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Abstract 
Huntington's disease (HD) is a trinucleotide repeat expansion disorder that is caused due to a defect 

in the exon 1 of the Huntingtin gene. The defect is in the number of polyglutamine coding CAG 

repeats. If the number of glutamine repeats in the huntingtin protein (Htt) exceeds 35 the soluble Htt 

protein becomes sticky, aggregate prone and clumps together to form micro-meter sized inclusions, 

which is the key feature in HD. 

There is mounting evidence that the soluble form of mutant Htt is highly proteotoxic to cells and 

increases the risk of cell death prior to aggregation, whereas aggregates impart distinct changes to 

cellular health, potentially adapting the cell to stressors and negating toxicity, as soluble Htt is 

sequestered into inclusions. Nonetheless, the molecular mechanisms underpinning these transitions 

remain unclear. This has been primarily due to a lack of methods to separate cells with and without 

aggregates. 

In this thesis we have elucidated the transcriptional signatures that are specifically attributed to the 

different aggregation states seen in HD, and to the discreet steps in the aggregation process involved. 

Soluble mutant Htt states produced the largest transcriptional dysregulation with dampened CREB 

signalling specifically invoked by the soluble mutant Httex1 being the most striking change. We also 

demonstrated CREB signalling is critical to survival in a cell culture model of HD with cell toxicity 

ameliorated by activation of CREB signalling cascade. The various biological processes linked to 

the different aggregation states include transcription regulation by higher chromatin modifiers, 

altered NF-kB signalling, autophagy, NAD+ biosynthesis, SUMOylation, altered HIF-1 signalling 

and ribosome biogenesis. 

We have further explored the relevant biology of Httex1 aggregation states and splicing defects 

associated with different aggregation states. Many genes showed altered splice forms which could 

be relevant to disease. Further using proteomics informed through the transcriptomics, we have 

identified splicing defects in HD. We have identified spliceosome changes in HD and have also 

found changes in small nuclear RNA biogenesis which could lead to alterations in spliceosome 

function in human isogenic Huntingtin iPSC cell lines. These findings could pave the way for 

therapeutic strategies aimed at key molecular changes before and after pathological aggregation of 

proteins.  
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1.1. Huntington's disease 
 

Huntington's disease (HD, OMIM # 143100) is a devastating, autosomal dominant, highly 

penetrant eventually fatal neurodegenerative disorder. The onset of HD is typically in the 3rd 

to 4th decade of adult life and is gradually progressive. The disease is characterised by a triad 

of involuntary movements (hence also called Huntington's Chorea), cognitive decline, 

emotional and behavioural problems. The defect that results in HD is the unstable number of 

CAG repeats present in the Huntingtin gene. In mutation carriers, the abnormally long CAG 

repeats (of greater than or equal to CAG of 36) gets translated into an abnormally long 

polyglutamine(polyQ) sequence in the Huntingtin protein (Htt)[1]. This CAG mutation 

results in either a toxic gain in function or a loss of normal Htt protein function and more 

recently, RNA mediated toxic gain of function has been implicated in the pathogenesis as 

well [2, 3]. Although the mutant Htt (mHtt) protein is initially soluble, it ultimately leads to 

the formation of insoluble aggregates through various intermediates. HD is characterised by a 

progressive loss of striatal and cortical neurons in the brain. There is no known cure for HD 

and death occurs 15 - 20 years after onset. Treatment options are limited and are mostly 

symptomatic[4].  

 

1.2. History of Huntington's disease  
 

HD is also called Huntington’s chorea. Paracelsus, (1493-1541) first coined the term 

"chorea", which is recognised as an early symptom of HD[5]. The term "chorea" is derived 

from Greek word “choreia” meaning dance. Since HD involves a loss of voluntary control of 

body movements, patients with HD were thought to be possessed and were treated as such. 

HD was named after George Huntingtin, who in 1872 first accurately described the 

symptoms of the disease and emphasised its hereditary nature in a landmark paper in the 

Philadelphia journal, The Medical and Surgical Reporter[6]. In 1906 Punnet described HD as 

autosomal dominant[7]. The US-Venezuela Huntington’s Disease Collaborative Research 

Project started in 1979 laid the foundation for the discovery of the Huntington gene. Based on 

the work started by Americo Negrette, Nancy Wexler researched and gathered pedigrees 

of families with a history of HD from the region around Lake Maracaibo, Venezuela, where 

HD was highly prevalent[8, 9].  

A pedigree containing more than 3,000 individuals was compiled by 1983, and by 

detailed genetic linkage analysis James Guesella and colleagues, at the Massachusetts 
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General Hospital, Boston determined the location of the disease causing gene on human 

chromosome 4[10]. Finally, in 1993, the Huntington disease study group[1]  identified the 

precise location of the causal gene at 4p16.3, the terminal band on the short arm of 

chromosome 4, making it the first autosomal locus to be detected using genetic linkage 

analysis. The gene was alluded to as "interesting transcript 15 - IT15” and is now identified 

as HTT – Huntingtin gene and the protein named "Huntingtin (Htt)"[1]. Further fine mapping 

of microsatellite markers revealed a defect in the exon 1 of mutant Huntingtin (mHtt) gene. 

The defect related to the instability in the number of CAG repeats[11]. The first animal 

models for HD were developed by 1996, and subsequently in 1997, micro aggregates or 

inclusion bodies were described as the characteristic feature in both patient and animal 

models[12, 13]. One of the first gene expression studies performed in transgenic mice 

expressing exon 1 of the Htt gene showed altered neurotransmitter receptors in HD brain and 

transcriptional dysregulation was attributed as possible mechanism of pathogenesis[14] 

(Figure 1.1). The first phase III randomised controlled clinical trials of coenzyme Q10 and 

remacimide in HD were conducted by the Huntington study group in 2001[15]. In 2015, the 

first patients were treated with tominersen, with late 2017 marking the completion of phase 

1/2a clinical trials for this gene silencing therapy for HD[16, 17]. Tominersen is a potential 

antisense mRNA therapy for HD. It binds to the faulty mHtt mRNA targeting it for 

degradation and reducing mHtt protein produced by cells. Other antisense therapies from 

Wave Life Sciences are in advanced trials[18]. However, the potential risk of the drug 

targeting wild-type Htt mRNA is a complicating factor and the requirement for intrathecal 

injections makes the treatment difficult.   
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Figure 1.1: Roadmap of Huntington disease discovery. Key milestones in Huntington 
disease research from the first description of HD by George Huntingtin, to the identification 
of the genetic loci responsible for disease to the other advances in more than 25 years of HD 
research.  
 
 
1.3. Epidemiology of Huntington's disease 
 

Though HD is a rare disorder, it is one of the most common in the family of 

neurodegenerative disorders that is caused by polyglutamine expansions. While the disease 

occurs in all racial groups, it is more common in people of Western European origin. It 

affects both male and female equally. Although Venezuela has the highest per capita HD 

population in the world, North America and Europe have the highest HD prevalence, with an 

incidence of 4-8 cases for every 100,000 controls[19]. In Australia, it is about 5-7/100,000, 

with a higher prevalence of 12-13/100,000 in Tasmania[20]. The disease may also be 

frequent in parts of central Asia and in the Indian subcontinent (1.75 per 100,000) because of 

Caucasian admixture in the native population. The Chinese (0.3/100,000), Japanese 

(0.65/100,000) and African populations show a significantly lower prevalence of HD[21, 22] 

as seen in the Figure 1.2.  
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Figure 1.2: Global prevalence of HD. HD prevalence is substantially higher on a global 
scale in European populations, than in Asian populations. Venezuela has the highest recorded 
prevalence of HD worldwide (700 per 100,000). The origins of HD in Venezuela can be 
traced back to European settlers who introduced the disease into the indigenous populations, 
as in most cases in Asia. There is limited data on HD prevalence in Africa, compounded by 
limited sample sizes, and lack of reliable molecular testing verifying the HD diagnosis, 
making the statistics unreliable in its estimation (Adapted from Warby et al., 2015[22]). 
 
 
1.4. Genetics of Huntington's disease 
 

HD was the first autosomal dominant disease whose cause was identified by genetic linkage 

analysis[1]. The genetic defect was proven to be from an expanded series of CAG repeats in 

the first exon of HTT gene (Httex1) which resulted in an abnormally long polyglutamine 

(polyQ) tract near the N-terminus of the Huntingtin protein[23]. The length of CAG repeat in 

exon-1 is highly heterogenous with healthy individuals having 8-36 CAG repeats with the 

mean CAG repeat of approximately 23[24]. If the number of CAG repeats exceeds 40 or 

more, the expansion is pathologic, fully penetrant and causes disease. If the number of CAG 

repeats is between 36-40, there will be reduced penetrance, and affected individuals will 

experience late-onset HD after 60 years[25, 26]. CAG repeat lengths greater than sixty 

produce a more aggressive phenotype with onset before the second decade of life called 

juvenile-onset HD [27]. Although HD has a highly variable age of onset (mean age of onset 

∼45 years), there is a strong inverse correlation between the age of onset and the number of 

CAG repeats, with higher expansions resulting in a faster onset of disease[28]. The maximum 

length of the polymorphic CAG repeat in the Htt-gene mutant allele is the most significant 

determinant of age of onset of HD and accounts for most of the variability(~56%) seen in the 

age of onset[29]. In addition, the size of normal CAG allele also influences the severity of 

HD, but to a lesser extent[30]. The presence of normal allele with large normal CAG repeats 

is associated with later onset[31], reduced clinical severity, progression of the disease[32]. 

Further, the normal CAG allele and its interplay with the expanded CAG allele is also known 

to affect basal ganglia volumes in premanifest HD mutation carriers[30]. A competitive 

length-dependent interaction of the polyQ domains of normal Htt and mutant Htt with their 

binding partners might underpin these findings. Since mHtt sequesters normal Htt and 

promotes fibrillogenesis at a rate that is proportional to the length of the polyQ stretch in 

either normal or mutant protein[33, 34], increasing length of polyQ in normal Htt could lead 
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to a stronger association with mHtt fragments, thereby promoting their sequestration and 

hence preventing them from aberrantly interfering with other essential  proteins[35].  

The CAG repeat in Htt-exon 1 is also subject to meiotic instability, with an increase in CAG 

repeat length in successive generations leading to an earlier onset of disease, a phenomenon 

known as anticipation. Anticipation can occur through the maternal and paternal line though 

is greater through paternal transmission during spermatogenesis[36]. Furthermore, somatic 

instability of the CAG repeats in post-mitotic neurons have also been reported and might alter 

the age of onset [37]. In addition to CAG repeat length in Httex1, other genetic and 

environmental factors can contribute to disease[38]. To understand the contribution of 

genetic factors other than CAG repeats in the HTT gene, genome-wide association studies 

have been conducted in large multi-clinic cohorts of HD patients. The Genetic Modifiers of 

Huntington's Disease Consortium, 2015 identified two loci in chromosome 15 and a single 

locus in chromosome 8 that altered the neurological onset of disease. Further pathway 

analysis revealed genes related to DNA repair and maintenance (MLH1 located on 

chromosome 3) as a potential modifier of disease onset[39]. Another genome-wide study to 

find genetic variants of disease progression identified three genes (MSH3, DHFR, and 

MTRNR2L2) in chromosome 5 to modify progression of disease. Both Mlh1 and Msh3 

associated with DNA mismatch repair are critical modifiers of somatic instability in mouse 

models of HD[40, 41]. Indeed, DNA repair pathways are a common genetic mechanism 

affecting multiple polyQ diseases[42].  Though studies have shown the disease-modifying 

effect of DNA damage response genes on both the onset[43] and progression of HD[44], a 

greater understanding of the underlying molecular mechanisms is an essential precursor in 

developing disease-modifying therapies targeting DNA repair associated genes in HD. Other 

candidate genes encoding including Htt-interacting proteins (HAP1, TCERG1), 

neurotransmitter receptors (ADORA2A, GRIN2A, GRIN2B, GRIK2), synaptic processes, 

energy metabolism (PPARGC1A, Co1, NRF-1, TFAM), stress response and apoptosis 

(MAP2K6, MAP3K5, TP53, DFFB), and sequence variations in HTT gene (CCG repeat 

polymorphism and Δ2642 polymorphism)[38, 45] have also been implicated as modifiers of 

HD but these findings are yet to be robustly replicated as disease modifying targets.  

While HD has a major genetic component in its pathogenesis, environmental factors 

and lifestyle have also been tied to the onset and progression of HD. Wexler et al., 2004 first 

determined that major variability in the age of onset could be ascribed to unidentified shared 

and non-shared environmental factors[46]. Clinical studies and animal models have shown 

support for this variability, with a lack of physical activity and chronic stress exacerbating 
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symptoms of HD development and progression[47]. Environmental interventions via 

cognitive stimulation, physical activity, stress reduction and diet, combined with future 

pharmacological therapies could help ameliorate the burden of HD.  

 
1.5. Clinical aspects of Huntington's disease 
 

From a clinical standpoint a diagnosis of HD is made when a patient exhibits an unexplained 

characteristic movement disorder, with a positive family history of similar illness. The 

existence of a defined mutation in CAG repeat numbers in the Htt gene allows individuals to 

undergo predictive and diagnostic genetic testing[28]. The CAG repeat expansion being the 

key diagnostic criterion for positive confirmation.  The CAG repeats can also help predict 

phenoconversion in the clinic. CAG length between 40 and 60, phenoconversion is in the 

third and fourth decade of life. In cases where there is a large expansion of the greater than 60 

CAG repeats, the disease phenoconversion occurs much early and is called Juvenile 

Huntington's disease with onset before 20 years[27]. Individuals carrying CAG repeats 

between 36-39 develop late-onset HD post 60 years as described earlier[25, 48]. Hence 

genotyping is essential for diagnostics, support and planning services for the patient and 

family. Even though development of motor symptoms is indicative of phenoconversion or 

onset of disease, psychiatric illness and subtle motor deficits can be present up to 10-15 years 

before the onset of clear movement disorder and must be managed appropriately[28].  

Clinically HD has a long pre-manifest phase (asymptomatic) and prodromal phase 

(subtle signs and symptoms), and once symptoms develop also called the manifest phase, has 

a long disease course over 10-20 years[28] as shown in Figure 1.3. HD usually presents as a 

triad of motor, psychiatric and cognitive symptoms.  The characteristic motor symptoms 

include incoordination, involuntary movements, difficulties with speech and swallowing, 

difficulties in balance, and walking and is usually the first symptom to present. Cognitive 

symptoms include inability to cope, lack of concentration, cognitive decline and eventually 

dementia. Psychiatric symptoms include irritability, depression, anxiety, mood swings, social 

withdrawal, and suicidal ideation. In addition, there is an increased suicide rate among 

patients of HD[4]. Even though motor symptoms are indicative of phenoconversion to HD, 

the cognitive and psychiatric aspects of HD may develop many years before this. Clinical 

characterisation of HD progression is carried out using the Unified Huntington's Disease 

Rating Scale[49] and Shoulson-Fahn Total Functional Capacity rating scales[50]. The CAG 

repeat length is correlated with the clinical progression of motor and cognitive deficits seen 
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in HD[4, 51, 52]. A measure called the standardized CAG age product score (CAP score) has 

been developed and used in longitudinal studies of HD pathology in large cohorts of patients 

with of different age groups and CAG repeat sizes. The standardized CAP score used to 

predict HD progression is a function of CAG repeat expansions and duration of exposure to 

the effects of expansion. The measure based on large scale HD datasets is derived using 100 

× Age × [(CAG − L) ÷ S], where Age is the current age, CAG is the repeat length, and L 

(scaling constant), S (normalizing constant) are constants[28].  Though efforts have been 

made to develop detailed predictive models and characterize HD progression[25, 53], we do 

not have a complete understanding of the factors determining clinical features of HD.  

Currently, there are no approved effective treatments for HD, although tetrabenazine and 

deutetrabenazine have been approved for treatment of the HD related chorea[54]. Psychiatric 

symptoms are managed conventionally, with antidepressives and antipsychotics. Newer 

therapeutics targeting mHtt production by targeting Htt mRNA have shown promising results 

and are currently in trial[55]. 

 

Figure 1.3: Clinical progression of Huntington disease. The clinical progression can be 
classified into premanifest and manifest phases. The initial premanifest phase occurs before 
there is clear diagnosable symptoms of HD. In the premanifest phase HD can go through 
stages of asymptomatic (symptoms have not been displayed) and prodromal HD (symptoms 
are very subtle). The Manifest HD phase is characterized by gradually progressive 
impairments of motor and cognitive abilities and dementia. Chorea develops in patients early 
on but plateaus with disease progression. The manifest phase can be divided into early, 
moderate and late stage of disease, classified according to the Shoulson-Fahn Functional 
Capacity rating. Typically, disease onset is seen at ~45 years of age which correlates with the 
normalized CAP score of ~100. Thus, CAP score facilitates the mapping of progression of 
the disease in individuals with different CAG expansion lengths onto the same chart. Adapted 
from[28]. 
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1.6. Neuropathological hallmarks of Huntington's disease 
 

The neuropathology of HD is marked by gradually worsening degeneration in the striatum 

and basal ganglia, i.e., caudate and putamen. Moreover, recent pathoanatomical and 

neuroimaging studies[56-58]of the HD brain have shown that it is a multisystem degenerative 

disorder that affects various parts of the brain, including the cerebral cortex, thalamus, 

brainstem, as well as the cerebellum. HD affects all the cerebral lobes and is further 

characterised by degradation and thinning of their cortical mantle accompanied by atrophy 

and shrinkage in various areas of the cerebral cortex[59]. There is layer specific neuronal 

death in cerebral cortex especially in layers III, V and VI[60]. Cognitive decline, psychiatric 

symptoms, and neurophysiological defects are now thought to be associated with this loss of 

cortical neurons. The choreiform movements are primarily attributed to striatal 

neurodegeneration and impairment of corticostriatal projection neurons and their afferent 

inputs[59, 60]. The Vonsattel grading system classifies the extent of neuropathological 

involvement in the striatum into five grades ranging from zero to four with zero showing 

undiscernible neuropathology to 90-95 per cent neuronal loss in grade four[61]. The loss of 

both cortical and striatal white matter accompanied by loss of basal gangliar grey matter have 

been confirmed as an early feature of HD in vivo by neuroimaging studies[62] (Figure 1.4A). 

