAs in wildtype flies using UAS drivers. 

If our hypothesis holds trueressi, then upon overexpression of the miRNAs in the 

wildtype flies, these flies would demonstrate an HD-like locomotor behaviour. 

We wanted to select a miRNA system for detailed analysis because of technical 

constraints. From previous research by Liu et al., 2012, has demonstrated that 

miR-34 displayed an age-modulated expression in the wildtype Drosophila brain, 

suggesting that expression of miR-34 changes with age of the fly. To avoid these 

endogenous regulatory changes from influencing the behaviour and the data 

collected from the expression of our transgenic HTT constructs, we selected 

against miR-34. And decided to study evolutionary conserved, Hox-regulating 

miR-10 in HD pathogenesis for the rest of our project. Also, the miRNA expression 

analysis conducted by Hoss et al. in human post mortem brain samples 

demonstrates that miR-10 as the most upregulated miRNA in the sequencing data. 
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These results and our observations make miR-10 interesting candidate for our 

detailed analysis. 

 

To further validate our results, we performed the horizontal locomotion analysis to 

investigate if the flies that are over-expressing miR-10 in their CNS demonstrate 

reduced speed and distance travelled on a horizontal platform to support our 

previous analysis. This data validated our previous results suggesting that an 

increase in miR-10 expression in wildtype flies leads to significant decline in 

locomotor activity.  

Knowing that miR-10 is upregulated in human HD and both the Drosophila HD 

models, and that the manipulation of miR-10 in wildtype flies leads to HD-like 

behavioural decline. We wanted to study if we could improve the behavioural 

decline by restoring the expression levels of miR-10 in the system. To do this, we 

took advantage of miRNA null mutants and miRNA sponges to reduce the 

expression of miR-10 in flies expressing the FL and the Ex1 constructs.  

We demonstrated that expression of FL or Ex1 HTT constructs in heterozygous 

miR-10 mutant flies could not rescue the age-associated locomotor decline 

observed in HD flies. We have shown that heterozygous miR-10 mutants express 

approximately half the amount of endogenous miRNA when compared to the 

wildtype flies and also, that these flies by themselves do not exhibit any locomotor 

decline. Hence, we can assume that heterozygous miR-10 mutants were not 

sufficient to rescue miR-10 overexpression. There could also be a possibility that 

the expanded HTT proteins alter the transcriptional machinery in the diseased flies 

and somehow bypassed the effect of the absence of miR-10 allele and managed 

to demonstrate a similar locomotor decline as observed in the flies expressing the 

HTT constructs in normal (wildtype) flies.  

With an aim to recover the HD-induced locomotor decline, we then used miR-

sponges to decrease the expression of the upregulated miR-10 in both the 

Drosophila HD models. We demonstrated that the presence of miR-10 sponges in 

HD flies expressing toxic FL HTT could improve locomotor behaviour in these flies. 

This could be possible if the miR-10 sponge was able to balance miR-10 
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expression by sequestering the extra molecules of miR-10 produced in HD 

condition. Performing similar recovery experiment with the Ex1 HD model and miR-

10 sponges, it was discovered that these flies displayed an inconsistent pattern of 

improvement in their locomotor activity. It was noticed that the recovery was 

observed only during the early days of disease onset. Assuming that there is direct 

link between expression of miR-10 and locomotor activity, we suggest that miR-10 

sponge was able to isolate the extra miR-10 molecules during the early stages 

after the disease onset but it became difficult to maintain miR-10 expression level 

as the disease progressed. In Chapter 3, we have shown that Ex1 constructs 

display a much more severe behavioural decline as compared to the FL HTT 

constructs. This could be a reason why we observed a rescue for the FL constructs 

and not for the Ex1 constructs. One possible solution to test if miR-10 sponge could 

rescue the locomotor decline in flies expressing the Ex1 constructs, was by 

increasing the number of sponge UAS’s, which might help in removing the extra 

miR-10 molecules during the later stages of disease progression. 

Further to this, we also studied the distribution curve during the late stages of 

disease pathogenesis in flies expressing Ex1 HTT constructs and miR-10 sponge. 

This analysis was performed to investigate if miR-10 had an effect on the speed or 

the distance travelled by the diseased flies. It was identified that the expression of 

miR-10 sponge in HD flies did not improve their speed but interestingly, while 

performing the behavioural experiment it was noticed that these flies exhibit 

increased survival. In chapter 3, we have shown that the Ex1 HD constructs 

demonstrated severely reduced life span and pharate eclosion rate. These results 

provided a cue to perform survival experiment to study longevity for the Ex1 

constructs through development. It was discovered that the flies expressing the 

expanded Ex1 HTT proteins in the miR-10 mutant background displayed no 

significant recovery in their survival rate, but the flies expressing miR-10 sponge 

displayed a significant increase in survival rate in third instar larvae, pupae and 

Day 0 adult stages, suggesting that miR-10 sponge expression could rescue the 

survival rate of the HD flies through development.  

Hence, from the rescue data we can conclude that the expression of miR-10 

sponge in the Ex1 constructs was sufficient to trigger changes that display mild 
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improvement in locomotor activity and significant recovery of survival rate 

throughout development.  

 

In this chapter, we discovered that the expression of human HTT constructs in 

Drosophila result in comparable differential expression of these miRNAs. A 2link 

between the miRNAs and HD-associated locomotor decline was established. We 

also demonstrated that the locomotor and the survival decline in HD flies could be 

recovered using miR-sponges. In the next chapter, we will study the regulation of 

miR-10 in the diseased condition, focusing on the mechanisms that lead to the 

differential expression of miR-10 in HD. 
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CHAPTER 5            

Regulation of miR-10 in HD 
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5.1 Chapter Overview 
 
In the previous chapter we demonstrated that miR-10 is upregulated in both human 

patients and Drosophila HD model, and that the pan-neuronal artificial 

overexpression of miR-10 in non-HD flies leads to severe locomotor defects. It was 

also established that the rescue of miR-10 upregulation using miR-10 sponge 

improved HD-associated behavioural decline. Having demonstrated the link of 

miR-10 with locomotor defects and the behavioural decline observed in HD flies, 

we wanted to study the regulatory mechanisms that were responsible for altering 

miR-10 expression in HD condition. We have used Ex1 HTT constructs to study 

the regulation of miR-10 in diseased condition and not the FL HTT constructs, as 

in the previous chapters we have demonstrated that the expression of the minimal 

part of the human HTT consists of only Ex1 fragment was sufficient to trigger HD-

associated behavioural decline, display comparable miRNA expression with 

human HD condition, reduction in the expression of miR-10 in expanded 120Q Ex1 

HTT demonstrated improvement in locomotor and survival of the diseased flies. 

And also, because of its highly toxic nature that leads to rapid HD-associated 

progressive decline in behavioural activities as shown by Barbaro et al., 2014. 

 
In this chapter, we explore the regulatory factors that might be responsible for 

altering miR-10 expression levels in the diseased HD condition. To do so, we 

analysed miR-10 expression through development of flies expressing the Ex1 HTT 

constructs. It was discovered that miR-10 is upregulated in embryonic and adult 

stages, suggesting that the regulatory mechanisms were might be disrupted early 

during embryonic development.  

Next, we wanted to identify the neurons in fly nervous system where miR-10 was 

expressed to be able to trace the possible mechanisms that might have led to 

overexpression in the HD condition. From the in-situ experiments, it was identified 

that miR-10 was expressed in the expressed in the Ventral Nerve chord. Additional 

to this, we demonstrate the Ex1 HTT protein fragment is expressed in the nucleus 

as well as the cytoplasm of neural stem cells. This information further helped us to 

suggest the subcellular locations where miR-10 or associated factors would have 
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interacted with the HTT protein, to cause differential expression of miR-10 in the 

disease condition. 

To explore the regulatory mechanisms for miR-10 upregulation in HD, transcription 

factors (TFs) were screened for their differential expression in human HD and 

vertebrate HD models, evolutionary conservation with Drosophila, expression in 

the fly nervous system and association with locomotion. The selected TFs were 

artificially manipulated to mimic their expression in HD condition to study if these 

changes altered miR-10 expression. This analysis provided an insight towards the 

possible mechanisms that might be responsible for regulating miR-10 expression 

in our Drosophila Ex1 HD model.  

 

5.2 Results 
 
5.2.1 Selection of Ex1 HTT constructs to study miR-10 regulation in HD 
 
From the results described in chapter 3 and 4, we can confirm that the expression 

of either Ex1 or FL human HTT constructs in Drosophila successfully recapitulated 

the human HD associated disease symptoms. We observe that both the constructs 

display a comparable differential expression pattern of miR-10 with human HD 

disease patients, suggesting that the regulatory mechanisms responsible for 

altering miR-10 expression in Drosophila and human HD condition might be 

similar. These results demonstrate that the expression of Ex1 HTT constructs is 

sufficient to reproduce HD-associated behavioural decline (previously 

demonstrated by Chongtham et al., 2020 and Barbaro et al., 2014) as well as 

trigger similar molecular changes in our Drosophila HD model. For rescue 

experiments, where the enhanced expression of miR-10 in Ex1 HD condition was 

reduced using miR-10 sponge to display inconsistent but improved locomotor and 

survival behaviour in HD flies.  