Due to the widespread neuropathological changes seen in HD, it is now widely believed that 

HD exhibits similarities with other spinocerebellar ataxias caused by polyglutamine 

expansions than previously thought. 

The susceptibility of striatal neuronal loss correlates with the length of the CAG 

repeat expansion[63, 64], with the enkephalin-containing striatal neurons most vulnerable to 

degeneration. In presymptomatic HD patients both striatal neurons projecting to the 

substantia nigra and cortical pyramidal neurons that project into the striatum demonstrate 

early degeneration[65, 66]. Cortical neurons exhibit reduced staining for phosphorylated 

neurofilaments, tubulin, and key proteins such as microtubule-associated protein 2, 

complexin 2, dynamin and neuro specific phosphoprotein PACSIN 1[67, 68]. These proteins 

are essential in neurons for their cytoskeletal integrity, axonal transport and synaptic function 

indicating that cortical dysfunction is important in the pathogenesis of the disorder. Evidence 

also indicates a major glial component in HD pathogenesis. Activated microglia that cause 

neuronal death are seen in the early stages of HD pathology in both the cortex and striatum 

and persists through the late stages of the disease[69]. This is also accompanied by an 

increase in the activated astrocytes and oligodendroglia in the striatum[61, 70]. 
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One of the key neuropathological hallmarks of HD is the appearance of inclusions 

enriched with polyQ (Figure 1.4B)[12, 59]. The presence of excess glutamines due to their 

polar nature causes links to form both within and between proteins making mHtt stickier. 

Hence rather than folding into functional proteins, mHtt develops into tangled, rigid 

groupings resulting in the formation of insoluble inclusions in affected neurons. The 

aggregation related changes in molecular pathology are described in detail in section 1.9.  

 

 
 

Figure 1.4: The different brain regions affected by HD. (A) Current pathoanatomical 
changes depicted in HD include severe involvement of the basal ganglia including the 
caudate nucleus and putamen as well as cerebral cortex. Affected areas are shaded in orange. 
Adapted from Rub et al., 2016[59]. (B) Photomicrographs of Htt immunoreactivity in mouse 
striatum. The images show Htt immunoreactive nuclear inclusion as indicated by arrow in 
transgenic mouse brain carrying pathogenic repeats. Normal control brain with 18 glutamine 
repeats no such inclusions can be seen. Adapted from Davies et. al., 1997[12]. 
 

1.7. Huntingtin protein structure and function 
 

Huntingtin is a large protein of 348 kDa that contains 3144 amino acids(NCBI Reference 

Sequence: NP_002102.4) (Huntington's Disease Collaborative Research Group 1993)[71]. 

There are 67 exons in the Htt gene with the gene. The Htt gene is ~180 kilo bases in length 

and has two mRNA transcripts of 10,366 and 13,711 base pairs(bp) in length. The second 

transcript differed in the 3' untranslated region of the mRNA by a sequence of 3,360 bp and 

showed tissue specific enrichment in the brain. These transcripts of varying length could be 

produced due to differential polyadenylation[72]. Two studies on alternative splicing in the 
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Htt gene also showed the presence 5 additional transcripts resulting in the generation of 

polyQ containing variants of Htt protein missing exons 10, 12, 29, and 46 or instead having 

an additional exon 41b or keeping a 57-bp portion of intron 28. However, none of the novel 

isoforms generated a truncated Htt protein. Instead, 4 of the 5 novel isoforms identified 

specifically delete domains and alterations to generate smaller Htt proteins[73, 74]. Loss of 

these regions may alter the protein-protein interaction and change the susceptibility to 

cleavage as compared to canonical Htt which can alter the function of these isoforms. 

The first exon of Htt gene (Httex1) encodes around 100 amino acid long N -terminal region 

of the Htt protein. It encompasses the amino terminal domain (1-17 amino acids), the 

polyglutamine tract (polyQ) which begins immediately after the amino terminal region and a 

51 amino acid long polyproline-rich domain (PRD).  The polyQ tract and PRD domain which 

flanks the poly glutamine region are variable in humans [2]. The amino terminal domain 

plays a very important role in HD pathogenesis[75]. It adopts an amphipathic α-helical 

structure[76] and is believed to mediate interactions with cellular membrane encased 

organelles such as the mitochondria, Golgi apparatus and endoplasmic reticulum[76-79]. In 

neurons there is disruption of organellar endomembranes and membrane dynamics by 

amyloid-like fibrils of polyQ inclusions[80, 81]. These aberrant interactions are mediated by 

the amino terminal of Htt and contribute to the damaging cellular effects of protein 

aggregations[82]. This domain also serves as the nuclear export signal (NES) and was 

identified as a critical region playing a role in the localisation of Htt during stress, 

aggregation, and associated toxicity[76]. Further the amino terminal is subjected to post 

translational modifications like sumolyation, acetylation, ubiquitination at lysine's 6, 9, 15 

and phosphorylation at serine's 13, 16 that affect the subcellular localization and clearance of 

Htt[2]. During periods of stress, phosphorylation of serine residues 13 and 16 induce a 

conformational change in the α-helical N17 region, and subsequent targeting of Htt to 

subregions within the nucleus. mHtt is found to be hypo phosphorylated at these residues, 

and as such fails to display this translocators response to stress[79].  
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Figure 1.5: Schematic representation of the full-length structure of Huntingtin. Top: the 
Htt domain sequence. N17 – 17 amino acid sequence of the N-terminal domain of exon 1; 
polyQ – polyglutamine tract; PRD – proline-rich domain. HH1-7corresponds to the 
functionally predicted HEAT domains. HH1 and 3 contain 6 repeats; HH2 has 9 repeats; 
HH4 and 5, 3 repeats; HH6, 6-7 repeats; HH7, 2 repeats. NES – signal for nuclear exports. 
Bottom: position of amino acids. Gray bars depict highly disordered regions. Figure adapted 
from Saudou et al., 2016[2]. 
 

The polyQ region of the Htt protein influences the structural and functional properties of the 

protein. Recent electron microscopy of Htt protein co-expressed and co-purified with the 

huntingtin-associated protein HAP40 has revealed that Httex1, with its polyQ domain, is 

disordered and flexible in the native wildtype protein, as no electron density was observed for 

this part of the protein[83]. This flexibility in wildtype Htt contrasts with the rigid non-native 

state of the polyQ domain in misfolded Httex1 aggregates, previously seen in various studies 

using electron microscopy[82], electron paramagnetic resonance spectroscopy[84], and solid-

state nuclear magnetic resonance[85]. Httex1 by itself has been previously shown to cause 

the pathology in HD[86] and has been more studied than the full-length huntingtin due to its 

role in disease. Moreover, due to its conformational heterogeneity, size, and versatility, the 

structural characterization of full length Htt protein has been difficult. The full length Htt 

protein after Httex1 contain series of intrinsically disordered regions interspersed with several 

(up to 36) HEAT-repeats, clustered into 7 large alpha rod domains[2, 87] as shown in Figure 

1.5.  The HEAT repeat domains are sequences of around fifty amino acids separated by a 

non-helical region in anti-parallel alpha-helices and are found in Huntingtin, elongation 

factor 3, protein phosphatase 2A, and TOR1[2, 88]. These repeats are hypothesized to serve 

as solenoid-like structure scaffolding numerous protein complexes and mediating protein-

protein interactions[89].  
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Furthermore, multiple protease cleavage sites are also present in the disordered regions in Htt 

and undergo extensive post-translational alterations, including SUMOylation, acetylation, 

phosphorylation, ubiquitination, palmitoylation and myristoylation[90-95] which might be 

involved in the mechanism regulating Htt activity and affect characteristics including protein 

half-life, aggregation and can even modulate toxicity by increasing Htt clearance through the 

autophagy related mechanisms[91, 92] as well as the ubiquitin-proteasome system (UPS)[96, 

97]. 

 

Both Htt mRNA and protein are ubiquitously expressed and are widely distributed in the 

brain and other tissues[98, 99]. Htt production in neurons is higher than in other tissues, 

beginning early in development and continuing through adulthood. Htt is evolutionarily well 

conserved and interacts with many protein partners. It is considered essential for cell function 

as deletion of Htt results in embryonic lethality in mice[100]. Though the exact function of 

Htt is not yet understood, it is known to play an important role in multiple processes in the 

cell including cellular transport, endocytosis, vesicle trafficking and recycling, cell division 

coordination, autophagy[2] as well as transcriptional regulation[101]. 

Htt is designed to serve as a molecular scaffold due to its large size and multiplicity in 

reported molecular partners. Htt serves as a hub, linking multiple partners to a complex and 

coordinating different cellular processes. Htt scaffolds dynein/dynactin molecular motors in 

the cell[102], to regulate many cellular processes including anterograde and retrograde 

transport of organelles and vesicles through neuronal processes[103, 104]. 

The cellular molecular motors interact with Htt to regulate the cellular movement of essential 

cargoes, including presynaptic vesicles, autophagosomes, endosomes and lysosomes. This is 

achieved through direct interaction of Htt with dynein or indirectly with the p150 subunit of 

dynactin[103] and the kinesin 1 member KIF5C[105] via Huntingtin-associated protein 1 

(HAP1) to Htt. In addition to the interactions with these molecular motors, Htt and HAP40 

also interact via optineurin/Rab8 with actin-based motors that connect myosin VI to the Golgi 

complex[106] [107] to assist the trans-Golgi endosomal trafficking and via Rab5 for 

endosomal cargo transfer between microtubules and actin cytoskeleton[108].  Htt also 

interacts with several endocytosis related proteins, such as huntingtin-interacting protein 1 

(HIP1) and huntingtin-interacting protein 1 related (HIP1R), which are involved in clathrin-

mediated endocytosis by facilitating membrane invagination and clathrin coating 

assembly.[109]. As a result, Htt is crucial for endosomal trafficking, vesicular transport, and 

disruption of this function can lead to neuronal dysfunction and death. 
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Htt is also thought to be anti-apoptotic. It inhibits the main inducers of apoptosis, the caspase 

9[110] and caspase 3[111]. HTT has been shown to increase brain-derived neurotrophic 

factor levels (BDNF) via multiple mechanisms including stimulation of transcription with Htt 

mediated inhibition of the silencing action of repressor element-1 transcription factor/neuron-

restrictive silencer factor (REST/NRSF)[112] on BDNF promoter II. Downstream NRSF-

regulated genes are important for neuronal growth and maintenance. Gauthier et al. also 

reported that huntingtin is required for vesicular transport of BDNF[113]. This is significant, 

because the striatum does not generate BDNF and relies almost entirely on BDNF, which is 

delivered by endocytosis and retrograde transportation through cortico-striatal afferences to 

striatal cell bodies[114, 115]. Thus BDNF transcription, transport, subsequent release from 

cortical neurons to endocytosis and trafficking into striatal neurons could be disrupted by 

mHtt which results in loss of trophic support and cell death[116]. Htt is also active in cell 

division processes. It is distributed in both differentiated neurons and dividing cells and is 

found in dividing cells at the spindle poles, mitotic spindles and microtubule networks[117]. 

During cell division particularly the transition from prophase to anaphase Htt via the 

dynein/dynactin/NUMA/LGN complex is directed to the spindle poles and is essential for the 

assembly and orientation of mitosis spindles[118]. Htt also plays pivotal role as a regulator of 

autophagy as well and as a master regulator of transcription[2, 101]. The transcriptional 

dysregulation by mHtt is described in section 1.10.  

 
1.8. Huntington disease models 
 
Over the last two decades, our understanding of HD disease pathology has improved 

considerably, but effective treatment to prevent or control the progression of the disease is 

still unavailable. Thus, animal and cell models will continue to play a key role in 

understanding disease development, discovering new therapeutic agents and screening 

potential drug targets before testing in clinical trials. 

Numerous cell models have been developed to study HD. These range from neuronal cell 

lines with CAG repeat knock-ins to induced pluripotent stem cells (iPSCs)[119] and iPSC-

derived brain organoid models[120]. However, it is difficult to understand disease 

pathogenesis by studying individual cell lines or their derivatives in isolation. Animal models 

facilitate a better understanding of disease pathogenesis. One of the earliest model systems 

used to understand HD pathogenesis were acute toxin models for HD[121]. Since striatal cell 

loss is the primary neuropathological hallmark of HD excitotoxin kainic acid, 3-
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nitropropionic acid and quinolinic acid has been injected into animals. The model animals 

replicated the neuropathology seen in HD, including stratum lesions similar to those seen in 

HD[122-124]. Although toxin models have been useful, toxin models do not adequately 

simulate the gradual neuronal degeneration and molecular effects associated with disease 

progression. 

Various transgenic models from worms to primates have been developed for HD. The 

HD worm (Caenorhabditis elegans) was generated by expression of the N - terminal 171 

amino acid fragment of human huntingtin protein containing the extended polyglutamine 

(150Qs) in neurons. Htt171 form aggregates and are toxic to neurons in a polyQ length-

dependent manner[125]. This model represents one of the relatively simple genetic animal 

models of PolyQ neurotoxicity. Other nematode models in which 513 amino acid fragments 

of human Htt expressed in muscle walls have been developed to study Htt proteotoxicity. 

These HD worms also show motor impairment and a shortened lifespan[126]. Similarly 

animal models were established in species ranging from fruit flies[127], mice and rats to 

large animals like pigs, sheep and monkeys offering important insights and recapitulation of 

pathological features of polyQ dependent formation of nuclear inclusions and progressive 

neuronal degeneration[128]. Main distinguishing factors among models of HD are the 

transgene constructs used (Htt mutation) and approach used to produce them, which in turn 

specifies the pathology and symptomatology of the animal model.  

Rodent models have proved to be very useful providing significant insights into HD 

pathogenesis related processes as well providing a platform for testing therapeutics, with 

more than 20 different models produced to date[128]. The first transgenic mouse models 

produced for studying Huntington's disease were the R6/1 and R6/2 transgenic mice 

expressing exon 1 of Htt with 115 and 150 CAG repeats respectively. A genomic fragment of 

1.9 kb containing a human huntingtin promoter drives the transgene expression. The resulting 

levels of transgene expression in R6/1 and R6/2 mice were approximately 31 per cent and 75 

per cent, respectively, compared to the endogenous huntingtin. This resulted in progressive 

behavioural and neuropathological symptoms[86]. In nearly all neurons ubiquitinated mutant 

huntingtin-containing intranuclear inclusions appeared in both R6/1 and R6/2 mice by eight 

to ten weeks of age, albeit at a slower rate in R6/1 mice with a smaller number of CAG 

repeats[12]. Both transgenic mice with full-length huntingtin[129, 130] and knock-in mouse 

models with extra CAG repeats being incorporated into the endogenous sites[131, 132] have 

been developed. Although full-length models have the greater advantage than mice 

expressing truncated version of Htt in more accurately simulating the genetic mutation of 
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human HD, these mice show slower onset of abnormal behaviour and neuropathological 

defects compared to mice expressing truncated huntingtin transgene.  

Observations that the formation of inclusions correlate with the development of 

neurochemical and neurological changes[133, 134] and similar inclusion formation in HD 

patients[135, 136] increased the likelihood that inclusions may be the primary means by 

which the mutant protein causes neuronal injury in HD. Nevertheless, many studies have 

raised concerns about the direct contribution of inclusions to neuronal damage[137-139], 

with studies indicating neuronal inclusions reducing risk of neuronal death, as further 

elaborated in section 1.9. 

 
1.9. Htt aggregation states 
 
Abnormal protein folding and aggregation is thought to be involved in a number of human 

pathologies[140, 141]. These disorders are characterised by the eventual accumulation of 

large protein deposits with disease progression. The fundamental cause of these changes is 

the mutation induced destabilisation of native protein conformations, which can result in 

abnormal protein folding into non - native conformations. These changes further trigger 

assembly of proteins into β-sheet rich amyloid fibrils and eventually contributes to creation of 

the protein aggregates with disease[142].  

HD is a prototypical protein aggregation disease which is characterized by the presence of 

inclusion bodies in striatal and cortical neurons[143]. PolyQ expansion mutations in mHtt 

protein cause incorrect protein folding and result in the formation of inclusion bodies. 

Inclusion bodies are punctate accumulations containing mHtt protein and N terminal 

fragments of mHtt encompassing approximate lengths of exon 1[135]. Purified Htt polyQ 

peptides also form fibrils with classical β-sheet amyloid properties[141, 144], with the rate of 

fibril formation directly proportional to increasing polyQ lengths, once the polyQ length 

exceeds the disease threshold[145]. 

Htt undergoes multiple configurational changes[2, 146]. Many studies have been conducted 

to ascertain the kinetics and develop models of the Htt aggregation leading to formation of 

insoluble fibrillar aggregates[147-149]. Studies have shown that the Htt-exon 1 fragments 

aggregate to generate a heterogenous mixtures with specific forms of aggregate in a 

concentration and length-dependent manner[148]. Numerous X-ray crystallography, 

fluorescence correlation microscopy (FCS), electron microscopy, atomic force microscopy, 

and solid-state nuclear magnetic resonance studies have also been instrumental in 
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characterizing the oligomers of the expanded mHtt as well as studying the oligomerization 

mechanism both in vitro[150], in vivo[151-154] and clarifying the morphology, organization 

and assembly of fibrils[148, 149, 155, 156]. Even though the mechanism(s) and 

conformational basis by which mHtt leads to toxicity is unclear, the composition, abundance, 

and persistence of toxic conformers that mediate neuronal damage in HD also must depend 

on the length of the polyQ[155]. Following broad classes were generally identified: 

monomers, soluble oligomers, amorphous aggregates, protofibrils, amyloid fibrils and other 

significant variants like spherical and annular oligomeric structures[150, 155, 157-160].  

Htt containing 36 or less polyQ are soluble, however in mHtt, as this number increases it 

becomes highly aggregation-prone and insoluble[146]. This association between polyQ 

lengths and aggregation rates was also demonstrated in HD cell culture models[161-163]. 

Further a four - phase aggregation cascade was proposed to explain the aggregation of mHtt 

protein based on an HD model of cell culture[164]. Aggregation starts with the phase of 

accumulation during which only soluble, abnormally folded monomers are present at low 

concentrations. Small oligomers are formed in the second phase and remain in equilibrium 

with monomers. Nucleation is activated at one or more sites during the third phase which 

ultimately leads to the formation of larger inclusions, the fourth phase of aggregation[164, 

165]. There is evidence that cells dynamically convert mHtt proteins to aggregates 

progressing from soluble monomer to oligomeric forms and finally resulting in the formation 

of insoluble inclusion bodies[19, 146, 166, 167]. However, the role of inclusion 

bodies/aggregates in HD is a contentious[168, 169]. Initially, aggregates were suggested to 

cause toxicity by sequestering vital cellular components[170-175]. However, other evidence 

suggests that aggregates may not be deleterious but are products of sophisticated quality 

control systems that sequester the soluble and more toxic mHtt forms in the cell[138, 161, 

176]. Neurons transfected with Httex1 that had formed aggregates were more likely to 

survive longer in culture than neurons retaining dispersed Htt throughout the cytosol[138]. 

Additionally, pharmacological treatment with compounds like B2 (5-[4-(4-chlorobenzoyl)-1-

piperazinyl]-8-nitroquinoline) increased aggregate formation and lessened Htt-mediated 

proteosome dysfunction and cellular pathology[177]. However, more recent studies have 

shown that both early aggregates as well as late mature aggregates to be toxic and lead to cell 

death by different mechanisms. The early aggregates were found to trigger apoptosis, while 

the mature late aggregate containing cells had delayed necrosis[178].  
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Various studies have also indicated that soluble forms of mHtt to be toxic. A novel in vitro 

study combining NMR and hydrogen-exchange techniques, compared the structures of 

monomeric non-pathogenic and pathogenic Httex1. This study revealed tadpole-like 

structures of soluble mHttex1 causing gain of toxic interactions[179]. Another study using 

fluorescence resonance energy transfer (FRET) confocal microscopy of poly-Q self-

interaction reporters that distinguished oligomers from monomers and aggregates, indicated 

that aggregate formation resulted in rapid oligomer depletion with very little cytosolic 

monomers left[154]. Further longitudinal analysis of these FRET reporters indicated a higher 

susceptibility of death for cells with higher diffuse FRETs, in keeping with the accumulation 

of oligomers which causes increased proteotoxicity[154]. A “numbers and brightness” 

analysis also showed that when a certain critical threshold concentration of Httex1 is reached, 

monomers get assembled into oligomers in a two-step process. The study further confirmed 

the previous finding of oligomeric depletion with aggregate formation[164].  

Increasing evidence appears to indicate that mHtt induced conformational changes prior to 

aggregation are central to the molecular pathogenesis of HD[180]. Moreover, mHtt 

transitions freely and rapidly between different aggregation states, and this dynamic 

remodeling makes it almost impossible to isolate the effects of any specific aggregation state. 

Challenges remain in defining how different aggregation states influences cellular activities 

at the molecular level, as well as in deciphering the link between Htt aggregation process and 

cellular responses to these changes. A better understanding of these cellular activities and 

their corresponding responses will help us understand the factors that are pathogenic or 

modify polyQ aggregation or has potential therapeutic roles. These changes have been well 

characterised in the study published in Chapter 2. 

 
1.10. Huntington disease gene expression changes 

 
A large body of studies show that transcriptional dysregulation is a key early step in HD 

pathogenesis[181-189]. Gene expression profiling of animal models and HD patient brains 

indicate a large impact of mHtt on gene expression with a significantly disrupted 

transcriptome from a minimally symptomatic stage of disease, with worsening seen with 

disease progression [190, 191]. Widespread transcriptional change occurs extensively and 

early, even in less affected Vonsattel grades 0–2  HD brains[192]. It has been shown that 

different functional regions of the brain have significantly different levels of dysregulated 

gene expression, with motor areas having greater effects than cognitive areas[192]. Motor 
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areas including the caudate nucleus of the post mortem HD brains, a third of all genes had 

altered expression[184]. Early studies revealed GABA levels in HD caudate was 

considerably reduced[193]. The emergence of choreiform movements and dystonia is thought 

to be correlated with degeneration of neurons containing enkephalin followed by P-

containing neurons[66, 193]. 

Striatum, the most severely impaired brain area in HD[194],[195] showed significant gene 

expression variations in HD patients[192, 196-198]. One of the biggest questions in the field 

is how the ubiquitously expressed mHtt protein causes severe neuropathological changes, 

primarily in the striatum. Recent transcriptomic analysis of human prefrontal cortex and 

striatum of prodromal HD carriers further confirmed striatum showing expression 

representing extensive inflammatory processes before any appearance of symptoms and 

significant neurogenesis as compared to the cortex[199]. Although selective neuronal death is 

a prominent feature in HD, there is now a plethora of research suggesting that major neuronal 

dysfunction precedes the death of neurons[116]. Neuronal impairment and neuronal cell 

death seen in HD is linked to widespread neuronal transcriptional disruption induced by mHtt 

as indicated by aberrant gene expression changes seen in HD brain[200, 201].  

Initial in situ hybridization studies showed decreased mRNA levels of signalling 

neuropeptides enkephalin, somatostatin, substance P, dopamine receptors (D1 and D2) and 

neuronal nitric oxide synthase (nNOS) in the HD brain[202-204]. This downregulation was 

further pronounced on disease progression with the findings supported by various studies of  

levels of neurotransmitters, the protein levels of their receptors and their specific 

metabolites[205]. Analysis of positron emission tomography (PET) scans of HD 

asymptomatic individuals with confirmed genetic diagnosis showed decreased potential for 

dopamine neurotransmitter receptor D2 binding supporting the idea that functional brain 

changes precede symptoms in HD[206]. However, changes in cell population, such as the 

loss of neurons and the gain of astrocytes and microglia, could confound some of these early 

differential expression changes[192, 196-198]. 

 

Single gene expression studies performed in transgenic mice overall exhibited similar pattern 

of gene alterations as in human HD. Reduced mRNA levels of dopamine D1 and D2 

receptors, metabotropic glutamate receptors (mGluR1, mGluR2 and mGluR3) have been 

confirmed in R6/1 and R6/2 mice and corresponding reduced protein levels were 

confirmed[14, 86, 207] implicating transcriptional dysregulation in HD. These findings 

suggest that as disease progress, HD brain undergoes multiple changes.  The types of genes to 
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be defined as downregulated in single gene studies fall into many broad classes, including 

neurotransmitter receptors, intracellular signalling and cytoskeletal proteins. Additionally, 

second messengers and synaptic proteins in transgenic R6 mice were found to be 

changed[189]. 

Subsequently, when DNA microarrays were developed in the early 2000s, HD was one of the 

first diseases in which DNA microarrays[197] were used produce a detailed examination of 

gene changes in to R6/2 mice striatum[208]. As in single gene studies there has been 

remarkable concordance in extensive gene expression array studies across HD post-mortem 

brain tissues and animal models[209-211]. Cell culture and biochemical studies also indicate 

that mHtt can interfere with gene transcription[173, 212, 213]. The altered expression of 

genes in HD results from both disease-related cellular consequences and adaptive 

mechanisms to compensate for these changes. In general, there is downregulation in genes 

associated with neurotransmitter receptors (dopamine – D1 and D2, serotonin, cAMP-

coupled receptors- adenosine A2a, cannabinoid CB1 receptors, GABA and glutamate 

receptors); components of cellular second messenger signalling pathways (regulators of 

calcium signalling, protein kinases-A, protein kinases–C related proteins and growth factor 

signaling); neuropeptides (somatostatin and proenkephalin); synaptic transmission (anchoring 

and vesicle components) as well as genes related to DNA metabolism and repair 

mechanisms[210, 214, 215]. Upregulation is generally seen in genes related to protein folding 

/clearance and cellular stress responses[189, 216]. 

The presence of a larger polyQ domain in the Htt protein could lead to transcriptional 

disruption through a variety of mechanisms. Gerber et al., first demonstrated in their study 

the activation of transcription using simple homopolymeric repeat stretches of glutamine in 

vitro. Numerous transcription factors including cAMP response element-binding protein 

(CREB) binding protein (CREBBP), TATA-box binding protein (TBP) and specificity 

protein 1 (Sp1)  are known to contain glutamine-rich activation domains[200]. mHtt 

containing expanded polyQ can function directly as a transcriptional regulator by mimicking 

their behaviour - by binding to their recognition elements or can affect the ordinary function 

of these glutamine activation domain containing transcription factors. Additionally Htt exon 

1 is also know to directly bind to DNA in the absence of other proteins, which could alter the 

DNA conformation and this aberrant DNA binding may also play a part in HD 

pathogenesis[101]. One of the theories behind transcriptional dysregulation in HD is 

sequestration of the components of transcriptional machinery by PolyQ aggregates[217]. 

Numerous transcriptional regulators like CREB, Sp1, TATA-box-binding protein-associated 
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factor II - (TAFII130), co-activators - CBP and TBP get sequestered along with mHtt 

aggregates[216, 218]. mHtt has higher affinity for these transcriptional regulators compared 

to the wild-type Htt suppressing their function. But interestingly, transcription factors lacking 

polyQ domains, like Sin3A[219], have been found in aggregates, suggesting that there are 

other protein – protein interactions besides polyQ interactions play a role. Moreover, 

numerous interactions between mHtt and core transcriptional machinery components 

exist[220]. Both in vitro and in vivo studies have also highlighted the direct interactions 

between mHtt, TFIID and TFIIF (RAP30 subunit) of the pre-initiation 

transcription complex[221]. Further the effect of mHtt on the basal transcriptional machinery 

may include loss of RNA polymerase activity. The large subunit RNA pol II can be 

sequestered in inclusions in cell lines expressing mutant Htt[191]. These observations suggest 

mHtt is capable of disrupting the core transcription machinery. mHtt can bind to the histone 

acetyltransferase domains interfering with histone acetylation and deacetylation further 

impacting gene transcription[222]. In addition, there is aggregation-induced inhibition of 

enzymes involved in chromatin remodeling[186, 218] and further alterations in non-coding 

RNAs culminating in alterations of transcription[186, 216]. These mechanisms are not 

mutually exclusive as mHtt can disrupt transcription via multiple mechanisms. 

Finally, transcriptome profiling in HD shows an image of neurons with significant 

changes in gene expression. In the context of mHtt aggregation, it may be presumed that 

these shifts in gene expression are due to disease-related cellular effects or to compensated 

adaptive homoeostasis of protein misfolding. mHtt aggregation based adaptive transcriptional 

modifications, although necessary under normal conditions is unable to respond to increased 

polyQ load resulting in neuronal dysfunction, neuronal toxicity, and symptoms of HD. In 

fact, recent studies indicate that the expected loss or gain of mHtt functions leads in 

systematic modification of both coding and non-coding genes in HD, thus undermining 

transcription pathways in cells[223, 224]. The association of transcriptomic changes to the 

different aggregation states of mHtt will give us a deeper understanding of the changed 

biological processes in response to protein aggregation. 

 

1.11. Unfolded protein response in Huntington's disease  
 

The capacity of a cell to recognise and respond to different stresses is crucial to cell viability.  

One of the vital organelles required for a broad range of proteins to be proper folding and 

processed is Endoplasmic reticulum (ER). In order to deal with misfolded protein 
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accumulation as seen in HD, the cells have evolved complex quality control (QC) 

mechanisms that help to correct protein folding in the ER. The unfolded protein response 

(UPR) protects against ER stress caused by a build-up of unfolded proteins in the cell[225]. 

Several measures including temporary translational attenuation, transcription induction via 

transcriptional regulators like activating transcriptional factor 6 (ATF6) and C/EBP 

homologous protein (CHOP)[226], activation of protein degradation via the proteasome and 

synthesis of ER chaperone proteins such as binding immunoglobulin protein (BiP)[227], are 

initiated  to safeguard the integrity and fidelity of protein folding in the ER in response the 

build-up of unfolded or misfolded proteins. UPR pathway is shown to be constitutively 

activated in neurodegenerative diseases[228-230], with HD post-mortem brains expressing 

ER stress markers such as BiP, CHOP and RRS1 (regulator of ribosome synthesis). 

Interestingly, in HD pre-symptomatic mouse and cell models, ER stress markers were shown 

to be triggered indicating early ER dysfunction in HD[231, 232]. UPR signalling in the ER is 

mediated by three stress-sensing transmembrane proteins, the inositol-requiring enzyme 1 α 

(ISA1A), the protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK), and ATF6, 

which together provide a coordinated response that helps to resolve disrupted 

proteostasis[233]. Although UPR helps alleviate ER stress, cell death can be caused by 

persistent ER stress resulting in an activated UPR. A significant defect in endoplasmic 

reticulum-associated degradation (ERAD)[234] of misfolded proteins has also been 

documented to cause neuronal toxicity due to the sequestration of critical ERAD proteins 

UFD1, P97 and NPl4 by polyQ mHtt fragments resulting in ERAD failure. Recent analysis 

have indicated extensive induction of UPR in various models of HD[235]. Further a strong 

association between polyQ length and UPR pathway gene expression has been 

established[235]. 

The protein folding in the cells is guided by a substantial network of chaperones, quality 

control factors and cellular trafficking pathway jointly called the proteostasis network. Stress 

responses, like UPR, mediate the complex control of the proteostasis network. The 

specialised ER stress sensing UPR pathway and others in the cell detects and integrates 

developing protein-folding issues and resolves them by directing translational attenuation to 

diminish protein load and reshapes the proteostatic network composition[236]. Modulation of 

the UPR in HD and other neurodegeneration is therefore a promising target for future 

therapeutic treatments. 
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Huntington's disorder is a severe neurodegenerative illness with signs of motor failure, 

neurological disability, and psychological problems gradually escalating over a span of 10-20 

years, eventually leading to death. HD associated morbidity and mortality put immense social 

and financial pressures on impacted people, their caregivers and communities. Medical 

options for the treatment of HD are limited and provide symptomatic relief, but do not affect 

the pathology of the disease itself. After the discovery of the Htt gene, HD research has 

progressed in leaps and bounds. While more than two decades of work in molecular genetics 

and molecular pathology of HD have taken place, there has been no effective therapy to 

reduce the pathological effects of mHtt. This thesis examines how aggregation state of PolyQ 

impacts transcription and other cellular functions. A wide range of PolyQ expansion effects 

on transcriptome could be drawn from these experiments. This work contributes knowledge 

to the field with the potential to unmask new pathways to dysfunctional mechanisms. 

Changes in gene expression (which occur prior to onset and during disease progression) have 

become a key focus of neurodegenerative disease research. Identification and validation of 

patterns of gene expression that occur in response to specific aggregation states could provide 

guidance on mechanisms involved in neurodegenerative molecular pathogenesis and may 

facilitate the discovery of new clinically relevant therapeutic targets. Since HD results from 

conformational changes in Htt protein, the identification of conformation-related toxic and 

adaptive changes will provide therapeutically amenable targets. 
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1.12. Thesis outline and aims 
 
The broad aim of the thesis is to understand the HD biology better through the angle of 

aggregation states. The thesis tries to underpin the toxic mechanisms as well as the adaptive 

changes undertaken by the cell to better cope with mHtt aggregation states as compared to the 

wildtype Htt.  

 

Chapter 2 of the thesis aims to obtain a better picture of aggregation states related gene 

expression changes. The main aims of the study were to 

 

1. How do different Huntingtin (Htt) protein aggregation states alter gene expression? 

2. Identify specific gene signatures altered across Htt protein aggregation states 

3. Functional validation of key targets altered by Htt aggregation states 

 

These have been addressed and published as in Molecular and Cellular Neurosciences. 