 

Human HTT gene encodes for an enormous protein expressing 3144aa, whose 

structure and function are still not very well defined (Guo et al., 2018). Our 

observations add value to the functional analysis of HD pathogenesis, as we have 

been able to associated HD behavioural decline with molecular changes during 
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HD pathogenesis. As the Ex1 HTT constructs have been proved to be sufficient to 

trigger human HD-associated changes in our Drosophila model, we take 

advantage of these constructs to explore the potential regulatory mechanisms 

responsible to altering miR-10 expression in HD. 

 
5.2.2 Effects on miR-10 expression through development of Ex1 HTT model 
 
From Chapter 4, we have concluded that miR-10 is differentially expressed in 

human HD as well as in Drosophila expressing Ex1 HTT constructs. miRNA 

expression analysis data collected from human pre-frontal brain samples collected 

from HD patients display disease onset at 44.5±11.8 years. The expanded HTT is 

expressed throughout development but its effect of miRNA expression is only 

studied on the brain samples from the deceased patients (Hoss et al., 2014). The 

change in miR-10 expression through development on human HD patients is not 

known. But assuming that the regulatory mechanisms maintaining miR-10 

expression and associated HD behaviours are similar, we use our Drosophila Ex1 

HD model to study the expression of miR-10 through development. This was done 

to investigate if miR-10 expression was altered throughout Drosophila 

development, a few developmental stages or only during adulthood. This 

information will be further used to explore the regulatory mechanisms that might 

be responsible for altering miR-10 expression in HD condition. 

 

Hence, taking advantage of studying a Drosophila HD model where we have the 

flexibility of collecting and analysing specific developmental stages unlike humans, 

we sample embryos, larvae, pupae and aging adults expressing the normal and 

the expanded Ex1 HTT variants. These samples were collected and tested for 

miR-10 expression using the methods detailed in the material and methods section 

2.9. 
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5.2.2.1 Expression of miR-10 through embryonic development 
 
Drosophila embryonic development takes around 22-29 hrs at 25 °C and leads to 

the formation of the 1st instar larva (Nijhout et al., 2014). To study the expression 

of miR-10 through embryonic development we divide embryogenesis into three 

main sampling periods of 0-8hrs, 8-16hrs and 16-24hrs post egg-laying. Embryos 

expressing Ex1 HTT variants in the nervous system were collected and processed 

as described in figure as demonstrated in figure 5.1A. Comparing miR-10 

expression in the three embryogenesis sampling periods, we found that there is a 

steady increase in miR-10 expression in Ex1 HTT variants. Only the embryos aged 

16-24hrs expressing the expanded 120Q Ex1 HTT display a significant 1.52 FC 

increase in miR-10 expression when compared of 0.94 FC for 25Q Ex1 HTT 

control as shown in figure 5.1B. It was interest to study which specific embryonic 

stage displayed an enhanced expression of miR-10 in the embryogenesis sample 

of 16-24hrs. We collect embryos aged 16hrs, 17hrs, 18hrs, 19hrs, 20hrs and 21hrs 

following the protocol described in figure 5.1 (A). Embryos aged 22-24hrs were not 

collected as most of embryos during that period have already hatched. Analysing 

miR-10 expression, we found that embryos aged 18hrs and 19hrs during 

embryogenesis, post-egg laying displayed a significant increase in miR-10 

expression as shown in figure 5.1C. These results demonstrate that the regulatory 

mechanisms responsible for altering miR-10 expression in HD condition are 

expressed and are functional during a two-hour period during embryogenesis. 
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Figure 5.1 Differential expression of miR-10 through embryogenesis  
(A) Schematic representation of the setup for timed embryo collection of 0-8 hrs, 8-16 hrs and 

16-24hrs and expression analysis. Apple juice egg collection cages with flies expressing the 

desired genotypes were setup. Embryos were collected and aged in an incubator maintained 

at 25 °C and 45 % humidity. The aged embryos were thoroughly rinsed with distilled water and 
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then transferred to trizol for performing the RT-PCR. Graphical representation of miR-10 

expression analysis between elav>25QEx1 HTT/+ (blue, control) and elav>120QEx1 HTT/+ 

(orange, experimental) (B). in three sampling periods of embryo collection, 0-8hrs, 8-16hrs 

and 16-24hrs, demonstrating a significant increase in miR-10 expression in embryos 

expressing 120Q repeats aged 16-24hrs compared to 25Q control, (FC – 1.52, *p = 0.0157).  

(C). miR-10 expression analysis for specific hours within the 16-24hrs subset, indicating an 

enhanced expression of miR-10 at the 18th (FC - 1.39, *p = 0.0208) and the 19th (FC - 1.12, *p 

= 0.0109) hour post-egg laying (n = 3, each sample with 20 larvae; Mean ± SEM; Two-way 

ANOVA; Sidak’s multiple Comparison test) 
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5.2.2.2 Expression of miR-10 through larval development 
 

Drosophila melanogaster undergoes three larval instar stages before transforming 

into a pupa. These three larval stages are referred to as larval instar 1 (L1), larval 

instar 2 (L2) and larva instar 3 (L3). The L1 hatch out of the embryo sac 22-29hrs 

at 25°C post-egg laying and lasts for one day, after which it transforms into L2 for 

a day before finally transitioning into instar 3, which lasts for 2 days (Nijhout et al., 

2014). For our expression analysis, we collect L1, L2 and wandering L3 larvae 

following the protocol described in Figure 5.2A. Wandering L3 larvae are actively 

feeding larvae that are about to undergo pupation (Nijhout et al., 2014). We dissect 

the larval CNSs following the pull-out and the inside out methods and perform RT 

analysis, the protocol for which has been described in section 2.6.2 and section 

2.9 in chapter 2, respectively. 

 

To study if miR-10 was differentially expressed during the larval stages, we 

compare miR-10 expression in the nervous system of the three larval instars. We 

found that there is a steady decline in miR-10 expression from L1 towards L3 

stages in both Ex1 HTT variants as shown in Figure 5.2B. The graph also 

demonstrates that the expression of miR-10 between 25Q and 120Q Ex1 HTT for 

each larval stage is non-significantly different indicating that the regulatory 

mechanisms responsible for altering miR-10 expression in HD condition were 

either inactive or were unable to induce a change during the larval stages. 
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Figure 5.2 Expression of miR-10 through larval stages 
(A) Schematic representation of the setup for L1, L2 and L3 instar collection and miRNA 

expression analysis. Desired crosses were setup in molasses egg collection cages. Timed 

embryos were collected and were allowed to develop into respective larval stages. Embryos 

were collected on molasses food plate in order to feed the larval stages and to avoid damaging 

the embryos while transferring them from apple juice plate to molasses plates. Larval CNSs’ 

were dissected and transferred to trizol and processed using RT-protocol. (B). Graphical 

representation of miR-10 expression analysis between elav>25QEx1 HTT/+ (blue, control) and 

elav>120QEx1 HTT/+ (orange, experimental) in different larval stages. The graphs display no 

significant change in miR-10 expression through the larval stages (n = 3, each sample with 20 

larvae; Mean ± SEM; Two-way ANOVA; Sidak’s multiple Comparison test) 
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5.2.2.3 Expression of miR-10 through pupal development 
 
The wandering L3 larva undergoes pupation to form pre-pupa (yellow) and dark-

pupa (brown). The pupation stages last for 6 days in total, the pre-pupa is formed 

at Day 3 and the dark-pupa is formed at Day 6 (Nijhout et al., 2014). For our 

expression analysis, we collected head and thorax samples from both pre-pupa 

and dark-pupa stages as illustrated in figure 5.3A. The protocol for pupal head 

and thorax sample collection and RT analysis is described in material and methods 

chapter 2, section 2.9. 

 

To investigate if miR-10 is differentially expressed during the pupation period, we 

compare miR-10 expression in both pre-pupa and dark-pupa stages expressing 

Ex1 HTT variants. We observe that both the pupal stages display a comparable 

expression pattern of miR-10, suggesting that the regulatory mechanisms 

responsible for altering miR-10 expressing in HD condition were unable to change 

its expression during the pupal stages as shown in figure 5.3B. 
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Figure 5.3 Expression of miR-10 through pupal stages.  
(A) Schematic representation of the setup for pupal collection, dissection and miRNA 

expression analysis. Desired crosses are setup in molasses food bottles and the embryos 

were allowed to develop into different pupal stages at maintained temperature and humidity. 

in molasses food bottles. The embryos were allowed to develop into different stages. Pupal 

head and thorax were dissected and transferred to trizol and processed using RT-protocol. 