 

Chapter 3 further builds on chapter 2 and elaborates on splicing related alterations seen in HD 

with respect to aggregation states. Chapter 3 is a manuscript in preparation for submission 

and is written as such. The manuscript describes  

 

1. The changes in small RNA alterations and spliceosomal defects seen in HD 

2. Defines aggregation related splicing changes  

3. Proteomics of aggregation states and proteogenomic confirmation of spliced isoforms. 

 

The chapter 4 showcases the development of a novel thiol probe to quantify unfolded protein 

response in the cell. I highlight the use of novel proteomic approach to identify and quantify 

unfolded peptides in the cell to stressors. 
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2.1. Abstract  
 

Transcriptional profiles for distinct aggregation states of mutant Huntingtin exon 1 

protein unmask new Huntington’s disease pathways 

 
Huntington's disease is caused by polyglutamine (polyQ)-expansion mutations in the CAG 

tandem repeat of the Huntingtin gene. The central feature of Huntington's disease pathology 

is the aggregation of mutant Huntingtin (Htt) protein into micrometer-sized inclusion bodies.  

Soluble mutant Htt states are most proteotoxic and trigger an enhanced risk of death whereas 

inclusions confer different changes to cellular health and may even provide adaptive 

responses to stress. Yet the molecular mechanisms underpinning these changes remain 

unclear. Using the flow cytometry method of pulse-shape analysis (PulSA) to sort 

neuroblastoma (Neuro2a) cells enriched with mutant or wild-type Htt into different 

aggregation states, we clarified which transcriptional signatures were specifically attributable 

to cells before versus after inclusion assembly. Dampened CREB signalling was the most 

striking change overall and invoked specifically by soluble mutant Httex1 states.  Toxicity 

could be rescued by stimulation of CREB signalling.  Other biological processes mapped to 

different changes before and after aggregation included NF-kB signalling, autophagy, 

SUMOylation, transcription regulation by histone deacetylases and BRD4, NAD+ 

biosynthesis, ribosome biogenesis and altered HIF-1 signalling. These findings open the path 

for therapeutic strategies targeting key molecular changes invoked prior to, and subsequently 

to, Httex1 aggregation. 
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2.2. Transcriptional profiles for distinct aggregation states of mutant 
Huntingtin exon 1 protein unmask new Huntington's disease pathways 
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2.3. Conclusion and future directions 
 
In conclusion, our study has enabled the first comprehensive view of how aggregation state 

of Httex1 influences the transcriptome in HD.  Most noteworthy was the finding that soluble 

Httex1 propagates the most substantial changes in the transcriptome by blocking CREB 

signalling, which supports an extensive body of work indicating CREB signalling defects as 

central to HD pathomechanisms.  Importantly, our study is the first to our knowledge that has 

been able to identify defects as specifically attributed to the soluble mutant Httex1 in context 

of the system-wide transcriptional changes. This was enabled using a unique flowcytometry 

based toolkit -PulSA that helped enrich cells with soluble mutant Httex1. Indeed, the 

blockage of CREB signalling seemingly accounted for majority of the toxicity caused by 

Httex1.  As such, our data reaffirms CREB signalling as a highly attractive therapeutic target 

in Huntington's disease.  This conclusion is supported findings that an enhancement of CREB 

levels via Sirt1 overexpression in the R6/2 HD mouse model can improve survival time 

[237].  In contrast, the formation of inclusions offers (by comparison) trivial changes in the 

magnitude of transcriptional changes.  Moreover, of the changes observed, the signatures 

point to those involved in adapting to defects in CREB signalling such as the rewiring of 

CREB-related signally networks to compensate for CREB deficiency. In addition, other 

changes associated with protein homeostasis responses were also documented in these 

signatures.   

Another feature of our dataset was the pronounced enrichment of genes encoding polyQ. Five 

of the 9 genes upregulated more than 2-fold by the soluble polyQ-expanded Httex1 contained 

endogenous polyQ sequences suggesting that polyQ-expanded Htt may more broadly 

deactivate by soluble co-aggregation these proteins leading to their compensatory 

upregulation (Fig 2).  Three of the upregulated polyQ-encoding genes are involved in CREB 

signalling, which may explain why CREB signalling appears to be the most profoundly 

affected pathway (Fig 3a). While our study was able to elucidate several Htt aggregation 

related mechanisms, the use of mouse neuroblastoma cell line is a limitation of the study as it 

does not ideally replicate in vivo changes in the brain. Though efficient in elucidating 

mechanisms at work, the use of immortal neural cell lines and overexpression of mutant 

Httex1 fragments does not accurately reflect the intricate interplay of diverse cell types and 

their effect on target gene expression as seen in the brain. The cross validation using R6/2 

mouse brain data alleviates some of these concerns. An additional point of note is that R6/2 
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mice, depending on the length of their CAG repeats, develop nuclear (90 CAG) or 

cytoplasmic aggregates (200 CAG) [238]. The nuclear aggregates form early, are punctate 

and have distinct characteristics to cytoplasmic aggregates, which polymerise into larger 

inclusion bodies in the HD mouse brain. While our cell line Httex1 overexpression model 

system produced primarily cytosolic aggregates, as demonstrated in the R6/2-CAG 200 

mouse brain, it may not represent the complexity of Htt aggregation species and their 

subcellular site-specific consequences. 

Our new roadmaps of the transcriptional changes associated with Htt aggregation states offer 

a powerful resource to understanding how Httex1, notably the soluble forms, propagates 

toxicity as well as in yielding CREB signalling as a therapeutic target for further 

investigation. By utilisation of newer functional tools like CRISPR inducible cell lines (both 

activation and knock-out) we can further understand the biology of toxic and adaptive 

changes in HD. The targets identified in our study has broad relevance in terms of other 

aggregation related disorders. This study can be used as a template to understand the biology 

of other neurodegenerative conditions and develop better targeted therapeutics. 

 

2.4. Supplementary material 
 

Supplementary materials for: 

Transcriptional profiles for distinct aggregation states of mutant Huntingtin exon 1 

protein unmask new Huntington’s disease pathways 

Nagaraj S. Moily, Angelique R. Ormsby, Aleksandar Stojilovic, Yasmin M. Ramdzan, 

Jeannine Diesch,, Ross D. Hannan,, Michelle S. Zajac, Anthony J. Hannan, Alicia Oshlack 

and Danny M. Hatters 

Link for peer reviewed publication: https://doi.org/10.1016/j.mcn.2017.07.004 

Link for Table S1, Table S2, Table S3: https://ars.els-cdn.com/content/image/1-s2.0-

S1044743117301306-mmc2.xlsx 

• Table S1: a) Key pathways altered on comparison of grouped 72Q datasets (72Q-i + 

72Q-ni) vs. 25Q-ni. b) Ingenuity- upstream regulator analysis was done on 

differentially expressed genes between the soluble mutant Httex1 (72Q-ni) and 

soluble wild-type Httex1 (25Q-ni). c) The differential gene expression data for all 

https://doi.org/10.1016/j.mcn.2017.07.004
https://ars.els-cdn.com/content/image/1-s2.0-S1044743117301306-mmc2.xlsx
https://ars.els-cdn.com/content/image/1-s2.0-S1044743117301306-mmc2.xlsx
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comparisons done in the study, including total 72Q (72Q-i + 72Q-ni) vs.25Q; 72Q-ni 

vs. 25Q-ni; 72Q-ni vs. 72Q-i and 72Q-i vs. 25Q-ni. 

• Table S2: a) Differential striatal gene expression gene list of R6/1 Huntington disease 

mouse compared to the wild type litter mates. b) Ingenuity- canonical pathway 

analysis was performed to determine key pathways altered in the striatum of HD 

mice.  

• Table S3: Gene hubs identified in the hub analysis of different transcriptomic 

signatures. 

Supplementary figures and Supplemental Note 1 are below. 
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Fig S1: Flow cytometry gates used to match the expression level of cells collected for 
RNA sequencing (equivalent to the red data points shown in Fig 1c).  Shown are 
histograms of expression levels (based on Emerald fluorescence) of cells transfected with 
Httex1-Emerald at 48 h post transfection.  Bandwidths for the gates are shown above the 
histograms by the bars.  Each gate describes a matched median fluorescence (at 2,200 
fluorescence units) and the same bandwidths of 2,000 fluorescence units. 
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Fig S2: Quality control assessments and data corrections of raw sequencing data 
(corresponds to data in Fig 2). a) The density of log counts per million (log(CPM)) values 
for raw pre-filtered data and post-filtered data are shown for each sample. Dotted vertical 
lines mark the log counts per million of zero threshold (equivalent to a count per million 
value of one used in the filtering step.) b) Boxplots of log(CPM) values showing expression 
distributions for raw data and normalised data for each sample in the modified dataset where 
the counts in samples 1 and 2 have been scaled from their original values respectively. c) 
Multidimensional scaling plots of log-CPM values over dimensions 1 and 2 with samples 
coloured and labelled by sample groups (left graph). Distances on the plot correspond to the 
leading fold-change, calculated based on the 500 genes most variable genes in the dataset. 
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SUPPLEMENTAL NOTE 1 

Histone deacetylase 5 (HDAC5).  Gene transcription is governed in part by the acetylation 

and deacetylation of histones, the latter of which is mediated by histone deacetylases 

(HDACs). Whereas the role of HDAC1, HDAC3 has well been documented in HD[239, 

240], the role of HDAC5 in HD is not well characterized. However, CREB1-CBP signalling 

is switched off by displacement of CREB-CBP from the promoter by CREB2 and HDAC5 

suggesting a potential connection between the CREB signalling pathway maladaptation and 

HDAC5 function.  HDAC5 also is known to deacetylate histone H4[241] and H4 

deacetylation has been observed as a feature in HD pathology[212]. 

Bromodomain-containing protein 4 (BRD4). BRD4 is a member of the BET 

(bromodomain and extra-terminal domain) family, which function as epigenetic regulators.  

They acetylate histones (H3 and H4) and facilitate the transcription of target genes[242, 243]. 

BRD4 acetylates the same target histones as CREBBP, suggesting a functional connection at 

this level[244, 245].   

Nicotinamide phosphoribosyl transferase (NAMPT). NAMPT is the rate-limiting enzyme 

in the nicotinamide adenine dinucleotide (NAD) biosynthetic pathway. Oxidised and reduced 

NAD (NAD+ and NADH respectively) are essential cellular metabolites involved in energy 

production, redox homeostasis, Ca2+ signalling and post-translational modifications[246, 

247]. It was recently shown that NAD+ levels were depleted in cells expressing a soluble 

misfolded monomeric form of prion protein via excessive cellular protein ADP-ribosylation 

and resulted in metabolic failure[248]. Furthermore, administration of NAD+ specifically 

protected against soluble monomeric prion toxicity.  Hence upregulated NAMPT likely 

reflects a coping mechanism against soluble toxic Httex1 forms.   

Gamma-aminobutyric acid receptor-associated protein (GABARAP). The GABARAP 

family members (GABARAP, GABARAPL1 and GABARAPL2) are involved in the 

intracellular trafficking of receptors and the macroautophagy pathway. Autophagy offers 

protection to cells by removing toxic misfolded protein in response to proteotoxic stress[249, 

250]. GABARAP is involved in autophagosome formation and maturation for autophagy 

involving specific cytosolic cargo[249, 250]. The hub gene sequestosome 1 (SQSTM1), is a 

ubiquitin-binding scaffold protein that colocalizes with ubiquitinated protein aggregates in 

HD [251]. SQSTM1 binds directly to GABARAP family proteins and may serve to link Lys-

63-linked ubiquitinylated proteins to the autophagosome[252]. Critically, SQSTM1 and 
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GABARAP accumulate when autophagy is inhibited and vice versa, these are depleted when 

autophagy is stimulated.  Hence the upregulation of SQSTM1 and GABARAP hubs in cells 

with soluble mutant Htt suggests a block in autophagy. This may point to a specific defect in 

autophagy by soluble Httex1 forms.   

ELAV-like protein 1 (ELAVL1). ELAVL1 or HuR (human antigen R) is an RNA-binding 

protein involved in stabilizing mRNA. HuR is recruited to stress granules, which are 

important structures implicated as central to the dysfunction underpinning Amyotrophic 

Lateral Sclerosis [253, 254].  ELAVL1 is also thought to be involved in autophagy by 

binding to and post-transcriptionally regulating SQSTM1 mRNA in cells with proteasome 

inhibition[255].  Furthermore, the expression of ELAVL1 is thought to be regulated NF- κB 

and CDK1 signalling[256, 257]. Collectively these results suggest ELAVL1 is tightly linked 

to the changes in the GABARAP, NF- κB and CDK1 modules. 

Small ubiquitin-related modifier 2 (SUMO2). The SUMO protein family participate in 

post-translational protein modifications (SUMOylations) that enable cells to respond to 

extracellular stimuli with various roles in cellular function and pathology[258]. Mutant Htt 

undergoes SUMO modification in the amino-terminal region by the stress-inducible SUMO-

2[259]. SUMO-2 modification regulates the accumulation of insoluble HTT and increased 

SUMOylation results in disaggregation of the insoluble Htt aggregates, thereby releasing the 

soluble mutant Htt and increasing neurotoxicity[94]. Thus, a downregulation of SUMO2 

would help in reducing SUMOylation of soluble mutant Htt thereby reducing soluble mutant 

Htt toxicity. 

RELA proto-oncogene, NF-kB subunit (RELA). RELA, also known as TF65/p65, is 

involved in NF-κB heterodimer formation and its nuclear translocation and activation. RELA 

links tightly with the BRD4 and CREB modules.  BRD4 acetylates RELA as part of its 

function to activate NF-κB. The transactivation domains within the carboxy-teminal region of 

RELA interact with p300 and CREBBP for transcriptional coactivation[260].    

Ribosome associated proteins (RPS/RPL). Ribosomal proteins play an essential role in 

ribosome assembly and protein translation however, they have key ribosome-independent 

functions as well[261]. Disruption of ribosome biogenesis triggers a stress response that 

activates p53 signalling and apoptosis[261, 262].  This stress response involves protein 

MDM2 associating with the ribosome proteins to promote p53 activation[263]. Hence 

abnormal activation of MDM2 and ribosome proteins in cells enriched with mutant Httex1 



 

   
 

 
44 

may be a trigger for this apoptotic stimulus or a response to mitigate stress. A further link is 

that CREB mediates RP gene transcription[264].   

Cyclin-dependent kinase-1 (CDK-1). CDK1 a serine/threonine kinase, belongs to the 

family of cyclin-dependent kinases which plays a key role in cell cycle regulation[265].  

CDK1 is central to the activation of p53 under stress, leading to apoptosis[266, 267].     

PAX-interacting protein 1 (PAXIP1). This gene is a member of the paired box (PAX) gene 

family mediating signal transduction events in the DNA damage response pathway[268, 269]. 

Mutant Htt-induced DNA damage and repair defects have been previously connected with 

HD [270], with the activation of the DNA damage response preceding the formation of 

protein aggregates[271]. Upon DNA damage, PAXIP1 localizes to DNA damage nuclear foci 

and interacts with proteins involved in sensing and repairing DNA damage[272]. 

Additionally, PAXIP1 contains a long polyQ stretch that may interact with mutant Htt 

through its naturally occurring polyQ domain. Further in another polyQ disease (spinal and 

bulbar muscular atrophy (SBMA), also known as Kennedy’s disease), the polyQ-expanded 

mutant protein (androgen receptor) sequesters PAXIP1 attenuating DNA repair and 

increasing genomic instability[273]. Thus, Htt may co-aggregate with PAXIP1 and directly 

interfere with its function.    

E1A binding protein p300 (EP300).  EP300 (p300) is a histone acetyltransferase that 

regulates transcription[274]. It mediates cAMP-mediated gene regulation by binding 

specifically to phosphorylated CREB protein[275]. This gene has also been identified as a co-

activator of HIF-1α (which is part of the VHL module described below), and, thus, plays a 

role in the stimulation of hypoxia-induced genes[276].  

Polyubiquitin-C (UBC). Polyubiquitin-C encodes ubiquitin protein. UBC gene transcription 

is induced during stress and results in the formation of polyubiquitin precursor proteins of 

around 3–4 or 9–11 monomers[277].  This provides an extra pool of ubiquitin for clearance 

of excess misfolded proteins. Ubiquitin is an important signalling protein for proteasome-

mediated degradation and has been suggested to be dysregulated in HD brain and mouse 

models[278].   

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB). NF-κB 

signalling regulates expression of key pro-survival apoptotic genes.  Several lines of evidence 

have linked Epsmutant Htt to NF-κB.  For example, Htt has been reported to interact with 

IKK to influence NF-κB –signalling in immune cells[279]. In addition, the p65 subunit of 
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NF-κB has been shown to sequester in the Htt aggregates along with CBP/p300[280] and the 

mice lacking the p50 subunit of NF-κB suffered increased damage to striatal neurons after 

administration 3-nitropropionic acid[281], thereby indicating the key role NF-κB plays in as 

mutant Htt-induced cell death and aggregation. 

KIAA0101. This gene encodes for a protein called PCNA-associated factor, which is an 

essential protein in both DNA replication and DNA damage repair[282]. Defects in DNA 

mismatch repair mainly related to persistent oxidative stress[283] have been implicated in 

HD and other neurodegenerative disorders[284]. This target could be a novel regulator of 

oxidative stress-related cell health and could indicative of progressive cellular DNA damage. 

Hepatocyte nuclear factor 4 alpha (HNF4A). HN4FA belongs to a superfamily of nuclear 

hormone receptor (NHR) proteins that control transcription in diverse metabolic pathways. It 

plays an important role in glucose metabolism and insulin signalling and is also involved in 

cholesterol and fatty acid metabolism. HNF-4α is a nuclear transcription factor and has been 

linked to CREB signalling, where CBP functions as a key transcriptional coactivator for 

HNF4A[285], [286]. Impaired fatty acid metabolism and cholesterol dyshomeostasis has 

been observed in HD and HNF4A could function as impaired lipid regulation targets[287]. 

Further increased glucose metabolism and ATP level in brain tissue of Huntington's disease 

transgenic mice[288] shown might indicate CBP-HNF4A related control of cellular energy 

dynamics in HD.  

c-MYC (MYC). MYC has been described as a global regulator of cellular processes, 

including transcription, regulation of chromatin structure, translation and ribosome 

biogenesis[289]. CREBBP has been reported to bind and acetylate c-MYC to positively 

regulate c-MYC activity [289, 290]. Moreover, MYC inactivation irreversibly suppresses 

ribosome biogenesis and protein translation with marked changes in the total rate of protein 

synthesis[289].  

Signal transducer and activator of transcription 3 (STAT3). STAT3 is an important 

transcription factor which is expressed in response to cellular stress and controls the 

expression of several anti-apoptotic genes. Once activated STAT3 works in concert with NF-

κB to regulate cell survival[291, 292]. CREBBP can activate STAT3 by acetylating the C-

terminal transcriptional activation domain leading to transactivation of downstream pro-

survival genes such as Bcl-2 and Bcl-X[293]. 
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Von Hippel–Lindau tumor suppressor (VHL). VHL is an E3 ligase that targets Hypoxia-

inducible factor-1 (HIF-1) for degradation by the proteasome[294]. HIF-1 has a key role in 

cellular responses to hypoxia, including the regulation of genes involved in energy 

metabolism and apoptosis [281]. HIF-1 pathway is established in mechanisms of 

neurodegeneration[295]. HIF-1 activity requires co-transactivation factors such as 

CREBBP[296]. 

Heat shock protein 90 (HSP90AA). Hsp90 is a molecular chaperone with important roles in 

maintaining protein stability. Hsp90 also regulates the activity of the HIF-1, independently to 

VHL function[297]. Furthermore, inhibition of Hsp90 activates heat shock factor-1 (HSF-1), 

which stimulates Hsp70 and Hsp40 expression that can promote disaggregation and protein 

degradation[298].   
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Chapter 3:  
 

Httex1 aggregation states induce 
spliceosome defects and aberrant 
splicing in Huntington’s disease. 

 

 

 

 
 
 
 
 
 
 
 
 



 

   
 

 
48 

3.1. Abstract 
 

HD is a genetic disease caused by an expanded CAG tract in the Htt gene that allows 

translation into an elongated polyQ-stretch in the mHtt protein. The primary characteristic 

molecular pathology in HD is the accumulation of mHtt into micrometre-sized aggregates. 

The soluble form of mHtt has been shown to be most neurotoxic, whereas aggregates lower 

the risk of cellular death. We have previously described transcriptional changes related to 

different aggregation states of mHtt. Altered splicing has been implicated in HD causing 

exacerbation of pathogenesis. In this study we identified defects in the uridine rich small 

nuclear RNAs as well in the splicing factor SRSF2 which is required for formation of a 

functional spliceosomal complex in cells with mutant Htt. By utilising flow cytometry 

method of PulSA we further analysed splicing signature in cells enriched with various 

aggregation states of mHtt. Further using mass spectrometry, we also confirmed 

modifications to transcript-specific peptides resulting from alternative splicing before versus 

after inclusion assembly. These findings indicate defects in splicing machinery and detail 

aggregation state specific splicing changes in Huntington disease as well as avenues for 

future research. 
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3.2. Introduction 
 
Aggregation of proteins is a critical feature of neurodegenerative disorders including 

HD[299]. HD results from an expansion of CAG trinucleotide repeats within Httex1 beyond 

the pathogenic threshold of 35 repeats[1], translating into an elongated polyQ stretch in the 

mHtt protein. This pathogenic polyQ expansion increases the propensity of soluble mutant 

Huntingtin (Htt) to form amyloid fibrils and the N-terminal polyQ fragments to form 

intracellular protein aggregates called inclusions[13][1]. The soluble form of Httex1 has been 

shown to cause toxicity much before aggregation occurs. Though the exact mechanism of 

Httex1 induced pathogenesis is not clear, we have detailed (in Chapter 2) the consequences of 

soluble mutant Httex1 in a cell culture model of HD that transcriptional dysregulation 

mediated through CREB signalling is a major feature of HD pathogenesis[300]. Similarly, 

other studies have also implicated transcriptional dysregulation via CREB signalling 

alterations as key to transcriptional alterations in various animal models of HD[172, 301]. 

The transcriptional changes seen in HD are widespread and occur in various areas of the HD 

brain long before symptoms appear[68, 210]. Similarly, post-transcriptional alteration in 

mRNA splicing have been documented in HD[302-305] and aberrant splicing changes have 

also been confirmed in HD brains[303, 306]. However, the post-transcriptional splicing 

changes associated with different aggregation states and their regulatory mechanisms have 

not been characterised.   

Pre-mRNA splicing is a critical step necessary for gene expression. It is performed by a 

spliceosome that recognizes splicing signals and catalyses the elimination of non-coding 

intron sequences and assembles mature mRNAs from protein-coding exons before their 

export and translation in the cytoplasm[307, 308]. More than 95% of genes in the human 

genome are recognised to generate transcripts that undergo alternative splicing, enhancing the 

proteomic diversity in the cell[309, 310]. The regulation of gene splicing can modify the 

availability of protein isoforms by altering when, where and how mRNA transcripts are 

expressed, alterations in cellular splicing patterns can influence many cellular functions and 

cellular response to stress[311-313]. Cellular splicing is undertaken in the nucleus by uridyl-

rich small nuclear RNAs (U-snRNAs). These constitutively expressed small RNAs through 

ribonucleoproteins (U-snRNPs) dictate precisely where splicing occurs and hence are crucial 

to mRNA splicing[314-317]. The core U-snRNP complexes together with 200–300 proteins 

constitute the spliceosome. About ninety-nine per cent of introns are handled by the major 

U2-type spliceosome which consists of five snRNAs, U1, U2, U4, U5 and U6 and other 
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related proteins[318, 319]. The minor U12-type spliceosome is similar to the major U2 

spliceosome complex, although it comprises four distinct snRNA, U11, U12, U4atac, U6atac 

and splices a minor class of introns (<800)[320]. Both the classes of spliceosomes share the 

U5 snRNA 

Of the hundreds of spliceosome-associated proteins majority are believed to be common 

between the major and minor classes of spliceosomes, and a few related to U11 and U12 

snRNPs are associated with only the minor spliceosome[321, 322]. Spliceosome formed by 

the U-snRNAs and associated proteins assembles via U-snRNP intermediate complexes as 

detailed in Figure 3.1. 
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Figure 3.1: Diagram depicting spliceosome assembly on nascent mRNA. The 
spliceosome is assembled from the U-snRNP components in stepwise fashion on the nascent 
mRNA. The various U-snRNPs involved in spliceosome assembly and splicing cycle vary in 
their sequence of appearance and differ in their composition. There is an ordered interaction 
of spliceosomal snRNPs in the splicing cycle. 
 

 

The schematic for stepwise spliceosome assembly and catalysis of splicing is explained in 

Figure 3.1. Spliceosome assembly is initiated by the U1 snRNP attachment to the 5′ guanine-

uracil splice site of an exon to form the early complex E. At the same time, the U2 snRNPs 

assemble at the branch site in an ATP-dependent reaction to form complex A. The 

precatalytic spliceosome B complex then forms by incorporation of the U5 and U4–U6 

snRNPs. The catalytic activation of complex B requires several additional rearrangements, 

including the separation of U1 snRNP from the 5′ splice site and unravelling of the base-pair 

interaction of the U4/U6 snRNA duplex resulting in U4 snRNA loss. The catalytically active 

complex B* is then produced by a new base-pairing arrangement between U6 and U2 

snRNAs[314]. This reconfiguration makes the 2′ hydroxyl group of the branch point 

adenosine to form a phosphodiester bond at 5′ splice site resulting in the cleaving of the 5’ 

spliced site (step 1), generating exon 1 and a looped structure called lariat intron[323]. The 

spliceosome then undergoes further remodelling by aligning the exons with the conserved U5 

snRNA loop for the second trans-esterification reaction (step2) by which the two exons are 

covalently linked[324]. Subsequently the spliced mature mRNA is released, the lariat intron 

is degraded and the spliceosome disassembled and its components recycled [325]. The 

dynamic nature spliceosome assembly, low levels of the spliceosome and associated 

machinery have hindered structural studies of snRNPs or intact spliceosomes.  At least four 

spliceosomal complexes are observed in vitro: E, A, B and C[326, 327]. These spliceosomal 

complexes, as denoted in Figure 3.1, vary in their composition as well as sequential order of 

appearance. In general spliceosomal remodelling events by the intermediate complexes are 

characterized by ATP dependent stable interactions of the snRNAs with specific proteins 

which results in the formation of intermediate spliceosomal ribonucleoprotein complexes 

(snRNPs)[328]. These intermediate complexes guided by U-snRNAs recognize the splice 

sites present in pre-mRNA sequences committing the pre-mRNA to the splicing cycle along 

with numerous other splicing factors[318, 329, 330]. Of the various splicing factors, the SR 

family of splicing factors play a key role in regulating spliceosome function[331].  
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SR proteins comprises several phylogenetically conserved proteins are distinguished by the 

presence of a RNA recognition motif (RRM) and an arginine and serine rich RS domain 

which enable these splicing factors to concurrently interact with RNA and other protein 

components [332]. In addition to playing significant regulatory role in mRNA splicing, they 

also participate in post-splicing operations, including nuclear export of mature mRNA, 

nonsense-mediated decay to remove defective mRNA and mRNA translation[333]. The SR 

proteins are typically located in nuclear compartments called speckles, which are sites of 

active genes transcription and co-transcriptional splicing as well as regions of pre-mRNA 

splicing factors storage and reassembly[334, 335]. The SR proteins also help in “exon 

definition” by recruiting the splicing machinery to exon splicing enhancer sites, which 

function as a buffer against exon skipping during gene splicing. As a result, the linear order 

of exons from 5′ to 3′ in spliced mRNAs is guaranteed[336, 337]. The splicing factor SRSF2 

(also called SC-35) is required for mammalian spliceosome assembly[338]. SRSF2 is an 

essential protein involved in forming the first ATP-dependent splicing complex. SRSF2 binds 

to the 5' and 3'-splice sites on the nascent mRNA and interacts during the spliceosome 

assembly with spliceosomal components at the 5'- and 3'-splice sites. It mediates the ATP-

dependent pre-mRNA interactions with U1 and U2 snRNPs [339] and mediates complex 

interactions of splicing elements bound to the 5 'and 3' splice sites  via the Arginine/Serine-

rich domains to bridging the 5 'and 3' splice site binding components, U1 snRNP and U2 

auxiliary factor (U2AF)[331].  

Studies have shown that the expression of the mutant Htt induces mis-splicing in HD patient 

brains[303, 306, 340] and these changes have been recapitulated in the HD cellular and 

animal models[305, 340, 341]. The associated toxicity is primarily attributed to the trapping 

of splicing factors like serine/arginine-rich splicing factor 6(SRSF6)[304], Muscleblind Like 

Splicing Regulator (MBNL)[342] and U2AF2[343] by the insoluble aggregates. Further RNA 

binding proteins like MBNL are also involved in RAN translation and RAN related 

pathology[344, 345] and accumulation of RAN translation products[346] have been 

documented in HD aggregates.  

Reports also indicate that mHtt and wild-type Htt differ in their interaction with many 

splicing factors, indicating that mHtt through aberrant protein-protein interactions can 

interfere with the splicing regulatory networks by associating with other proteins[347]. 

Further aberrant mis-splicing leading to the generation of small N-terminal fragments of 

mHtt exon 1 has also been demonstrated to cause HD pathogenesis[348]. These studies 

collectively show that splicing alterations may, at least in part, underlie HD pathogenesis.  
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One emergent hypothesis is that splicing defects in HD are mainly caused due to 

sequestration of splicing factors associated with aggregated state of mutant Htt although 

aberrant protein-protein interaction of soluble mHtt disrupting splicing networks cannot be 

ruled out. In this chapter, we look at the post-transcriptional mRNA splicing changes 

associated with Httex1 aggregation states and ascertain how altered transcripts of individual 

genes differ in their expression across aggregation states. We were further able to identify 

transcript isoforms at the peptide level via whole-cell proteomics in cells with different 

Httex1 aggregation states. Using neuronal cells with and without Httex1 aggregates as well as 

HD iPSC patient and gene corrected neuronal precursors, we elaborate the dysregulation in 

spliceosomal associated non-coding snRNAs and associated splicing machinery in HD. 

 
3.3. Materials and methods 
 
3.3.1. DNA constructs   
 
Httex1 of both 25Q or 72Q sequence lengths were cloned into pT-REx vectors (Life 

Technologies) as described previously[349, 350].   

 
3.3.2. Cell culture  
 
Mouse neuronal Neuro2a cells, originally obtained from the American Type Culture 

Collection, was used in the study. These cells were grown in OptiMEM medium (Life 

Technologies) supplemented with 10% v/v fetal calf serum, 1 mM glutamine, 200 U/ml 

penicillin and 200 µg/ml streptomycin in a 5% v/v atmospheric CO2 humidified incubator at 

37℃. Using the Lipofectamine 2000 reagent (Life Technologies), Neuro2a cells were 

transiently transfected with DNA constructs as per manufacturer's recommendations.  

Table 3.1: List of human iPSC HD neuronal lines and their corresponding 
CAG sizes 

 

 

 

 

 

  

hiPSCs CAG size 
NDD00081 27, 18 
NDD00083 30, 19 
NDD00086 45, 19 
NDD00088 45, 19 
NDD00091 65, 19 
NDD00092 65, 19 
NDD00096 81, 27 
NDD00097 81, 19 
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Human isogenic induced pluripotent neuronal stem cells (hiPSCs) cell lines were a gift from 

the Pouladi lab and generated as described in Xiaohong Xu et al., 2017[351]. Human iPSC 

HD pathogenic and gene corrected neuronal precursor cell lines and their CAG repeat sizes 

are included in Table 3.1. The hiPSC lines obtained were induced into a neuronal lineage and 

characterised by immunofluorescence (Pax6, Nestin) and qPCR (Pax6, Nestin, Sox1) to 

ascertain pluripotency and for normal karyotype at the Pouladi lab. 

Human iPSC was induced into precursor neural stem cells by a previously established and 

published protocols[352]. In brief, human iPSCs(hiPSCs) were maintained in N2B27 media 

made up of DMEM-F12/Neural Basal medium in 1:1 ratio with addition of N2 supplement 

one per cent, B27 supplement – two per cent, 10 ng/ml human LIF, and 5 μg/ml BSA 

containing 3 μM CHIR99021 (Tocris), 2 μM SB431542 (Sigma). The hiPSCs at about 40-

50% confluence was split into 1:2 ratio using Accutase (Sigma) and plated onto Matrigel-

coated plates. RHO/ROCK pathway inhibitor -Y27632 (Stem Cell Technologies) was used 

during plating of cells to prevent apoptotic cell death. hiPSCs were maintained at 37℃ with 

5% v/v atmospheric CO2 at adequate humidity. Cells at passage 5 were used for experiments. 

 
3.3.3 RNA sequence processing and alternative splicing analysis  
 
Whole transcriptomic data generated in Chapter 2 with four biological replicates of cells 

enriched with soluble wild-type Htt (25Q-ni) or with soluble mHtt (72Q-ni) and aggregated 

mHtt (72Q-i) was reanalysed in this study. Paired end 50bp paired were assigned and mapped 

to the mouse reference genome(GRCm38/mm10) using STAR (2.5.3) aligner[353]. The 

average library size of the mapped samples was 15 million reads with at least one reported 

alignment (~90% mapping rate). Differential splicing analysis of the sequencing data was 

conducted using replicate multivariate analysis of transcript splicing (rMATS) (Version 

4.0.1)[354] software to individually quantify and analyse differences in alternative splicing 

events (ASE) in Neuro2a cells expressing either the 72Q-ni- Httex1, 72Q-i-Httex1 or 25Q-ni- 

Httex1 wild-type control proteins. rMATS takes sorted- Binary Alignment Map (BAM) files 

and defines splicing events that are differentially represented between two conditions. The 

sorted-BAM files of cells enriched with different aggregation states 72Q-ni, 72Q-i, 25Q-ni 

wild-type controls were used as sample inputs. Additionally, an Ensemble gene transfer 

format (GRC38 version 89)[355] was provided for mouse transcript annotation to be used for 

rMATS analysis. The ASE events in different aggregation states was identified using default 

thresholds in the rMATS analysis pipeline. The rMATS ASE analysis classified splicing 
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events into five classes by defaults as skipped exon (SE), retained intron (RI), alternative 5′ 

splice sites (A5SS), alternative 3′ splice sites (A3SS), and mutually exclusive exons (MXE) 

as described in Figure 3.4B[354]. A standard parameter to define the degree or magnitude of 

alternative splicing is the exon-inclusion ratio, often referred to as percent spliced in 

(PSI)[356]. The PSI value is calculated for the exon and its two flanking exon neighbours and 

is an indicator of isoform abundance. PSI is the relative abundance ratio of all isoforms 

containing a particular exon to the relative abundance of all the gene isoforms containing the 

said exon. It is calculated by the formula  

 

𝑃𝑃𝑃𝑃𝑃𝑃 =
𝑆𝑆/𝐿𝐿𝐿𝐿

� 𝑆𝑆𝐿𝐿𝐿𝐿� + � 𝑅𝑅𝐿𝐿𝐿𝐿�
 

∆𝑃𝑃𝑃𝑃𝑃𝑃 =  𝑃𝑃𝑃𝑃𝑃𝑃(𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) − 𝑃𝑃𝑃𝑃𝑃𝑃(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)  

 

Where S indicates the number of reads corresponding to the spliced transcript, R indicates the 

number of reads corresponding to the reference transcript. LS and LR are the lengths of 

splicing transcript and reference transcript respectively. In order to return the probability of 

differential splicing and the degree of alternative splicing for each ASE, individual values are 

then compared between groups of samples to obtain ΔPSI. The value of ∆PSI is the 

difference in the mean percent-spliced-in between test and control group.  Significant splicing 

change defined as FDR <0.05 were used for functional enrichment analysis. Skipped exons 

were mainly considered for downstream analysis unless mentioned otherwise. Genomic 

visualisation of global splicing events was done using MASER[357] in RStudio (Version 

1.1.447) /R (Version 3.6.1).  