(B). Graphical representation of miR-10 expression analysis between elav>25QEx1 HTT/+ 

(blue, control) and elav>120QEx1 HTT/+ (orange, experimental) in pre-pupal and dark-pupal 

stages. The graphs display no significant change in miR-10 expression in the pupal stages (n 

= 3, each sample with 20 pupae; Mean ± SEM; Two-way ANOVA; Sidak’s multiple Comparison 

test) 

 

 

 



 
 
 

239 

5.2.2.4 Expression of miR-10 through adult development 
 
After the pupation period of 6 days the pharate emerges out of the pupal case 

forming an adult fly. The day when the fly ecloses is referred to as Day 0 and then 

the consecutive days as Day 1, 2, 3 etc. (ref). For our analysis, female virgin flies 

aged Day 0-7 were collected and sampled for miRNA expression analysis as 

illustrated in figure 5.4A.  We dissect the head and the thorax of the flies to study 

the change miR-10 expression with age in HD flies. The protocol for adult fly head 

and thorax dissection and RT-analysis is described in material and methods 

chapter section 2.5.3 and 2.8, respectively. 

 

Our previous results have shown that miR-10 is upregulated in flies expression 

Ex1 HTT constructs at Day 7, when the flies exhibit extremely reduced behavioural 

decline. To investigate if this change in miR-10 expression is progressive 

throughout adulthood or it is only altered when the flies exhibit severely reduced 

behavioural decline. To study if the expression of expanded Ex1 HTT constructs 

could alter miR-10 expression during adult fly development and ageing, we 

perform the expression analysis from Day 0 – 7 as shown in figure 5.4B. We 

observe that the flies expressing the 120Q Ex1 repeats displayed an enhanced 

miR-10 expression at day 2, 3, 5, 6 and 7 with a fold change increase of 

approximately 0.4, 0.45, 0.34, 0.7 and 0.8, respectively. This change in expression 

was not observed at Day 4. The represents a pattern of increase in miR-10 

expression at Day 2 and 3 before a dip at Day 4 and then increasing again from 

Day 5 until Day 7, where the flies exhibit severe behavioural defects. We speculate 

that the decline in miR-10 expression at Day 4 is a technical problem of insufficient 

replicates. If there is a biological reasoning for the sudden dip then we can assume 

that there was a rewiring of the regulatory factors that maintain miR-10 expression 

in HD at Day 4. Flies expressing expanded Ex1 HTT display the highest peak of 

miR-10 expression at Day 7 whereas flies expressing 25QEx1 HTT do not display 

such change in their expression. Hence, from our observations we can conclude 

that the regulatory mechanisms that might be responsible of altering miR-10 

expressing in Ex1 HD constructs are capable of altering miRNA expression since 

Day 2 until Day 7 post-eclosion. 
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Figure 5.4 Differential expression of miR-10 through adult stages 
(A) Schematic representation of the setup for adult fly collection, dissection and miRNA 

expression analysis. Genetic crosses were setup in molasses food bottles, female virgin flies 

were collected in vials and were aged at a constant temperature and humidity. Head and 

thorax of timely aged female adults were dissected, transferred to trizol and processed using 

RT-protocol. (B). Graphical representation of miR-10 expression analysis between 

elav>25QEx1 HTT/+ (blue, control) and elav>120QEx1 HTT/+ (orange, experimental) in adult 

stages. The graphs display a significant increase in miR-10 expression at Day 2 (*p = 0.0278), 

Day 3 (*p = 0.0220), Day 5 (*p = 0.0154), Day 6 (*p = 0.0154) and Day 7  (*p = 0.0.278)  (n = 

3, each sample with 20 flies; Mean ± SEM; Two-way ANOVA; Sidak’s multiple Comparison 

test) 
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5.2.2.5 Differential expression of miR-10 throughout development 
 
In the previous sections, we have analysed the expression of miR-10 through 

development to study when exactly is miR-10 expression is altered. This 

information would help us to study the regulatory mechanisms that might be 

responsible for altering miR-10 expression in the disease condition. Here, we 

develop a scatter-plot with the data collected from miR-10 expression analysis 

through development. Comparing the expression of miR-10 through all the 

developmental stages in flies pan-neuronally expressing the normal 25Q EX1 and 

the expanded 120Q Ex1 HTT in Figure 5.5, it was observed that the expression 

of miR-10 in the control 25Q flies does not shown any change in expression 

whereas the flies expressing the expanded 120Q display three peaks of increase 

in miR-10 expression. The first peak is observed at 18hrs post-egg laying, the 

second at Day 3 post-eclosion and the third at Day 7 when the flies demonstrate 

extremely reduced behavioural phenotypes. No significant change in miR-10 

expression was observed during the larval stages and the pupal stages. These 

results suggested that the regulatory mechanisms governing the transcriptional 

change in miR-10 expression were able to alter its expression during late 

embryonic and adult stages.  

 

Next, we wanted to study the expression of miR-10, to locate the cells that 

overexpress miR-10 in the disease condition. As we have shown that miR-10 is 

upregulated in late-stage embryos, we sampled aged embryos that overexpress 

miR-10 to study its expression in HD condition. 
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Figure 5.5 miR-10 is differentially expressed during embryonic and adult stages. 
Graphical representation of miR-10 expression analysis throughout the development of flies 

expressing elav>25QEx1 HTT (blue, control) and elav>120QEx1 HTT (orange, experimental), 

demonstrating increase in miR-10 expression during the late embryonic and adult stages in 

flies expressing the toxic 120QEx1 HTT repeats. 
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5.2.3 miR-10 expression pattern in late embryonic stages 
 
From the previous section we have established that miR-10 is differentially 

expressed during late embryonic stages and in adult flies expressing the expanded 

120Q repeats. Next, we wanted to investigate the expression pattern of miR-10 to 

be able to identify the cells and the associated factors responsible for increasing 

miR-10 levels in the diseased condition. We decided to sample late-stage embryos 

to study miR-10 expression, as from previous results we know that miR-10 is 

upregulated at 18-19hrs post-egg laying. These results might also help us locate 

the specific cells that demonstrate upregulation of miR-10 in HD condition. 

 

Our first approach was to perform a time-lapse colorimetric RNA in-situ 

hybridisation, where the experiment was run with three replicates. The color 

development reaction for the first replicate was stopped after one hour (when miR-

10 expression pattern started to develop in the CNS). The reaction of the second 

replicate was stopped after two hours and the third replicate after three hours since 

the start of the experiment. This was done with an aim to locate the cells 

expressing miR-10 and also to detect the increase in miR-10 levels for 120QEX1 

HTT genotype. The protocol for primer designing and performing in-situ 

hybridisation was followed as described in section 2.14. We perform the 

experiment in three batches, the first colorimetric reaction was stopped at 2hrs 30 

mins, second at 3hrs 30mins and third at 4hrs 30 mins. We expect that all the color 

development time increases the cells overexpressing miR-10 would develop more 

color and this would help us locate specific cells that demonstrate miR-10 

upregulation in disease condition. 

 

Analysing the expression pattern, it was observed that mir-10 was expressed in 

the VNC, mid gut, hind gut and the anal pads of embryos aged between 15-17hrs 

(previously demonstrated by Aboobaker et al., 2005 and Lemons et al., 2012). The 

expression in these regions became more prominent as the color reaction time 

increase during the colorimetric in-situ. miR-10 expression was dispersed all over 

the VNC which made it very difficult to locate the cells that demonstrated an 
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increase in the diseased condition (120Q HTT). We speculate that we could not 

locate the cells overexpressing miR-10 because of special complexity of the tissue.  

 

To study if there was a difference in expression in the VNC, we quantified its 

expression in the three genotypes by high-lightening the VNC using the ImageJ 

ROI tool. It was discovered that miR-10 expression increased steadily with time in 

all the controls and the experimental genotypes but did not show any significant 

change in expression between the 120Q and 25Q Ex1 HTT variants. 

 

To locate the cells that expressed miR-10 we considered an alternative approach 

based on the UAS-Gal4 binary system explained in chapter 1, section 1.5.1.3. 

∆miR-10 used in our study has been constructed by replacing the miR-10 gene 

with a Gal4 driver and a mini-white gene as described in section 4.2.9. refer to 

section 4.2.9). We assume that, if we express a UAS-GFP driver by the ∆miR-10 

driver then we might be able to locate the cells that express miR-10, as the driver 

will only activate GFP expression in the cells from where miR-10 gene has been 

replaced. We performed an immunostaining on ∆miR-10 embryos by using a 

membrane GFP (UAS-mcD8::GFP) that was driven by ∆miR-10. 15-17hrs old 

embryos were collected and were stained for ELAV (stains the CNS), GFP (stains 

the cells positive for the inserted Gal4) and DAPI (stains the nucleus) as 

demonstrated in figure 5.7A. It was observed that the anti-GFP antibody did not 

show any expression pattern whereas the anti-elav and DAPI stained the CNS and 

the nucleus, respectively. With an aim to locate the cells, the immunostaining 

experiment was repeated using a nuclear GFP as demonstrated in figure 5.7B, 
but we still were unable to reveal the pattern of anti-GFP in the studied genotype. 