 
3.3.4. Enrichment of GO Category and KEGG Pathway  
 
The Gene ontology (GO) and pathway enrichment analysis was performed using the 

Database for Annotation, Visualization and Integrated Discovery (DAVID)[358] version 6.8 

(https://david.ncifcrf.gov/) tool. The genes with significant differential ASE were used in the 

analysis. False discovery rate (FDR) correction was implemented to account for and obtain 

adjusted significance values. Using differential splicing profiles, we identified and sorted 

ASEs out into genes that were enriched in GO categories and KEGG pathways. 

https://david.ncifcrf.gov/
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3.3.5. Network Analyst - Minimal interaction networks 
 
The post-transcription gene splicing signatures were mapped using the network analyst 

toolkit[359, 360] to known protein: protein interaction networks. Essentially all spliced genes 

in the splicing signature were connected to an experimentally verified protein: protein 

interaction network with STRING v.10 algorithm[361].  

Subsequently the network was pruned so that only proteins that connect the input spliced 

genes were retained. The most centrally linked genes in the network play a central role in 

regulating the network, creating a hub that connected the rest of the network. The hubs were 

formed by the most linked genes remaining in the network that had a degree of centrality of 

>5. 

 
3.3.6. Collection of cells by Pulse Shape Analysis  
 
Using a BD FACS ARIA III cell sorter mouse neuronal Neuro2a cells were fluorescence-

activated cell sorted 48 hours post transfection and used for whole cell proteomics. The cells 

were basically gated by SSC and FSC gates for the live cell population and then using 

PulSA- 'ni' and ‘i’ gates, as described[349]. Cells were further gated to the same median GFP 

intensity of 4,000 RFU, to normalise and match expression by adjusting the width of the 

expression window across replicates. For Quantitative PCR experiments smaller median GFP 

window of 2,500 RFU was used to collect 50,000 cells in 4 replicate sets. The Httex1 

constructs of wild-type 25Q and pathogenic 72Q were transfected and sorted in parallel 

across five days and used as five matched replicates. For each replicate sample of 25Q-ni, 

72Q-ni and 72Q-i, a minimum of 200,000 cells were sorted and collected for whole cell 

proteomics. Samples were sorted into PBS for proteomics and TRI-reagent (Zymo Research, 

Irvine, CA) for RNA extraction. Cells were kept on ice for all stages of planning and 

handling of the sorting process. Cells were pelleted at 120 g for 6 minutes, and the resultant 

pellet was snap frozen using liquid nitrogen to be stored at - 80 °C. An identical sample 

collection was performed for imaging and analysed with confocal microscopy[349].  

 
3.3.7. Whole cell proteomics 
 
Preparing whole cell protein extracts 
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The stored snap frozen cell pellets were thawed then lysed using a cell lysis reagent - RIPA 

lysis buffer (25mM Tris-HCl, pH 7.4, 0.1% SDS, 1% NP40, 1% Sodium deoxycholate, 

150mM NaCl, 1x complete mini-protease inhibitor cocktail; Roche). The pellets were treated 

with around 100µL of RIPA lysis buffer and incubated for 30 minutes. The protein 

concentration was subsequently determined by using the Pierce™ BCA Protein Assay 

(Thermo Fisher Scientific, USA), as directed by the manufacturer in each sample. To remove 

any residual detergent that can interfere with subsequent MS analysis, equal measured 

quantities of protein were combined with six-fold volumes of acetone (at -20°C) and the 

precipitation was allowed to proceed overnight. Next day, the samples were spun at 13,000 

rpm at 4°C for 10 minutes and acetone removed without the protein pellet being disturbed. 

The pellets were again rinsed with pre-chilled acetone, and were allowed to dry fully for ten 

minutes. The pellet was dissolved in 100 µL 0.1M TEAB, vortexed and sonicated thrice for 

30 seconds to aid solubilization. 

Protein digestion 

The protein cysteines were reduced using TCEP reducing agent (tris(2-carboxyethyl) 

phosphine) (10 mM, pH 8.0), at 60°C for 45 minutes accompanied by iodoacetamide (IAA) 

(10 mM) alkylation in the dark for 15 minutes at room temperature. The mixture was then 

treated with (25mM TEAB, pH 8) following which sequencing-grade trypsin (Promega) with 

1:50 ratio of enzyme to substrate was added. The reaction was taken to completion during 

overnight incubation at 37 °C, and was terminated by the addition of trifluoracetic acid 

(TFA) to one per cent. 

Desalting of the acidified tryptic peptides was performed by means of Oasis HLB 1 cc Vac 

SPE Cartridge, (Waters Corp, USA) prewashed with a mixture of acetonitrile (ACN) with 

trifluoroacetic acid (TFA). 80 per cent v/v of ACN with 0.1 per cent v/v TFA was used as 

both prewash and elution solution. Subsequent washes were performed with 1.2 ml of TFA 

(0.1% v/v) thrice utilising a vacuum manifold.  The samples were then loaded onto the SPE 

cartridge and washed with 1.5 ml of TFA (0.1% v/v). The samples were then eluted with 

0.8 ml of ACN and TFA elution solution. The eluent was collected in 1.5 ml microcentrifuge 

tubes for lyophilization through freeze drying (Virtis, SP Scientific) and reconstituted using 

100 µl distilled water. Quantification of peptides was done in triplicates using a micro-BCA 

assay (Thermo Fischer Scientific, USA) with bovine serum albumin as standard before 

labelling. 
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Peptide labelling 

For dimethyl labelling, 25μg of peptides was reconstituted to 100μL with TEAB (100 mM), 

before dimethyl labelling. Peptides were differentially labelled by adding 4μL of 4 per cent 

v/v formaldehyde-CH2O (light label) or CD2O (Medium label) (Sigma, USA) with 4μL of 

sodium cyanoborohydride (600 mM ) (NaCNBH3) (Sigma, USA). On the other hand, 4μL of 

4 per cent v/v D2-formaldehyde-13CD2O (reconstituted from 20 per cent solution, 98 per cent 

D2; Cambridge Isotope Laboratories, USA) and 4μL of sodium cyanoborodeuteride 

NaCNBD3 (600 mM) in 1 M NaOH (98.7 per cent D2; CDN Isotopes, Canada) was used to 

heavy-label peptides. The peptide mixtures were incubated at room temperature for 1 hour 

while mixing to confirm that > 99% of the peptides were labelled. Quenching was performed 

by adding 16 µL of one per cent ammonium hydroxide and by the addition of 8 µL formic 

acid. The light dimethyl label, medium dimethyl label and heavy dimethyl label were then 

mixed up in equal volumes. Five biological replicates for each sample which were labelled as 

follows: light label for 72Qni, Medium label for 72Qi and heavy label for 25Qni. Peptide 

mixtures were then combined and were run as a single experiment on LC-MS/MS 

spectrometer.  

Nano ESI-LC-MS/MS analysis 

Analysis of the peptide mixtures were performed using liquid chromatography-nano 

electrospray ionization-tandem mass spectrometry (LC-nESI-MS/MS) using the Orbitrap 

Lumos mass spectrometer (Thermo Scientific, USA) equipped with nanoflow reversed-

phase-HPLC (Ultimate 3000 RSLC, Dionex). The following columns - Acclaim Pepmap 

nano-trap column (Dionex – C18, 100 Å, 75μm × 2 cm) and Acclaim Pepmap RSLC 

analytical column (Dionex – C18, 100 Å, 75μm × 50 cm) were used in the nano-HPLC 

system.  

1μg of the whole proteome or 0.135 μg of peptides L from the peptide mix were loaded into 

the enrichment (trap) column for every LC-MS/MS experiment. A constant isocratic flow of 

5μL/minute of three per cent CH3CN with 0.1 per cent formic acid for six minutes was 

maintained before the switching the enrichment column in-line with the analytical column. 

The elution in the LC conducted was done using five per cent DMSO with 0.1 per cent v/v 

formic acid (solvent A) and 100 per cent CH3CN with five per cent DMSO and 0.1 per cent 

v/v formic acid. In the first 95 minutes, the gradients switched from three per cent B to 20 per 

cent b followed by 20 per cent to 40 per cent B, the next ten minutes. The gradient increased 
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to 80 per cent B subsequently in five minutes and maintained the same in the last five 

minutes before the switch to three per cent B gradient for ten minutes for equilibration before 

the next LC run. Data-dependant acquisition was undertaken in a positive ionization mode 

with MS spectra scanned from 400-1500 m/z, with a resolution set at 120,000 with an 

automatic gain control target value of 5e5. The spectrometer was operated with the spray 

voltage set at 1.9 kV and the source temperature set at 275 °C. DMSO lockmass of 

401.92272 was used. The instrument was run in “top speed” acquisition method mode with a 

cycle time of 3 seconds, considering only the most intense charge state of the precursor 

whereby peptide ions with charge states ≥ 2-5 were isolated with a precursor isolation 

window of 1.6 m/z and fragmented with high energy collision mode with 30 ± 5 per cent 

stepped collision energy. The fragment ion spectra were acquired in Orbitrap at mass 

resolving power of 15000 resolution. Dynamic exclusion had a duration of 30 seconds.  

Data analysis 

The data analysis was performed using the Proteome Discoverer (version 2.1.1.21; Thermo 

Fisher Science, USA) software using the search engine Mascot (Matrix Science version 

2.4.1). In combination with common contaminant proteins, the GFP sequence (UniProt ID: 

P42212), the SwissProt Mus Musculus database (version2016-07; 16794 proteins) and a 

custom database of peptides generated from RNA transcripts in the sequencing data 

sequences were added to create a comprehensive database of different peptide isoforms 

against which the MS data was filtered. The custom database of peptides was generated from 

RNA transcripts in the sequencing data by in-silico translation of nucleic acid sequences (the 

3 forward reading frames) to their corresponding protein sequences using the Transeq method 

in the EMBOSS software suite. 

For protein identification, the search was conducted with the precursor MS mode tolerance of 

10 ppm, fragment MS/MS mode tolerance of 0.6 Da, with enzyme specificity determined to 

include those fully cleaved by trypsin. The minimum peptide length required was six with the 

maximum missed cleavage sites permitted set to two. The variable modifications allowed 

were: Oxidation (M), Dimethylation (K), Dimethylation (N-Term), Dimethylation: 2H(4) 

(K), Dimethylation 2H(4) (N-term), 2H(6)13C(2) Dimethylation (K), 2H(6)13C(2) 

Dimethylation (N-term) (Variable), N-term Acetylation (Protein N-term) and 

Carbamidomethyl (C) was set as a fixed modification. The FDR maximum of estimation was 

set to one per cent at the protein identification level and 0.5 per cent at the peptide 

identification level, while actual was 0.1 per cent for each replicate at both the protein and 
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peptide levels. At least one unique peptide was required for protein report in all three 

replicates with the common contaminant, Keratin, excluded from the dataset.  

Proteome Discoverer v.2.1.0.81 was used for peptide quantification using the precursor ions 

quantifier node. Pairings of dimethyl labelled peptide among two comparisons of light, 

medium or heavy, were developed with a mass precision of two parts per million and a signal 

to noise threshold of three. For peptide identification we applied 0.6 minutes of retention time 

tolerance for isotope pattern multiplets and allowed spectra with two single peaks or missing 

channels to be quantified. For each replicate protein abundances were calculated by 

determining the mean abundance of the top three unique peptide abundances used for 

quantitation. Peptide group abundances and protein abundances were normalized using 

Peptide and Protein Quantifier node in Proteome discoverer (v 2.1) and imported into Perseus 

software (v 1.6.5.0).  

Protein log2 abundances were computed and samples replicates were grouped. Statistical 

analysis was performed using GraphPad Prism software (version 8.0.2.263) (Graphpad 

Software Inc, USA). Pairwise comparisons of proteomes were done using paired two-sample 

t-test to determine significant differences in protein abundances on the assumption that data 

obtained is normally distributed. Protein log2 abundances were computed and samples 

replicates were grouped. Statistical analysis was performed using GraphPad Prism software 

(version 8.0.2.263) (Graphpad Software Inc, USA). Pairwise comparisons of proteomes were 

done using paired two-sample t-test to determine significant differences in protein 

abundances on the assumption that data obtained is normally distributed. Though it is not 

ideal to automatically assume that the data are normally distributed, non-parametric tests do 

not have enough sensitivity for comparisons with few replicates and hence we applied 

parametric paired t-tests. 

Proteogenomic analysis for identification of spliced peptide isoforms was performed using 

Splicify[362]. The differentially expressed splice isoform analysis with rMATS identified 

splicing isoforms for further validation. These splice variants were translated into a database 

of protein isoform (FASTA) sequences by 3-frame translation. This custom database 

combined  with mouse Uniprot protein (GRCm38)[363] database was further used with 

MaxQuant[364], to define MS/MS spectra of PulSA sorted proteomic samples. The 

extraction and quantification of isoform-specific peptides was enabled by utilising the splice 

isoform generated from whole transcriptomic analysis. Differentially expressed splice protein 

isoforms was calculated after. The code for the analysis is accessible at 
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https://github.com/NKI-TGO/SPLICIFY. The analysis was performed using the default 

parameters. 

 
3.3.8. Immunofluorescence 
 
In an eight well Ibidi chamber 1×105 cells/ well were plated 24 hours before transfection. 

Cells were subsequently transfected with 72Q-Httex1-Emerald, 25Q-Httex1-Emerald or 

Emerald only using Lipofectamine 2000 reagent (Life Technologies). The transfection media 

was replaced 6 hours post transfection. After 48 hours, the cells were fixed at room 

temperature by four percent w/v of paraformaldehyde for ten minutes and permeabilized with 

0.1% TritonX100 for 30 minutes and blocked in 5% BSA for 1 hour.  Primary antibody anti-

SC35 (1:750 dilution) was incubated at room temperature for 1 hour. Post wash with PBS, 

secondary antibody (1:1000 anti-mouse Cy5) was added for 30 minutes followed by nuclei 

counterstaining with Hoechst (1:250) for 25 minutes. Post fixation all the steps were 

conducted at room temperature. The cells were imaged using SP5 confocal microscope.  The 

mean nuclear fluorescence intensity was measured with cell profiler software (v 2.2.1)[365]. 

The hIPSC HD cells were fixed, stained as mentioned above. The human isogenic neuronal 

cells were imaged using the SP8 confocal microscope and mean nuclear fluorescence 

intensity was measured with image processing tool Fiji (Version 1.53)[366].  The results 

were analysed using Prism software.  

 
3.3.9. Quantitative real-time PCR 
 
For analysis of small nuclear RNA by quantitative PCR, the 72Q and 25Q plasmid DNA 

were transfected into Neuro2a cells for 48 hours, before sorting by flowcytometry- PulSA 

into TRI-reagent (Zymo Research, USA) and stored in -80°C before proceeding for RNA 

extraction. hiPSC cell lines of different CAG sizes as in Table 3.1 of passage five were used 

to validate the snRNA levels. Total RNA was extracted using the Direct Zol RNA extraction 

kit (Zymo Research, USA) and RNA concentration measured using Qubit fluorometer (Qubit 

RNA BR Assay Kit). 300-500ng of RNA was used for cDNA conversion. SuperScript III 

first- strand synthesis system (Invitrogen) was used for cDNA conversion with oligo(dT) 

primers as per to the protocols provided. RNaseH treatment was performed to remove any 

residual RNA.  
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Table 3.2: Real-time PCR reactions custom master mix preparation  

 
 

Master mix Reagent X 1000 sample 
Water 3276 µl 
MgCl2 (50mM) 400 µl 
ThermoPol reaction buffer (10X with 20mM MgCl2) 1000 µl 
High Resolution Melting Master 250 µl 
dNTPs (25 mM) 64 µl 
Immolase DNA polymerase (20 Units/µl) 10 µl 
Total: 5000 µl 
Reagent X 1000 sample 
Master mix reagent 5000 µl 
F +R primer combined (50mM) 80 µl 
Water 2920 µl 
Total: 8000 µl 

 

 

Plus 2 ml of diluted (1: 10) cDNA = total volume per well in 384 well plate = 8 + 2 = 10 ml. 