These results indicate that inserted Gal4 was unable to drive the expression of the 

membrane as well as the nuclear GFP. This could be because of some positional 

effects on the this GAL4, that hinders its capacity to drive the expression of UAS-

GFP. 

 

Next, we investigate the subcellular location of the HTT protein. This information 

would guide us to link the expression of HTT with the regulatory mechanisms that 

might lead to increase in the expression of miR-10 in the diseased condition. 
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Figure 5.6 miR-10 expression pattern analysis using colorimetric in-situ hybridisation. 
Pictorial representation of colorimetric in-situ analysis of miR-10 expression in the w1118 

(wildtype, grey), elav>25QEx1 HTT (control, blue) and elav>120QEx1 HTT (experimental, 

orange) at 2hrs 30mins, 3hrs 30mins and 4hrs 30mins after color development. The 

corresponding quantification graph for the three genotypes is represented on the right, 

demonstrating no significant change in miR-10 expression in the three genotypes. We 

identified that miR-10 was expressed in the VNC, mid-gut, hind-gut and the anal pads. (15-

17hrs embryos, n = 10 embryos per genotype; scale bar = 50 𝜇𝜇𝜇𝜇; One-way ANOVA; Tukey’s 

multiple comparison) 
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Figure 5.7 miR-10 expression pattern analysis using Immunohistochemistry (IHC) 
Schematic representation of mir-10 expression pattern analysis in ∆miR-10 embryos 

expressing a Gal4 construct using immunostaining. The embryos displayed the pattern for 

ELAV (red) and DAPI (blue) but no expression for GFP, which should have stained all the Gal4 

positive/miR-10 positive cells. (A). Using membrane GFP; UAS-cD8::GFP, (B). Using nuclear 

GFP; UAS-nls::GFP (15-17 hrs embryos; n = 10 embryos; scale bar = 50 𝜇𝜇𝜇𝜇) 
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5.2.4 Localisation of Ex1 HTT constructs in Drosophila neuroblasts 
 
We have previously shown that mir-10 is differentially expressed in human HD and 

Drosophila HD condition. Assuming that the change in miR-10 expression is 

regulated at the transcriptional and the post-transcriptional stages in our Ex1 

Drosophila HD model. We wanted to investigate the subcellular location of HTT 

protein to study if our expanded Ex1 HTT interacts with the regulatory factors or 

directly with miR-10 in the nucleus or the cytoplasm of the neurons. To study the 

subcellular localisation of Ex1 HTT, we performed immunohistochemistry (IHC) 

experiment on larval neural stem cells using the worniu-Gal4 driver.  

 

Worniu is a transcription factor that is transcribed in the neuroblast cells. These 

cells exhibit self-renewal property by promoting cell-cycle progression and 

inhibiting premature differentiation. This property is achieved by maintaining low 

expression levels of ELAV protein in the neuroblast cells (Lai et al., 2012). These 

neuroblasts are in their largest capacity of size from 7-10𝜇𝜇𝜇𝜇 or more during the 

larval stages (Chell and Brand, 2010, Homem and Knoblich, 2012). Hence, we 

investigate the location of subcellular location of HTT protein in these neuronal 

cells. 

 

We perform an IHC on the dissected CNSs’ of instar 3 larvae (for protocol refer to 

Chapter 2, 2.6.) expressing either the normal or the toxic HTT protein in the worniu 

positive neuroblasts cells. A UAS-GFP control was also included in this 

experiment, which did not express either variant of the HTT protein.  The crossing 

scheme for generating these larvae is described in figure 5.8. The dissected 

CNSs’ were stained with anti-ELAV (that stains the ELAV protein expressed in the 

neuronal cells), anti-GFP (that stains the worniu positive neuroblast cells) and 

S830 (that stains the short 90aa HTT protein generated from the Ex1 HD 

construct). Figure 5.9B. first panel represents the staining for the control UAS-

GFP, where the high-lighted worniu neuroblasts stain negative for ELAV and HTT 

protein. They only outlined the membranes of woniu positive neuroblast cells 

indicating that the control larval CNSs’ do not express HTT proteins. The middle 

panel represents the staining results for the CNSs’ expressing 25Q normal HTT 
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repeats in the neuroblasts. These neuroblasts displayed a puncta expression of 

25Q HTT protein. The puncta were not concentrated in a specific location but 

displayed a scattered pattern inside the cell. The last panel represents the staining 

results for the CNSs’ expressing the toxic 120Q HTT repeats. These cells stain 

positive for both the worniu-GFP and S830, representing the neuroblast cells and 

the HTT protein. The neuroblasts in this condition demonstrated a significant 

increase in the expression of the toxic 120Q which was quantified in figure5.9C 

when compared to the UAS-GFP and healthy 25Q control.  

 

Analysing these results, we can conclude that HTT is expressed in the nucleus as 

well as the cytoplasm of the worniu neuroblast cells. These cells stain negative for 

ELAV protein but positive for the Gal4 outlining worniu. These results further 

suggest that expanded HTT protein can interact with miR-10 regulatory pathway 

inside the nucleus as well as in the cytoplasm.   
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Figure 5.8 Crossing scheme for expressing Ex1 HTT in worniu neuroblasts 
(A). Generating intermediate stable stock expressing GFP in worniu neuroblasts  
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(B). Expressing UAS-GFP control in woniu neuroblasts 
 

 
 
 

 
 
 
 
 
 
 
 
(C). Expressing 25QEx1 HTT in woniu neuroblasts 
 
 

 
 
 
 
 
 
 
 
(D). Expressing 120QEx1 HTT in woniu neuroblasts 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

251 

 
 
 
 
 
 

 

 

 
Figure 5.9 Localisation of HTT proteins in the worniu neuroblasts cells. 
(A). Pictorial representation of the worniu positive neuroblast cells (green) in the larval instar 

3 CNS. These neuroblasts are mostly expressed in the central brain and only a few in the 

ventral nerve chord. (B). Schematic representation of worniu positive cells demonstrating the 

location of the HTT protein in 25QEx1 HTT (middle panel) and 120QEx1 HTT (bottom panel). 

The top panel displays the expression of a control UAS-GFP construct instead of the HTT 

variants. Worniu positive neuroblasts express reduced expression of ELAV protein 

(highlighted hollow cells). (C) Graphical representation of HTT expression quantification in the 

three genotypes analysed in (B)., indicating an enhanced expression of 120QEx1 HTT 

construct (orange) as compared to controls 25QEx1 HTT (*p = 0.0088, blue) and UAS-GFP 

(**p = 0.0013, grey). (n = 5 CNSs’ per genotype; scale bar = 20 𝜇𝜇𝜇𝜇; One-way ANOVA; Tukey’s 

multiple comparison) 

 

 

 

 

 

 

6.1.1 Transcriptional regulation of miR-10 in Ex1 HD model 
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Until now, we have established that miR-10 is differentially expressed. Artificial 

overexpression of miR-10 in the CNS of wildtype flies leads severe HD-like 

locomotor decline and, the rescue of miR-10 overexpression in the diseased flies 

displayed improvement in the HD-associated locomotor and survival phenotypes. 

These results suggest that there was link between miR-10 expression and 

behavioural decline observed in HD flies.  

 

To explore the regulatory mechanisms that might responsible for altering miR-10 

expression in HD, we selected transcription factors (TFs) that were differentially 

expressed in human HD. These results would possibly help us to propose a case 

for the role of miR-10 upregulation in our Drosophila HD model. Selection and 

investigation of different TFs is described in the next sections. 

 

5.2.5.1 Selection of differentially expressed TFs  
 
We conducted a literature search for proteins that are differentially expressed in 

HD models. From the referred articles mentioned in table 5.1, a total number of 

290 proteins were selected as described in figure 5.10. These TFs were filtered 

using bioinformatic analysis, on the basis of evolutionary conservation (using 

DRSC – Ortholog Integrative Ortholog Prediction Tool), expression in the CNS and 

association with fly locomotion. After the analysis, we were left with 13 potential 

TF candidates. These factors were used to perform miRNA expression analysis to 

study if they were associated with the regulatory makeup responsible for causing 

miR-10 differential expression in HD. 
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Figure 5.10 Selection of TFs to study miR-10 regulation in HD  
Schematic representation of Venn diagrams demonstrating the selection criteria for TFs that 

were differentially expressed in HD models, were evolutionary conserved, were expressed in 

the CNS and were associated with locomotion or movement. A total of 13 out of 290 TFs \were 

selected for further analysis. 

 

 
Table 5.1 List of selected Transcription factors from published literature 
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5.2.5.2 Selection of TFs located near miR-10 locus using JASPAR 
 

We performed a bioinformatics search for transcription factors located around the 

miR-10 locus in the Drosophila genome. This analysis was conducted to increase 

the possibility that these regulators might influence miR-10 expression. The TFs 

were selected using JASPAR, a data hub containing genome-wide information for 

predicting TFs binding sites. JASPAR assigns a score between 0-1000 for binding 

site prediction, where 0 corresponds to a p-value of 1 and 1000 to a p-value of 

≤10-10. Higher prediction score increases the likelihood of the presence of the 

transcription binding site. Figure 5.11A. represents the location of the selected 

TFs around miR-10 locus on the 3R Drosophila chromosome. The name of the 

selected transcriptional regulators, the stand location and the JASPAR score of 

these candidates is represented in 5.11B. 
 

During the analysis, it was discovered that three out of five selected transcriptional 

regulators were common with the factors mentioned in Table 5.2. These three 

factors were; Dorsal (DL), Hunchback (HB) and Sex comb reduced (SCR), they 

themselves expressed a polyQ stretch similar to the normal huntingtin protein. The 

location of these TFs around miR-10 locus and the previous knowledge of 

differential expression of miR-10 in Huntington’s disease suggests that there might 

a link between these regulators and HD condition. We tried to explore this link in 

the following section. 
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Figure 5.11 JASPAR analysis of TF binding sites.  
(A). A diagrammatic view of TF binding sites around miR-10 locus on 3R chromosome in 

Drosophila genome. miR-10 is located within a long non-coding RNA, CR42651. The TFs 

labelled above the miR-10 gene are located on the plus stand whereas the ones on the bottom 

are located on the minus DNA stand. The numbers presented along with the TFs refer to the 

location of these transcriptional regulators around miR-10 gene on the 3R chromosome. (B). 
Table representing the five TFs that are located around the miR-10 locus. The strand refers 

the location and the JASPAR score presents the binding site prediction score for the 

corresponding TF. 

 

 

 

 

 

 

 

 

 

 

5.2.5.3 Expression of miR-10 in flies differentially expressing selected 
transcription factors 
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From the above data, we selected a total of 19 potential transcription factors that 

might be responsible for regulating the expression of miR-10 in the Ex1 Drosophila 

HD model. To study the link between these TFs and miR-10, we decided to alter 

the expression of the selected TFs in the CNS of wildtype flies using UASs and 

RNAi Drosophila lines. We performed this expression analysis on 18-19hr aged 

embryos, as this was the earliest point when a surge in miR-10 expression in the 

HD condition was observed. Drosophila embryonic brain is less complex as 

compared to the adult brain (Hartenstein, 2017). This gives us an advantage to 

elucidate the regulatory mechanisms with fewer number of neurons in the system, 

this might not be as easy with the adult brain because of increased complexity. 

Other advantages of using embryos includes the easier and large sample size for 

the analysis.  

miR-10 expression analysis could not be performed as we had a small ‘n = 2’ 

number. Each biological replicate had 10 flies; each sample was divided into 5 

subgroups and RT-PCR was performed individually. This expression analysis 

should be repeated again using a higher ‘n’ number. 
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Figure 5.12 miR-10 expression analysis in flies with reduced expression levels of TFs 
in their CNS. (A). Table listing all the TFs that had RNAi lines available in the Stock centers, 

from which only the highlighted TFs (yellow) laid embryos while the non-highlighted (white) did 

not.  

 
 

 
 
 
 
 
 
 
Figure 5.13 miR-10 expression analysis in flies pan-neuronally overexpressing TFs. (A). 
Table listing all the TFs that had UAS lines available in the Stock centers, from which only the 

highlighted TFs (blue) laid embryos while the non-highlighted (white) did not.  

 
 
 
 
 
 
 
5.2.6 Comparing miR-10 loci of Humans and Drosophila melanogaster 
 

From the previous section we have established that two TFs that were previously 

reported to be differentially expressed in HD models and one TF, which was 

located around the Drosophila miR-10 locus, when manipulated in the CNS of 

wildtype flies displayed reduced expression of miR-10. This result suggested that 

these TFs might be responsible for regulating miR-10 expression in the diseased 

HD condition. 

 

Figure 5.14. compares miR-10 loci in humans and Drosophila. The figure 

demonstrates that miR-10b gene in humans is located upstream of coding HOXD4 
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gene on Chromosome 2 whereas, in Drosophila it is located within a long non-

coding RNA, CR42651 on chromosome 3R. The miR-10 sequences from both the 

organisms (center) compares the conservation between the 5p and 3p arms of the 

miRNAs. Hoss et al., 2014 suggested that miR-10b-5p is the most upregulated 

miRNA in human HD patients. Hence, equating the 5p sequences, we can also 

conclude that these miRNAs share a very similar sequences between the two 

organisms. 

 

It has also been shown that both the miR-10 locus have several TF binding sites 

located both upstream and downstream of the target gene (data collected using 

JASPAR). Hoss et al., 2015 demonstrated that various Hox genes were 

differentially expressed in HD patients and most of these genes were miR-10 

targets suggesting that Hox transcription factors regulate miR-10 expression in 

human HD patients. We have identified that miR-10 expression is Drosophila is 

altered after manipulation of 3 TF’s. One of these TF’s is located at the 3’ end of 

miR-10 gene whereas the other two are expressed on chromosome X and 

chromosome 2, suggesting that factors encoded by genes located elsewhere in 

the genome can also influence miR-10 expression.  
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Figure 5.14 Comparing miR-10 locus in humans and Drosophila. 
Human miR-10b gene (blue, top) is located on Chromosome 2, upstream of 

HOXD4 and Drosophila miR-10 gene (red, bottom) is located on Chromosome 3R 

within a non-coding RNA. The arrows denote the binding sites and the direction of 

various transcription factors (data collected using JASPAR). The sequences in the 

center compare the 5p and the 3p arms of miR-10 gene between the two 

organisms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3 Discussion 
 

In this Chapter, we explored the regulatory factors that might be responsible for 

altering miR-10 expression levels in the diseased HD condition. For this, we first 

provided evidence for using only the Ex1 Drosophila HD construct for identifying 

these factors. It has been previously demonstrated in chapter 3 and 4 that the Ex1 

HD construct is sufficient to trigger HD like symptoms is flies and also cause similar 

molecular changes that lead to an increased expression of miR-10. Also, it was 

shown that the expression of miR-10 sponge in flies expressing the Ex1 HD 

construct was able to improve the locomotor ability as well the as the decline in 
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survival of these flies. All these results cumulatively suggest that Ex1 HD construct 

was a better model to investigate the proposed questions for this study. 

 

Before investigating the factors that might be responsible for increasing the 

expression of miR-10 in the diseased condition, we wanted to study when exactly 

is the first increase in miR-10 expression observed in the flies expressing the toxic 

Ex1 HTT construct. For this we performed a miR-10 expression analysis 

throughout the development of the diseased flies. It was discovered that miR-10 

expression was enhanced only during embryonic and adult stages. More 

specifically, only at 18 and 19hrs post-egg laying during the embryonic stages and 

at Day 2, 3, 5, 6, 7 in adults post-eclosion. Suggesting that the regulatory 

mechanisms governing the changes in miR-10 expression are active during late 

embryonic stages. This change in expression during embryonic development lasts 

for only two hours in a 24hr embryogenesis cycle, suggesting that this sudden 

change in expression could also be influenced by other factors but not necessarily 

the disease pathogenesis, for example Crisp et al. have shown that the first bursts 

of muscle activity in Drosophila embryo occurs at 17hrs post egg laying which is 

an hour before we observe the increase in miR-10 expression (Crisp et al., 2008). 

Relating this data, with what we have discovered before about miR-10 altered 

expression and locomotion, we can speculate that the increase in miR-10 

expression is perhaps associated with sudden bursts of movement activity in the 

embryos.  

 

There was no change in expression observed during the larval stages and the 

pupal stages, but only in the adults confirming that there the factors regulating miR-

10 expression were altered only in the adult CNS and not in the above-mentioned 

intermediate stages. A steady increase in mir-10 expression was observed from 

Day 2 until Day 7, with a dip in expression at Day 4.  This data suggested that it 

took two days (Day 0 and Day 1) post-eclosion for the diseased flies to display an 

increase in miR-10 expression. Comparing these results with behavioural climbing 

assay data from Chapter 3, we can confirm that the diseased flies displayed a 

decrease in their locomotor ability from Day 3 onwards until Day 7, when they are 

completely immobile. This data further suggests that change a in miR-10 
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expression leads to locomotor deficits and that the mechanisms guarding this 

change are active only after Day 2 post-eclosion. The sudden dip in the miR-10 

expression observed at only at Day 4 indicates that either the transcriptional 

activity was recovered for a few hours or it was a result of a technical problem of 

not having enough replicates for the samples. 