Samples were prepared in a total volume of 10μl per reaction with a final concentration of 

10μM of each primer (Table 3.3). The reaction was run in Lightcycler 480 System Real-Time 

PCR system (Roche). The ΔΔCt values were calculated to determine fold changes in gene 

expression. 
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Table 3.3: List of primers used for the study 

 
Primer Primer Sequence 
U1 snRNA Forward  GATACCATGATCACGAAGGTGGTT 
U1 snRNA Reverse CACAAATTATGCAGTCGAGTTTCC 
U2 snRNA Forward  TTTGGCTAAGATCAAGTGTAGTATCTGTTC 
U2 snRNA Reverse  AATCCATTTAATATATTGTCCTCGGATAGA 
U4 snRNA Forward  GCGCGATTATTGCTAATTGAAA 
U4 snRNA Reverse  AAAAATTGCCAATGCCGACTA 
U5 snRNA Forward  GGTTTCTCTTCAGATCGCATAAATC 
U5 snRNA Reverse CTCAAAAAATTGGGTTAAGACTCAGA 
U6 snRNA Forward  GCTTCGGCAGCACATATACTAAAAT 
U6 snRNA Reverse ACGAATTTGCGTGTCATCCTT 
U11 snRNA Forward  GTGCGGAATCGACATCAAGAG 
U11 snRNA Reverse CGCCGGGACCAACGAT 
U12 snRNA Forward  AACTTATGAGTAAGGAAAATAACGATTCG 
U12 snRNA Reverse  CGACCTTTACCCGCTCAAAA 
U4atac snRNA Forward  GCGCATAGTGAGGGCAGTACT 
U4atac snRNA Reverse  GCACCAAAATAAAGCAAAAGCTCTA 
U6atac snRNA Forward  AGGTTAGCACTCCCCTTGACAA 
U6atac snRNA Reverse  TGGCAATGCCTTAACCGTATG 
5.8S rRNA Forward  CGGCTCGTGCGTCGAT 
5.8S rRNA Reverse CCGCAAGTGCGTTCGAA 
5S rRNA Forward  CGGCCATACCACCCTGAAC 
5S rRNA Reverse GCGGTCTCCCATCCAAGTAC 
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3.4 Results and Discussion 
 

3.4.1. Soluble mutant Httex1 affects spliceosome pathway and related process 
 
We have previously shown in chapter 2 that soluble mutant Httex1 induces toxicity in cells. 

Briefly, expression levels of the pathogenic soluble 72Qni, aggregated 72Qi and the wild type 

25Qni cell populations were matched using flowcytometry using the PuLSA toolkit. This 

expression matched enriched cell populations were subject to RNA sequencing and cell 

survival of individual populations was conducted by live cell imaging. The cells containing 

soluble mutant Httex1 showed significantly lower survival compared to aggregated and 

wildtype Httex1. Interestingly, one of the key pathways altered in 72Q-ni as compared to 

25Q-ni was the spliceosome pathway (FDR = 0.0145, Fold enrichment = 2.27). The gene 

ontology analysis of 72Q-ni as compared to 25Q-ni also revealed alterations in mRNA 

processing and RNA splicing (FDR <0.0001)[300]. The expression of spliceosome pathway 

genes was upregulated in mHtt 72Q-ni as compared to wild type. We performed network 

analysis of the spliceosomal pathway genes identified in the study which showed that the SR 

family of splicing factors are enriched in 72Q-ni group compared to 25Q-ni (FDR <0.0001, 

Fold enrichment = 4.13) (Figure 3.2).  
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Figure 3.2: Spliceosome function is altered in mHtt-72Q-ni compared to 25Q-ni. Protein-
protein interaction zero-order network of the spliceosome pathway genes plotted according to 
their gene expression fold change in cells enriched with soluble mutant 72Q-ni as compared 
to 25Q-ni. Validated protein-protein interactions of genes matching those enriched in the 
dataset as shown by STRING algorithm (v10). The network was created using Network 
analyst to include only the genes which show significant differential expression. The enriched 
SR family of splicing factors are highlighted in yellow. 
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Pre-mRNA splicing is spatially and temporally regulated by splicing factors such as SR 

proteins that are concentrated in nuclear speckles[367]. Since SR splicing factors play 

important role in initiation of splicing and assembly of the spliceosome complex[331, 338], 

we quantified SRSF2 levels in cells of different Htt aggregation states. Neuro2a cells from a 

single experimental culture were transfected with Httex1 72Q, 25Q and emerald only control 

for 48 hours. Subsequently the cells were fixed and immunostained against the key activated 

splicing factor SRSF2 and analysis by confocal microscopy was performed. 72Q Httex1 

formed aggregates as seen in Figure 3.3A. The analysis of images was done using cell 

profiler software (v 2.2.1). The mean fluorescence nuclear intensity of SRSF2 

immunostained nuclear speckles was quantified (mean ± SD), and n ≥ 90 cells were analysed 

in each group. A higher SRSF2 activity is seen in cells with diffuse 72Q-ni and aggregated 

72Q-i as compared to 25Q-ni. This result indicates the spliceosome related activity is higher 

in expanded 72Q as compared to the wildtype 25Q. Further, there was no difference in mean 

fluorescence intensity in cells with and without aggregates (Figure 3.3B).  
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Figure 3.3: SRSF2 activity is increased cells in Neur2a cells 72Q aggregation states. (A) 
Neuro2a cells from one experimental culture were transfected with Httex1 72Q, 25Q and 
emerald only control for 48 hours and fixed and immuno-stained with anti-SRSF2 antibody 
with Cy5 secondary antibody and Hoechst as nuclear marker and viewed on confocal 
microscope. The analysis of images was done using cell profiler software (v 2.2.1). (B) 
Confocal images from (A) were used to determine the mean fluorescent intensity of SRSF2 
in the nucleus (mean ± SD), n ≥ 90 cells were analyzed in each group.  
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A similar observation was seen in isogenic HD hiPSCs cell lines of different polyQ lengths 

(65 and 81 CAG repeats) as compared to gene corrected hiPSCs with 27 CAG repeats (Figure 

3.4A). There was significant difference in mean fluorescence intensity in hiPSCs with 

pathological expansions compared to gene corrected hiPSCs with normal polyQ length 

(Figure 3.4B). This further validated our results of altered spliceosome activity in HD. As 

hiPSCs do not form aggregates in culture[351], we can specifically attribute altered function 

of key spliceosome protein SRSF2 to the soluble mutant Htt protein in these human patient 

lines. Although our data did not reveal a CAG length dependent increase in SRSF2 activity 

additional assays with different CAG lengths of 45, 65 and 81 isogenic lines would probably 

help to tease out if there is CAG length dependent increase in SRSF2 activity in the nucleus. 

It has been previously shown SRSF2 is a crucial factor required for mammalian spliceosomes 

and is  involved in early E complex, as well as complex A and B formation required for 

splicing (Figure 3.1)[368], [339]. SRSF2 in the nucleus is localized to discrete regions and 

the loss of splicing activity is correlated with a reduction in the SRSF2 levels[338]. Hence 

increased SRSF2 activity seen in our data might correlate with aberrant splicing activity 

initiated in cells containing soluble 72Q-ni and in cells which later form aggregates 72Q-i. 

Increased SRSF2 levels have also been associated with nonsense-mediated mRNA decay 

(NMD), a quality control mechanism that degrades mRNAs with premature termination 

codons. 
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Figure 3.4: SRSF2 activity is increased cells in HD - hiPSCs. (A) Two clones from three 
different isogenic HD human iPSC cell lines were fixed and immuno-stained with anti-
SRSF2 antibody. Cy5 was used as a secondary antibody and Hoechst as nuclear marker and 
images collected by confocal microscopy. Image analysis was performed using Fiji software 
(v 2.2.1). (B) Confocal images from (A) were used to determine the mean fluorescent 
intensity of SRSF2 in the nucleus (mean ± SE), n ≥ 40 cells were analyzed in each group. 
The experiment was repeated twice. 

 



 

   
 

 
70 

3.4.2. Spliceosome integrity is defective in HD 
 
As spliceosome is assembled and regulated by basal snRNA and associated proteins, we were 

interested in investigating the non-coding RNAs involved in spliceosome formation. The 

snRNAs remain in steady stoichiometry inside the spliceosome and are an essential 

requirement for mRNA splicing. The 5′ splice site and branch point upstream of the 3′ splice 

site are initially recognised by U1 and U2 snRNAs, and later by U4/U6 snRNAs. The U5 tri-

snRNP subsequently joins the spliceosome before its reconfigurations which eventually 

results in U6 snRNA catalysing the final splicing reaction[369, 370]. Therefore, any 

perturbations in snRNA levels could lead to altered spliceosomal integrity[371]. We were 

intrigued to see whether snRNA levels were changed by Htt aggregation. We transfected 

25Q, 72Q and Emerald only constructs in Neuro2a cells and using flowcytometry-PulSA 

sorted cells into soluble 72Q-ni, aggregated 72Q-i and wild-type 25Q-ni populations. Total 

RNA including small RNA was extracted from sorted cells and the amount of Uridine-rich 

small nuclear RNAs in the samples were measured. The snRNA levels of U2, U4ATAG, U6 

and U12 were significantly upregulated in soluble mutant Httex1 as compared to 25Q-ni 

(Figure 3.5A). We did not see a significant upregulation of U1, U4, U6ATAG and U11 

snRNA when compared to 25Q-ni. A similar upregulation of U2, U4ATAG and U6 snRNAs 

was seen in aggregated Httex1. Since 72Q-ni is associated with increased toxicity, the altered 

snRNA levels seen in 72Q-ni indicate splicing machinery defects as a potential mechanism of 

related toxicity. These aberrant non-coding snRNA defects are further carried over into the 

72Q-i aggregated state (Figure 3.5A). 

To further confirm our results, we measured levels of small nuclear RNAs in isogenic 

human Htt iPSC neuronal cell lines. These isogenic lines were obtained from HD patients and 

were gene corrected for the number of CAG repeats. Our data show that U1, U2, U4 ATAG, 

U5, U6 snRNAs were significantly upregulated in 45 CAG repeat isogenic lines. U1, U2, U4, 

U4 ATAG, U5, U12 snRNAs were significantly upregulated in 65 CAG repeat isogenic lines 

while 81 CAG repeat isogenic lines showed upregulation in U1, U2, U4, U4 ATAG, U5 

snRNAs. The expanded CAG hiPSCs with 45, 65, and 81 CAG repeats (Figure 3.5B), the 

levels of U1, U2, U4ATAG, and U5 snRNA is significantly higher than in control lines with 

30 CAG repeats, while U6 snRNA is significantly higher in 45 CAG lines and U12 snRNA is 

significantly higher in 65 CAG lines as compared to control lines. Overall, these results show 

that the CAG expansion causes mis regulation of U-snRNAs biogenesis and can cause an 

alteration in spliceosomal integrity. These changes in splicing machinery can result in 
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abnormal splicing of specific genes that might be preferentially mis spliced in response to the 

aberrant snRNA levels in cells. 

A)

B)
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Figure 3.5: U snRNA levels are altered in soluble mHtt exon 1. (A) The RNAs were 
isolated from Neuro2a cells sorted by flowcytometry PulSA into 25Q-ni, 72Q-ni and 72Q-i 
aggregation state enriched populations and U-snRNA levels were assesed by quantitative 
real-time PCR. Average expression results were compiled from two independent assays with 
transfections performed in triplicates is plotted. (B) Mean U-snRNA expression of control 
and pathologic patient’s hiPSC HD neuronal lines was determined from two independent 
experiments. Average snRNAs levels were normalised to the 5s RNA control. HD hiPSC 
patient lines present robust U-snRNA misregulation. (Bars: mean ± SE, *p < 0.05, **p < 
0.005, ***p < 0.0005, ANOVA with multiple testing). 

 
 
3.4.3. Aberrant splicing is seen in different aggregation of Httex1 
 

To understand the global splicing changes in relation to aggregation states we further 

explored spliced isoforms differences attributable to the different aggregation states (Figure 

3.4A).  Based on the whole transcriptome RNA sequencing data from chapter 2, we 

performed three comparisons for spliced isoform analysis. First, 72Q-ni against 25Q-ni, 

which examined how the soluble mutant Httex1 changed the isoforms of the gene. Second, 

72Q-ni versus 72Q-i, which more precisely analysed how spliced isoforms were affected by 

the aggregation of mutant Httex1 into inclusions. Lastly, the expression of the 72Q-i versus 

25Q-ni, which assessed how aggregates altered spliced isoforms compared to the wild-type 

baseline.  

Using rMATS, we identified 115,214 splicing events across aggregation states. A total of 

8,563 alternative splicing events were statistically significant in all comparisons between 

aggregation states in our dataset (Figure 3.6A) (FDR<0.05). Out of which 2,645 alternative 

splicing (AS) events were detected in the soluble 72Q-ni group and 2,855 alternative splicing 

events detected in aggregated 72Q-i group compared to wildtype soluble 25Q-ni. We also 

identified 3,063 AS events between soluble 72Q-ni compared to aggregated 72Q-i 

(Supplementary Table 3.1). Of the five major classes of alternative splicing events reported, 

the most prevalent events were skipped exon (SE), which accounted for 43.6% of total ASE 

detected, retained intron (RI) was next accounting for 18.6% of the total events. Exon 

skipping was the major class of alternative splicing seen in the dataset as compared to other 

AS events (Figure 3.6B). No significant difference among the different classes of splicing 

events was identified across aggregation states.  
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Figure 3.6: Different classes of alternate splicing events across aggregation states. (A) 
Cells with different aggregation states of mHtt were sorted into populations enriched with 
polyQ-expanded Httex1 with distinct aggregation wild-type 25Q-ni, 72Q-ni and 72Q-i states 
by flow cytometry- PulSA for differential isoform analysis. (B) The different types of 
alternative splicing events skipped exons (SE), mutually exclusive exons (MXE), alternative 
5’ splice site (A5SS), alternative 3’ splice site (A3SS) and retained intron (RI) detected by 
rMATS[354] across aggregation states 72Q-ni vs. 25Q-ni, 72Q-i vs. 25Q-ni and 72Q-ni vs. 
72Q-I. Significant events had FDR <0.05. 
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To obtain an overview of global skipped exon events between aggregation states, we plotted 

volcano plots highlighting significant skipped exons in each condition (Figure 3.7A-3.7C). 

The PSI values represent the frequency of occurrence of a particular exon in all known 

transcript isoform sequences of the gene. It is an indication of how well a particular exon is 

spliced into the transcript population. A PSI of 1 suggests constitutive exons that are used and 

never excluded in all transcripts, while values below 1 mean decreased inclusion of 

alternative exons and represent the percentage of exon-containing proteins relative to the total 

transcript population[372]. ΔPSI values detail the abundance of exon skipping and exon 

inclusion isoforms between the test and the control groups. Positive values indicate an excess 

of exon skipped isoforms in the test group and negative values abundant exon inclusion 

isoforms in the controls. Pairwise comparisons and correction for multiple testing was 

performed and false discovery rates <0.05 and ΔPSI ≥ ± 0.1 (10%)[354] was considered 

significant as denoted in Figure 3.7A-3.7C.  

First, we checked if the genes spliced in our dataset showed any similarity with other human 

HD studies. The study from Lin et al.,2016[303] which examined splicing changes in HD 

patient motor cortex and control brains was used as reference. We saw a statistically 

significant overlap in genes that showed abnormal splicing (n=51, Fold change:2.3, FDR 

<0.0001) between human HD brains and our dataset (72Q vs 25Q) by hypergeometric gene 

enrichment testing[373] (Supplementary Table 3.2). While hypergeometric tests suffer 

drawbacks from assumptions that genes are independent and gene expression are not 

correlated, there is no easy alternative for enrichment analysis given the small sample size 

and difficulty of implementing linear model-based methods for alternative splicing events in 

our study. From Figure 3.7A we can see that global splicing changes occur in the soluble 

72Q-ni as compared to 25Q-ni. There were 1,105 significant skipped exon transcripts in 72Q-

ni as compared to 25Q-ni, 511 were exon skipped transcripts and 594 were exon inclusion 

transcripts. 1,109 significant skipped exon transcripts in 72Q-ni as compared to 72Q-i (Figure 

3.7B) with 552 were exon skipped transcripts and 557 were exon inclusion transcripts. There 

were 1,108 significant skipped exon transcripts in 72Q-i as compared to 25Q-ni (Figure 3.7C) 

with 520 were exon skipped transcripts and 588 were exon inclusion transcripts. The 

respective events are denoted in supplementary table 3.3. 

Interestingly one of the top spliced genes in 72Q-ni as compared to 25Q-ni, the E3 ubiquitin-

protein ligase- Mycbp2 is known to regulate cAMP signalling pathway[374, 375]. We found 

other genes including Raf-1 Proto-Oncogene, Serine/Threonine Kinase (Raf1), 



 

   
 

 
75 

phosphoinositide-3-kinase regulatory subunit 2 (Pik3r2)[376], Mitogen-activated protein 

kinase 9 (Mapk9)[377], Ras-Related Protein Rap-1A (Rap1a) [378], Adenylate Cyclase 

Activating Polypeptide 1 (Pituitary) Receptor Type I (Adcyap1r1), CF Transmembrane 

Conductance Regulator (Cftr) of cAMP signalling pathway  (KEGG: mmu04024)[379] in the 

dataset. In addition we also found genes - Dynein axonemal light chain 4(Dnal4), Nuclear 

receptor binding factor 2(Nrbf2), Glutamate receptor ionotropic AMPA2 (Gria2), NADH 

dehydrogenase 1 alpha subcomplex 12(Ndufa12), Peroxisome proliferator activated receptor 

gamma (Pparg), Glutamate receptor ionotropic, NMDA1 (Grin1), Discs large homolog 4 

(Dlg4), Clathrin light polypeptide (Clta), Huntingtin interacting protein 1(Hip1), Mitogen-

activated protein kinases – Mapk9 and Mapk10, genes related to the HD pathway 

(KEGG:mmu05016)[380] to be alternatively spliced in 72Q-ni as compared to 25Q-ni. The 

MYCBP2 and cAMP-response element binding protein (CREB) is also significantly spliced 

in 72Q-i as compared to 25Q-ni. Other important genes alternatively spliced in 72Q-i as 

compared to 25Q-ni includes Semaphorin 4C (Sema4c) encodes the Semaphorin-4C protein 

that is needed to activate the p38 MAPK pathway which has been implicated in HD[381]. 