We have established that the increase in miR-10 expression is first observed 

during the embryonic stages. Next, we wanted to investigate which cells in the 

Drosophila CNS express miR-10, to locate the cells where miR-10 is 

overexpressed in the diseased condition. It was discovered that miR-10 was 

expressed inly in the Ventral Nerve Chord (VNC) of the CNS. As the expression 

was very dense, we were unable to locate the cells that were overexpressing miR-

10. But knowing that miR-10 is expressed in the CNS narrows down our research 

to particular part of the CNS. For the expression analysis, we have used dissected 

CNSs or full head and thorax samples from the diseased flies. This was done in 

order to exclude the possibility of miR-10 expression elsewhere in the fly body was 

contributing to our findings. 

As the change in miR-10 expression was triggered by the expression of the human 

HTT protein. We decided to study the localisation of this protein. This information 

would help us to propose the state of interactions between HTT, the regulatory 

factors and miR-10. It was discovered that the normal and the expanded polyQ 

human HTT is expressed in the nucleus as well as the cytoplasm of large 

neuroblast cells in the larval CNS, indicating that HTT can interact with the other 

nuclear as well as cytoplasmic proteins to disrupt various biological pathways. 

 

After gathering all the required information regarding the first spike in miR-10 

expression, the expression pattern of miR-10 and the location of the HTT protein, 

we decided to identify factors from published literature that have been previously 

demonstrated to be differentially expressed in various HD models. We narrowed 

down our search for the selection of potential transcription factors (TFs) that were 

differentially expressed in HD, expressed an ortholog in Drosophila, were 

expressed in the CNS and were associated with locomotion. Apart from these TFs, 

we performed a bioinformatics search using JASPAR to locate the TFs that had 
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binding sites next to the miR-10 locus. We next performed experiments to mimic 

the differential expression of the TF candidates in the wildtype Drosophila CNS, to 

study their effect on miR-10 expression. We could not perform expression analysis 

on these samples because we have a small ‘n’ number. If we were able to conduct 

these experiments then we could have speculated if these selected TFs are 

responsible for the change in miRNA expression in diseased HD condition and 

would have been able to add a mechanistic side to our story.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

  

CHAPTER 6            

Discussion 
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6.2 General Discussion 

In this thesis, we have used a Drosophila HD model to study the role of differentially 

expressed human miRNAs in the fly nervous system.  

We used Drosophila melanogaster as our model organism to study a human 

neurological disease as they provide a platform to conduct various behavioural and 

molecular experiments, which are either ethically impossible to perform in other 

HD models or would take a considerable amount to time to generate results 

(Pouladi et al., 2013). Additionally, Drosophila are cost effective, they have short 

life cycle, rapid generation time, high fecundity, a functional nervous system with 

an architecture that separates specialised functions like vision, olfaction, learning 

and memory unlike the mammalian system and the availability of a number of 

genetic techniques that can be used to manipulate their genome, makes them an 

excellent choice for studying NDs (Perrimon et al., 2016).  

HD is caused by an expansion of polyQ repeats in Ex1 of human HTT that leads 

to a combination of motor, cognitive and behavioural decline (Bogomazova et al., 

2019). To replicate these human HD symptoms, we first established two variants 

of Drosophila HD model either bearing FL or just the Ex1 part of human HTT 

(Barbaro et al., 2015, Burr et al., 2014). This was done to study if the Drosophila 

variant expressing only Ex1 of the human HTT is sufficient to trigger the 

behavioural and molecular response demonstrated by FL human HTT variant or 

by human HD patients. We conducted this analysis, based on previously 

demonstrated data that showed that the expression of expanded Ex1 human HTT 

alone is sufficient to trigger HD pathogenesis (Jackson et al.,1998, Mangiarini et 

al.,1996). 

In the last decade, several research groups have demonstrated that miRNAs are 

differentially expressed in human HD, but their cause and association to the 

disease pathogenesis is still not very well understood.  (Hoss et al., 2015, Hoss et 

al., 2014, Müller, 2014, Soldati et al., 2013, Ghose et al., 2011, Gaughwin et al., 

2011 and Packer et al., 2008). To explore the role of these miRNAs we designed 

hypotheses to investigate if miRNAs (i) are involved in HD pathogenesis, (ii) are a 

result of a compensatory response to HD, (iii) are involved in both HD 
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pathogenesis and the compensatory response or (iv) are indirectly linked to HD 

but play no role in connection to the disease. miR-10 was selected as the candidate 

miRNA for testing these hypotheses as it displayed a consistent altered expression 

in human HD patients and both the Drosophila HD variants bearing FL and Ex1 

human HTT and also, because of its particular interest in being a highly conserved 

Hox regulatory miRNA. We have already shown that miR-10 is differentially 

expressed in HD. To explore the regulatory mechanisms that might be responsible 

for the change in its expression in the diseased condition, we tried to identify TFs 

are differentially expressed in our HD model as well as demonstrate an altered 

expression in the human HD and other animal HD models. 

6.3 Human HD patients and Drosophila HD model display comparable 
change in miRNA expression 

 

The Drosophila FL human HD lines used for this project were 16Q (control) and 

128Q (experimental), and the Ex1 transgenic lines were 25Q (control) and 120Q 

(experimental) (Barbaro et al., 2015, Burr et al., 2014). To test if the expression of 

these constructs could recapitulate human HD symptoms, the traditional and well 

explored Drosophila behavioural and cellular assays including negative geotaxis 

assay or climbing assay, life-span (longevity) assay and pseudopupil assay were 

conducted (McGurk et al., 2015, Lu and Vogel, 2009, Bilen and Bonini, 2005, Sang 

and Jackson, 2005, Chan and Bonini, 2000). It was observed that both the 

expanded FL and Ex1 human HTT constructs displayed age-associated 

progressive decline in behavioural activity and cellular degeneration similar to 

human HD patients (Saudou and Humbert, 2016). The expression of the 

pathogenic Ex1 fragment demonstrated an earlier onset of disease pathogenesis 

that lead to an aggressive decline in HD symptoms as compared to the flies 

expressing the FL human HTT. These results were comparable with the previous 

studies conducted by Barbaro et al., 2015, Burr et al., 2014, Romero et al., 2008, 

Jackson et al., 1998 and others. These findings also re-establish that the 

expression of expanded Ex1 human HTT is sufficient to cause HD (Jackson et 

al.,1998, Mangiarini et al.,1996).  
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One of the main neuropathological features of HD is the accumulation of toxic N-

terminal or Ex1 fragments in the striatal and cortical neurons of the human brain 

(Neueder et al., 2018, Neueder et al., 2017, Saudou and Humbert, 2016). These 

fragments are generated by aberrant splicing and/or cleavage and proteolytic 

events. These short Ex1 fragments to form aggregates and inclusion bodies in the 

nucleus and the cytoplasm, sequestering proteins and hidering the normal 

biological function of the cell, to cause toxicity and ultimately the death of the 

neurons.  (Neueder et al., 2018, Neueder et al., 2017, Tebbenkamp et al., 2012, 

Landles et al., 2010, Miller et al., 2010, Ratovitski et al., 2009, Hermel et al., 2004, 

Gafni and Ellerby, 2002, Kim et al., 2001, Rubinsztein et al., 1999, Goldberg et al., 

1996). The expanded FL HTT undergoes alternative splicing, cleavage and 

proteolysis to generate short Ex1 fragments that cause HD pathogenesis. These 

FL HTT are readily cleaved in both HD and non-HD condition in humans (Neueder 

et al., 2017).  Hence, we speculate that the delay in the behavioural decline 

displayed by the FL human HTT could be influence by its enormous size  It would 

take a considerable amount of time for the cell to produce a protein that has 3144 

aa (Saudou and Humbert, 2016). The production and the accumulation of the HTT 

to form aggregates and form toxicity would be comparatively slower than a toxic 

protein of 90 aa. Hence, we think that this could be a reason – why the disease 

symptoms are manifested very late in life for our FL model as compared to the Ex1 

constructs. 

After establishing the variants of our HD model, we investigated the expression 

pattern of the altered human HD miRNAs in both the Drosophila HD constructs. 

From a collection of 86 differentially expressed miRNAs, 9 miRNAs were selected 

using the miRviewer software (Kiezun et al., 2012) that were evolutionary 

conserved between humans and Drosophila (Hoss et al., 2015, Hoss et al., 2014, 

Müller, 2014, Soldati et al., 2013, Ghose et al., 2011, Gaughwin et al., 2011 and 

Packer et al., 2008). Studying the expression pattern of these miRNAs in flies 

expressing the expanded versions of the FL and Ex1 fragments of the human HTT, 

it was discovered that miR-10 and miR-34 displayed a consistently enhanced 

expression in all the HD conditions. These results suggested that the expression 

of toxic Ex1 human HTT is sufficient to cause the transcriptional change in the 

expression of miR-10 and miR-34. Hence, we can speculate that the expression 



 
 
 

266 

of miR-10 and miR-34 were altered through evolutionary conserved mechanisms 

that lead to similar behavioural defects in our Drosophila HD model. This change 

could result from direct or indirect association of the toxic HTT protein with the 

factors that regulate the expression of these miRNAs. An example of such 

regulation is demonstrated by the binding of healthy HTT to REST, a transcriptional 

repressor in the cytoplasm which in the diseased condition is released and 

translocated to the nucleus to influence the activity of BDNF, miR-9 and other 

factors (Zuccato and Cattaneo, 2007).  

 

The additional seven miRNAs either (i) displayed an altered expression that was 

restricted to the type of HTT construct used, (ii) revealed a different pattern that 

was not similar to human HD or, (iii) did not show any change in their expression. 

The first observation could result from the interaction of the pathogenic HTT with 

the regulatory mechanisms that control miRNA expression, as suggested above. 

The nine miRNAs that were selected for the expression analysis using the 

miRviewer software were compared on the basis of the sequence similarity 

between the two organisms (Kiezun et al., 2012). But the biological functions of 

these miRNAs could vary as humans and Drosophila are evolutionary, physically, 

anatomically divergent species. So, we suspect that the latter two conditions 

include miRNAs that have different biological functions which might or might not 

be linked to HD pathogenesis.  

 

6.4 Rescue of miR-10 expression restores motor activity and survival in 
Drosophila HD model 
 

Both miR-10 and miR-34 display an increase in their expression levels in human 

HD and Drosophila HD conditions. miR-34 is one of the most well-studied miRNAs 

in ageing and brain degeneration whereas no previous research has been 

conducted to link miR-10 with such biological mechanisms. miR-10 belongs to the 

evolutionary conserved Hox cluster, where it functions as a Hox-regulating miRNA 

that maintains the expression of genes that specify the body plan of the organism 

(Hoss et al., 2014, Mallo and Alonso, 2013). miR-10 has also been demonstrated 
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the most differentially expressed miRNA in human HD post-mortem brain samples 

(Hoss et al., 2014). 

 

This suggests that any change in the expression of miR-10 would alter the 

expression of the factors that maintain the body plan of the organism resulting in 

physical debility, which is one of the main symptoms displayed by human HD 

patients and our Drosophila HD model. Hence, miR-10 was selected to perform 

the detailed analysis to test our hypotheses to investigate its role in HD 

pathogenesis.  

Our first hypothesis suggested that miRNAs are a part of the genetic elements that 

trigger HD pathogenesis. If this is true, then artificially increasing the expression of 

miR-10 in the wildtype (non-HD) flies would trigger HD-associated symptoms. To 

test this, we overexpressed miR-10 in the nervous system of the wildtype flies that 

lead to generation of a progeny that displayed severe locomotor deficits. This 

established that miR-10 is a part of the genetic elements that cause HD 

pathogenesis.  

The second hypothesis proposed that miRNAs are associated with the 

compensatory response to HD pathogenesis. If this is true, then miRNAs will be 

differentially expressed in response to the disease pathogenesis. As we have 

already demonstrated that an artificial increase in miR-10 expression leads to 

severe locomotor deficits. The fact that an increase in miR-10 produces 

locomotor effects suggests its involvement in the pathology and not the 

compensation.  

 

The third hypothesis suggested that miRNAs can be a part of the disease 

pathogenesis as well as the compensatory mechanism by the host. From the 

above-described tests, we can confirm that miR-10 is associated with the disease 

pathogenesis and not with the compensatory response. But, of course there could 

be other miRNAs that might be play a role in disease pathogenesis as well as in 

the compensatory mechanism. 
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The fourth hypothesis proposed that miRNAs are indirectly linked to HD, but play 

no role in the pathogenesis or disease compensation. This suggests that miRNAs 

are differentially expressed because of other biological or environmental factors 

like ageing, other age-associated diseases, compromised immune system, 

exposure to chemicals etc. but have been indirectly linked to HD because the 

miRNA expression analyses were performed on the post-mortem human brain 

samples (Hoss et al., 2014). For all the studies that ran an equivalent control with 

the experimental samples for the expression analysis, we could rule out that in 

those cases miRNAs were indirectly linked to HD. 

 

After establishing that miR-10 is linked with HD pathogenesis, we wanted to 

investigate if we could restore the HD-associated phenotypes by reducing the 

expression level miR-10 in the diseased flies. We used miR-10 null mutants and 

miR-10 sponges to sequester the extra molecules of miR-10 expressed in the 

nervous system. Pan-neuronal expression of human HTT variants in miR-10 null 

mutant background, it was discovered that HD flies continued to display similar 

decline in locomotor behaviour. There could be two possibilities; first, that the 

presence of heterozygous null mutant was not sufficient to reduce the increase in 

miR-10 expression. To confirm this, we analysed the expression of miR-10 in both 

homozygous and heterozygous miR-10 null mutant conditions. It was observed 

that there was no expression of miR-10 in the homozygous condition and 

approximately half in the heterozygous condition when compared to the wildtype 

flies. These results suggested that it was unlikely that we could not restore the 

behavioural decline because of incomplete miR-10 dosage. The other possibility 

was that, even in the presence of heterozygous miR-10 null mutant that 

transcriptional machinery that was responsible for increasing miR-10 expression 

in HD condition was intact and somehow managed to balance the increase in miR-

10 molecules leading to consistent behavioural decline. 

Pan-neuronal expression of human HTT variants along with miR-10 sponges, 

displayed rescue of locomotor behaviour. This suggested that miR-10 sponges 

were sufficient to sequester all the extra molecules of miR-10 in the diseased 

condition. The catalogue for miRNA expression for this project was prepared by 

measuring the expression of primary transcripts in the nervous system of our 
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Drosophila HD model whereas, the miRNA expression analysis conducted by 

Hoss et al. in human HD post-mortem brain samples quantified mature miRNAs in 

the system (Hoss et al., 2015, Hoss et al., 2014). Until now, it was not known if the 

increase in miR-10 expression was maintained at the mature miRNA stage in the 

Drosophila HD model. But, from this rescue experiment where miR-10 sponges 

that targeted the mature miRNA molecules in the nervous system and were able 

to improve the locomotor defects, we can consider that the differential expression 

of miR-10 was maintained till the mature miRNA stage. 

These results were consistent for both the FL and the Ex1  human HTT constructs. 

The latter was demonstrated by the flies expressing the Ex1 HTT variant. As we 

have already established that the expression of the toxic Ex1 leads to aggressive 

decline in behaviour as compared to the FL HTT construct. We speculate that the 

toxicity caused by the Ex1 N-terminal fragments was rapid and the subsequent 

increase in miR-10 expression was difficult to contain by using heterozygous miR-

10 sponges. This toxicity was delayed in flies expressing the FL constructs, giving 

enough time for the same heterozygous miR-10 sponge to sequester all the extra 

miR-10 molecules to improve the locomotor behaviour. 

 

Along-side recovering the locomotor decline in HD flies, the pan-neuronal 

expression of Ex1 HTT constructs and miR-10 sponges were able to demonstrate 

a significant increase in survival of wandering L3 larvae, pupae and adults. This 

suggested that miR-10 regulates both locomotor and survival behaviours in the 

diseased flies. The connection between locomotion and survival was also studied 

in the late-pupae expressing the toxic Ex1 HTT (data shown in Annex). The data 

demonstrated that the significantly reduced eclosion rate observed in Ex1 flies, 

was a result of the failure and inability of the pharate to break open and to push 

their body out of the pupal case, indicating that poor motor activity lead to 

decreased survival of the pharate.  

 

Also, it is important to note here that the artificial increase in miR-10 expression in 

wildtype flies alone lead to locomotor deficits but did not affect the survival of the 

adult flies (data not shown) whereas, the increase in miR-10 in diseased HD flies 

displayed both altered locomotor and survival behaviour. This data suggested that 
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there is a direct link between increase in miR-10 expression and locomotor decline 

but, for miR-10 to alter the survival of the flies, additional factors are required that 

are only expressed in the HD condition. 

With all the data we have collected from the Drosophila HD variants, we can 

conclude that the expression of the minimal part (Ex1) of the human HTT is 

sufficient to trigger similar molecular and behavioural changes as observed in FL 

Drosophila JD model and human HD patients. For the same reason, Ex1 HTT 

constructs were used to study the regulation of miR-10 in HD. 

6.5 Regulation of miR-10 expression in Ex1 Drosophila HD model 
 

To study the regulatory mechanisms that might be responsible for altering miR-10 

expression in the diseased HD condition, we first investigated the time-point when 

the first surge in miR-10 expression was observed during Drosophila development. 

It was discovered that miR-10 expression was enhanced in a two-hour window 

during embryogenesis and then in the adults from Day 2 onwards. The increase in 

miR-10 expression could be because of multiple reasons, (i) from our previous 

experiments we know that miR-10 is associated with locomotion, so this increase  

could be justified by the first bursts of muscle activity in this time-frame during 

embryogenesis (Crisp et al., 2008), (ii) as the expression peaks only for 2 hours it 

could be, that this surge was a trigger of assembly and initiation of transcriptional 

change that would increase miR-10 expression later in adult life, or (iii) it could also 

be that, this peak marks the initiation of toxic HTT accumulation that later leads to 

reduced survival in all the larval, late pupal and adult stages (Day 2 onwards), 

suggesting that the additional factors that influence the survival of Drosophila in 

combination with increase in miR-10 expression are active during these stages.  

 

The aggregation of toxic HTT in neurons is an important feature that is responsible 

for affecting cellular function that leads to onset of HD symptoms (Saudou and 

Humbert, 2016). Applying this knowledge to the increase in miR-10 expression 

from Day 2 onwards and the onset of locomotor defects from Day 3 onwards, we 

can assume that aggregation of expanded N-terminal HTT fragments was required 

to trigger the transcriptional change in miR-10 expression, leading to differential 
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expression of target genes that lead to onset of locomotor decline from Day 3 

onwards. As, the Ex1 fragments lead to aggressive aggregation a progressive 

increase in miR-10 expression and decrease in locomotor activity is observed. 

 

Embryos aged 18-19hrs displayed the first increase in miR-10 expression in our 

Drosophila HD model. These embryos were collected to study the regulatory 

mechanisms that might be responsible for the increase in miR-10 expression in 

HD. Assuming that it is a transcriptional change 19 TFs that were differentially 

expressed in humans and animal models of HD were selected. The differential 

expression of these TFs was mimicked using UAS’s and RNAi lines and the 

expression of miR-10 was analysed in each condition. We were unable to perform 

statistical analysis on this data because of small ‘n’ number. Hence, to add a 

mechanistic side to our study these experiments will have to repeated with a higher 

‘n’ number. 

 

6.6 Concluding Remarks 
 

In this thesis we demonstrated that a set of miRNAs displayed comparable change 

in expression between human HD patients and Drosophila HD model. We also 

established that the minimal N-terminal fragment (Ex1) was sufficient to trigger this 

molecular and behavioural changes similar to FL Drosophila HD model and human 

HD patients. We demonstrate that differential expression of our candidate miRNA 

- miR-10 was associated with HD pathogenesis. It was also shown that a reduction 

in the expression of miR-10 in HD flies could modestly recover the HD-associated 

behavioural defects. 
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                         Annexe 
 
Effect of Ex1 HTT constructs on Drosophila pharate eclosion 
 

From the results discussed in section 3.2.6.1.3. it was assumed that the flies 

expressing the 120Q expanded polyQ repeats show reduced eclosion rate, and 

unbalanced preference towards female flies eclosion. The pharate eclosion 

experiment was conducted on the pupae that were unable to break out of the pupal 

case during eclosion with an aim to determine if these flies died during pupation or 

if they had difficulties in hatching out of the pupal case.  

 

Description: The control and the experimental genotypes that were tested for 

pharate eclosion were w1118 (wildtype) represented in grey, elav>25QEx1-HTT 

(healthy/normal polyQ repeats) flies in blue and elav>120QEx1-HTT (expanded 

polyQ repeats) flies in orange. The crossing scheme for HTT genotypes is 

described in section figure 3.15. The bottles were maintained at 25ºC temperature 

and 45% humidity throughout the experiment. The developmental timing of the 

embryos produced from the cross was monitored. Flies that were able to hatch out 

of their pupal cases were discarded and male pupae between the age of ~94-96hrs 

after egg laying were collected figure 3.19. A healthy pupa hatches between 90-

96hrs post egg laying. 2 randomly selected male pupae from the pool of unhatched 

pupae were used to set up the experiment. All the steps were maintained for 

control and the experimental genotypes to maintain consistency. The pupae were 

cleared off any food or debris and were prepared for dissection. The pupal case 

from the anterior part of the pupa was carefully removed to aid the eclosion of the 

pharate. One pupa was recorded at a time. For the recordings the dissected pupa 

was stuck in the middle of a clean petri plate supplemented with a double sided 

tape in the middle. The pupa was shielded by black paper on its left and right side 

to avoid reflection during the recording. It was placed in a ventral up positon, such 

that any movement in the legs could be recorded. The small pertidish was mounted 

on a bigger petridish to reduce the reflection and to create sufficient focal depth of 

the movement recording. The pharate eclosion was documented using Leica M165 
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FC microscope for 6-8hrs. This time was standardised after testing the control 

genotypes. The settings for the recording and the analysis were maintained using 

the Leica software. The data was analysed using ImageJ software. 

 
 

Figure A. Pharate Eclosion Setup 
The workflow of the pharate eclosion experiment. ~94-96hrs old male pupae were randomly 

collected from the desired crosses. One pupa was processed for eclosion recording at a time. 

The Pupa was cleared off any debris or food and was prepared for dissection. The anterior lid 

of the pupal case was carefully removed without damaging the pupa. After dissection the pupa 

was stuck in the middle of a transparent pertridish in a ventral up position such as the legs 

were visible to record leg movement. The pupa was shielded with black sheets from its left 

and right position to avoid reflection during recording. This small petridish was mounted on a 

larger petridish to reduce reflection and to create sufficient focal depth to record leg movement 

inside the pupal case. The eclosion of the pupa was recorded with Leica M165 FC microscope 

for 6-8hrs until the flies eclosed. The movement in the flies was calculated by plotting the Mean 

Gray Value with respect to time. The videos were recorded using Leica software and were 

analysed using ImageJ. 
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Results: Crosses for generating desired progeny were setup using the crossing 

scheme described in figure 3.15. For the pharate eclosion experiment figure 3.20. 
is divided into three panels namely, upper, middle and bottom panels. The upper 

panel displays the Pharate Eclosion Recording for the w1118 (wildtype) flies 

represented in grey, elav>25QEx1-HTT (healthy/normal polyQ repeats) flies in 

blue and elav>120QEx1-HTT (expanded polyQ repeats) flies in orange. This 

experiment was conducted only on male flies because they displayed a drastically 

reduced survival of 0.41% in the eclosion assay experiment in section 3.2.6.2.3. In 

figure 3.20., the screenshots mirror the movement of the fly inside the pupal case 

at 5 different time points in the last 250 seconds before fly eclosion for each 

genotype. The middle panel illustrates the movement analysis for the three 

genotypes, calculated as the change in the Mean Gray Value per unit time for a 

total of 250 seconds. The red arrows in the upper and the lower panel indicate the 

time point when the fly hatched out of the pupal case. The peaks in the graph 

around the 250th second in the middle panel correspond to the maximum change 

in the Mean Gray Value, which is the time when the fly breaks out of the pupal 

case. Pharate eclosion is observed only for the control genotypes and not for the 

flies expressing the expanded HTT. To test if there was movement in the flies 

expressing 120QEx1 HTT before hatching we narrowed down the graph to study 

the movement only for 50 seconds (150-200th second) before eclosion. This data 

is presented in the third panel. The graph compares the movement analysis of the 

pupae for the three genotypes. From this graph, we can assume that there was 

movement in all the control and the experimental genotypes before eclosion but 

the flies expressing the 120QEx1 HTT were not able to hatch out. 
 

From these results we can conclude that the reduction in the eclosion rate for the 

flies expressing the elav>120QEx1 HTT repeats was observed because these flies 

were not able to break out of the pupal case. Physically the pupal case and the 

pharate looked healthy but displayed clear difficulties during eclosion.  
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Figure B. Pharate Eclosion Results 
The upper panel shows left to right series of screenshots displaying the male pharate 

movement in the last 250 seconds before eclosion. Recording for the w1118 (wildtype) flies 

represented in grey, elav>25QEx1-HTT (healthy/normal polyQ repeats) flies in blue and 

elav>120QEx1-HTT (expanded polyQ repeats) flies in orange. The red arrows indicate that 

the flies have hatched out of the pupal case. It was observed that the flies expressing that 

expanded Ex1 HTT were not able to eclose and died trying whereas the controls w1118 and 

25QEx1 HTT exhibit normal eclosion. These videos were analysed and quantified using 

ImageJ. The movement of the pharate was traced by plotting the Mean gray value of each 

frame with time. This data was presented in the middle panel for the three above mentioned 

genotypes, for the last 250 seconds before eclosion. The graph indicates that there is peak 

around the 250th second for the controls which correspond to the eclosion of the flies. This 

peak was absent in the flies expressing the expanded 120QEx1 HTT further suggesting that 

the reduction in the eclosion rate was observed because these flies were not able to break out 

of the pupal case. 
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