The histone demethylase Jumonji domain-containing protein 6 (Jmjd6) shows alternative 

splicing in 72Q-ni as compared to 72Q-i and the modulation of which has been shown to 

affect the survival of HD neurons[382].  

To better understand the alternatively spliced genes between aggregation states, we looked at 

the skipped exons events in different aggregation states as depicted in the Venn diagram 

(Figure 3.5D).  Interestingly, there seems to be genes which are preferentially spliced with 

different aggregation state. Around 66% of the SE were unique to individual aggregation 

states and 34% showing overlap in splicing. Similarly retained introns also showed a higher 

number of unique genes spliced (56%) between aggregation state. The enrichment analysis of 

the unique genes with skipped exon showed statistically significant enrichment of spliced 

genes related to regulation of actin cytoskeleton and the spliceosome in soluble mutant 

Httex1, whereas apoptotic genes were spliced in the aggregated Httex1 (Supplementary Table 

3.4). Genes spliced for retained introns did not show any statistically significant enrichment. 
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Figure 3.7: Global exon skipping events seen in different aggregation states of Httex1. 

Volcano plots (A, B, C) showing the abundance of skipped exons events in different 
aggregation states. Percent spliced inclusion (PSI) values between conditions as ΔPSI values 
of all the ASE are represented on the X-axis and adjusted p-values (negative log) are plotted 
on Y-axis. Significant skipped exon events with significant adjusted p-values less than 0.05 
with a minimum ΔPSI change equal or greater than 0.1 as investigated by rMATS are 
highlighted red. Grey dots show significant AS event and represent changes in PSI ratios of 
less than 0.1 and black dots denote non-significant events. D) Venn diagram showing skipped 
exons events in aggregation states. 
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To gain further insight into the changes in biological processes of aggregation specific 

spliced gene changes, we performed gene ontology and pathway analysis on the genes 

exhibiting alternative splicing ( FDR <0.05; spliced skipped exon) of different aggregation 

states using DAVID-NCBI (version 6.8)[358]. Gene ontology terms with adjusted p-value of 

less than 0.05 with counts of 10 and greater were considered significant. DAVID analysis 

revealed that genes involved in transcription are significantly spliced in 72Q-ni as compared 

to the control 25Q-ni. We also observed splicing of genes involved in post transcriptional 

mechanisms like mRNA processing, RNA splicing, as well as chromatin modification which 

showed alternative splicing in soluble 72Q-ni.  GO analysis of aggregated 72Q-i revealed 

similar alteration in splicing in genes involved in transcription, mRNA processing, RNA 

splicing, chromatin modification. Further, genes associated with cellular response to DNA 

damage stimulus and protein transport were also spliced. Comparison of soluble 72Qni and 

aggregated 72Q-i showed similar terms enriched. The heatmap of important GO biological 

processes analysis with the corresponding fold changes in different aggregation states is show 

in Figure 3.8.  

Overall, based on the gene ontology and pathway analysis of alternate spliced genes in 

different aggregation states we can conclude that the genes mainly involved in transcription 

and post transcriptional processes are altered in different aggregation states of Httex1. 
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Figure 3.8: Heatmap of biological processes altered by splicing across Httex1 
aggregation states. Heatmap of gene ontology terms enriched across different aggregation 
states compared – between the soluble forms of Htt - 72Q-ni vs 25Q-ni, between aggregated 
state and wild-type Htt - 72Q-i vs 25Q-ni and on aggregation 72Q-ni vs 72Q-i for 
alternatively spliced skipped exons. The heat map was generated using Morpheus tool from 
the Broad Institute using fold enrichment values of individual gene ontology terms (P. Value 
<0.05) across different aggregation states generated using DAVID (v.10). White to red colour 
scale (colour key, left) denotes minimum to maximum enrichment scores (fold score) and 
represents fraction of genes alternatively spliced for a given gene ontology gene set than 
expected by chance. The cells highlighted in green represent processes that are altered (FDR 
<0.05) in 72Q-ni that are worsened in 72Q-i. Gray represents unavailable values. 

 

3.4.4. Altered splicing changes across Httex1 aggregation states. 

In order to understand the variations in splicing patterns in genes with conversion of soluble 

Httex1 to aggregated state, we mapped the splicing signatures into 4 categories as described 

in the Figure 3.7A. Only skipped exon events in different aggregation states were considered. 

The FDR significance values across aggregation states were used to categorise the spliced 

gene into 4 groups as described in Figure 3.7A.  The splicing signature 1 indicates the 

skipped exon events initiated by soluble Htt and continued in aggregated Htt. The splicing 

signature 2 indicates skipped exon events exclusively associated with the aggregated form of 

mHtt. Splicing signature 3 indicates events initiated by soluble form and exacerbated by 

aggregated state. Whereas signature 4 depicts skipped exons events initiated by soluble Htt 

and rescued with aggregation. While spliced signatures 1 and 3 indicate toxicity associated 

splicing changes, events in splicing signature 2 and 4 indicates rescue attempts. The different 

alternatively spliced genes categorised into four different splicing signatures are listed in 

supplementary table 3.5. 

To further understand these splicing signatures and their effects we undertook a systems 

biology approach to pinpoint targets for aggregation related splicing defects. A protein-

protein interaction network was created using the validated interactions from the STRING 

database(v10) using Network Analyst toolkit[383]. A minimum interaction network of 

spliced genes in each signature was created to identify key hub genes with high degree of 

connectivity (>5) with other genes in the network. We hypothesise that alterations in these 

highly networked genes would impact the functions of the whole splicing network of 

associated genes. The networks generated, and the hub genes identified are listed in Figure 

3.5B and potential role in HD is described below.  
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These categories suggest only a working model of the mechanisms that will require further 

investigation. The below signatures only seek to provide elaboration on possible mechanisms 

of splicing changes that can be attributed to specific aggregation states but does not claim as 

definite mechanisms at play as these have been not verified in an orthologous system. 

 

Splicing effect attributable to soluble Httex1 - Splicing signature 1:  This signature would 

be consistent with the effects arising from soluble Httex1. The hub genes in splicing signature 

1 include genes such as Epidermal Growth Factor Receptor Substrate 15 (Eps15), Mortality 

Factor 4 Like 1 (Morf4l1), DExH-Box Helicase 9 (Dhx9) and Euchromatic Histone Lysine 

Methyltransferase 2 (Ehmt2). EPS15 is a cofactor involved in clathrin mediated endocytosis 

[384]. EPS15 interacts with HIP1 which is an important partner of Htt and is important for 

clathrin mediated endocytosis in HD[385].  EPS15 is recruited into ubiquitin-rich 

cytoplasmic aggregates by Ubiquilin[386]. This presence in ubiquitin-rich cytoplasmic 

aggregates might demonstrate EPS15 function either in the membrane recruitment to 

aggregates or in autophagic fusion to lysosomes or endosomes[387]. MORF4L1 is involved 

in chromatin organisation, modification and regulates transcription of numerous genes 

primarily by the acetylation of histones H2A and H4 in the nucleosome[388]. MORF4L1 

being part of NuA4 histone acetyl transferase complex might participate in effective repair of 

damaged DNA when recruited to the sites of DNA damage[389]. The Dhx9 gene belongs to 

the DEAH-containing RNA helicase family. DHX9 functions as a transcriptional regulator. It 

is detected in cytoplasm and nucleus, where it catalyses and unwinds double-stranded RNA 

and DNA-RNA complexes in a ATP dependent reaction[390]. It is also part of the holo-RNA 

polymerase II (Pol II) complex and is regulates CREB mediated transcription by recruiting 

Pol II to the CREBBP protein. It has also  been shown that DHX9 could regulate CREB-

mediated transcription by other ATP-dependent processes[391]. The Ehmt2 gene produces an 

histone methyltransferase enzyme that methylates lysine 9 residues of histone H3 resulting in 

repression of target genes expression[392]. This epigenetic regulator is crucial for 

transcriptional modulation and is one of the earliest of epigenetic-related transcription 

alterations in Huntington’s disease mouse models[393]. Overall, the data suggests that the 

splicing of genes involved in crucial cellular processes are altered in soluble Httex1 

aggregation state. The splicing of the genes related to endocytosis, chromatin organisation, 

DNA repair and transcription are altered by soluble mHtt. 
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Splicing effect attributable to aggregated Httex1- Splicing signature 2: This signature 

would be consistent with the effects arising from aggregated Httex1. Of the different hub 

genes identified, Nuclear Factor Kappa B Subunit 1 (NFkB1) (Figure 3.9B) is central in mHtt 

mediated neurotoxicity[394]. We have shown in chapter 2 that NFkB1 to be associated with 

transcriptomic changes that are triggered by soluble toxic Httex1 and extended by aggregated 

Httex1 state[300].  Similarly, we find that NfkB1 hub seems to be involved with splicing 

changes associated with aggregation of Httex1. NFkB1 regulates pro-survival gene 

expression, remains essential for the functioning of neurotrophic factors, cytokines[395] and 

activates during NMDA-mediated excitotoxic cell death as seen in HD [396, 397]. NFkB1 

showed higher expression in human prefrontal cortex of HD patients compared to healthy 

control[185] as well as transgenic mice brain[394]. The increased NFkB activity is a 

protective response to ongoing oxidative stress and mitochondrial dysfunction seen in 

HD[394]. Further NFkB1 has significant cross talk with CREB via the co-activator CREB-

binding protein[398]. These findings indicate that NFkB and its signalling cascade is central 

to HD pathogenesis and aberrant splicing of these modulators can cause perturbations in cell 

health.  

Our lab has previously shown that inclusion formation supresses apoptotic cell death and 

later activates necrotic cell death pathways[178]. NFkB has been shown to be a key regulator 

of programmed cell death pathways, its signalling cascade either through canonical or non-

canonical mechanisms with a complex interplay of downstream signalling molecules 

affecting the switch between anti-apoptotic, apoptotic and necrotic cell death. NFkB acts as a 

switch tipping the balance in the favour of cell survival or cell death following TNFR (Tumor 

necrosis factor receptor) activation which initiates three distinct signalling mechanisms that 

progress to different cell fates[399].  

The presence and the subsequent co-operative recruitment of key signalling molecules directs 

the cells into these cascades. Recruitment of TNFR-associated death domain (TRADD), 

receptor-interacting protein kinase 1 (RIPK1), and TNFR-associated factor 2 (TRAF2) to 

TNFR promotes IKK-dependent activation of NFkB, which promotes the expression of 

antiapoptotic genes, leading to cell survival. In absence of RIPK1, TRADD binds to TNFR 

and effects FLICE-associated death domain (FADD) mediated mitochondrial release of 

cytochrome C and activation of effector caspases, resulting in apoptosis. RIPK1 when 

recruited to the TNFR signalling complex in absence of TRADD, activates the stress-

activated Jun kinase (JNK) signalling cascade resulting in programmed cell death via 
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necrosis or apoptosis[399-402]. The metabolic state of the cell is important in determining 

whether the cell undergoes apoptosis or necrosis[403].  Cellular quiescence as represented by 

ATP depletion and other metabolic challenges can result in activation of NFkB[404], which 

further based on a severity or a threshold level of metabolic dysfunction can result in switch 

between necrosis or apoptosis[405]. Hence NFkB can potentially act as a controller of 

programmed cell death pathways. Alternative splicing of NFkB alters the function, location 

and activity of NFkB group of transcription factors[406, 407]. Hence aggregation associated 

aberrant splicing of NFkB could act as molecular switch that might supresses apoptotic cell 

death with early aggregates and later activates necrotic cell death pathways with late 

aggregates and needs to be further elaborated. 

SWI/SNF-Related Matrix-Associated Actin-Dependent Regulator of Chromatin Subfamily A 

Member 4 (Smarca4) is a member of the SWI/SNF family of proteins. Smarca4 forms part of 

ATP-dependent chromatin remodelling complex- SNF/SWI needed for transcriptional 

activation of chromatin-repressed genes[408]. SMARCA4 recruits topoisomerase 1 and can 

suppresses transcription-associated CAG instability seen in HD[409]. The HDAC 1,2,5 

belong to the family of histone deacetylases that are important regulators of gene 

transcription. To mitigate the transcriptional dysregulation seen in HD, HDACs have recently 

emerged as important drug targets for treatment in HD[410-412]. HDAC 1, 2 have been well 

studied and have been shown to be neuroprotective in HD[413], [414] . HDAC6 also 

counteracts the effects of misfolded protein accumulation in ER by induction of HSP70 

chaperones[415, 416]. 

 

Splicing effects worsened by aggregation - Splicing signature 3: This signature relates to 

the effects that are initiated by soluble Htt but worsened with Htt aggregation.  The key hub 

gene identified in this signature is the Ubiquitin A-52 Residue Ribosomal Protein Fusion 

Product 1 (Uba52) gene. The Uba52 gene product consists of a fusion protein made up of N-

terminal ubiquitin fused to ribosomal protein L40 (RPL40) at the C-terminus and serves to 

regulate the ribosomal protein complex and its function[417]. Uba52 is an essential gene that 

regulates ubiquitination in cells[418] (Figure 3.7B). It is a major source of ubiquitin labelling 

of proteins that are used for different signalling outcomes or alternatively recycled by 

ubiquitin-proteasome system[419]. Increasing evidence now suggests that a HD and other 

neurodegenerative disorders show a compromised ubiquitin homeostasis[420]. Hence a 

defect UBA52 processing with Htt aggregation can have implications for cellular 
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ubiquitination compounding the proteostatic imbalance present in the cell. Additionally, a 

compromised UPS leading to proteostasis defects is also characteristic of many 

neurodegenerative disorders. UPS acts as a protein quality control(PQC) system by tagging 

peptides which fail PQC with ubiquitin which are then degraded by the proteosomes for 

clearance by the cell[421]. Any failure in this protein quality control and clearance is 

associated with increased protein aggregation of disease-specific proteins[422]. As evidenced 

by ubiquitin enrichment in mHtt inclusions observed in HD. As UBA52 is an important 

component of this protein quality control network, any loss of UBA52 function can 

contribute further to worsening protein aggregation[423]. Our data supports the role of 

ubiquitination systems in HD pathogenesis which progressively deteriorate with disease.  

 

Splicing effects rescued by aggregation -Splicing signature 4: This signature is consistent 

with the hypothesis that inclusions are “protective” against toxicity. Rac GTPase Activating 

Protein 1 (RACGAP1) is a GTPase-activating protein the knockout of which results in 

embryonic lethality[424]. RACGAP1 binds to activated forms of Rho GTPases resulting in 

negative regulation of Rho-mediated signals. Rho GTPase signalling pathways have been 

implicated in HD as modifiers of mutant Htt toxicity[425]. Defective Rho GTPase signalling 

leads to development of toxic reactive oxygen species (ROS) and aggregation of mHtt[426]. 

The Rho GTPase signalling mediated generation of ROS occurs via the activation of NADPH 

oxidase, has been implicated in HD pathogenesis[427]. Similarly Rap Guanine Nucleotide 

Exchange Factor 1 (RAPGEF1) is a regulator of Rho GTPase activity[428]. RAPGEF1 also 

plays a critical roles in multiple signal transduction pathways regulating neuronal growth and 

survival[429]. Rho GTPase signalling pathways control a variety of cellular processes. They 

are crucial regulators of neuronal cytoskeleton, neuronal morphology, gene transcription and 

neuronal survival and death. Activation of Rac-mediated signalling facilitates neuronal 

survival, while activation of Rho-mediated signals also causes neuronal death[426, 430]. 

GTPase-activating proteins like Racgap1 by inactivating Rho mediated signalling might help 

protect against toxicity of soluble mHtt and can be a specific response induced by 

aggregation. Similarly, guanine nucleotide exchange factors like RAPGEF1 have been 

implicated in neurodegenerative disorders[431] and have been demonstrated to be pro 

survival in human neuronal cells[429] and might also indicate a protective response of 

aggregation. In addition CREB Cytoplasmic Linker Associated Protein 1 (CLASP1) is a 

nonmotor microtubule-associated proteins that promotes the stabilization of dynamic 
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microtubules[432]. This gene is a target of splicing factor Polypyrimidine Tract Binding 

Protein 1 and has been shown to be alternatively spliced in HD brain[303]. However further 

study into how these splicing defects relate to reduced toxicity is needed. Overall, our 

examination of this splicing signature revealed that the action of small GTPase mediated 

protective responses are likely mediated by aggregation to reduce the toxicity of soluble mHtt 

and provides potential avenues for further investigation. 
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Figure 3.9: Httex1 aggregation state related splicing signatures. (A) Schematic 
representation depicting splicing patterns associated with various Httex1 aggregation states. 
ASE data was filtered with adjusted p-values <0.05 (n=4) and categorised based on splicing 
changes into different splicing signatures as depicted by the bar graphs. The exon inclusion 
levels can be changed in either direction in all splicing signatures (B) Shown are mapped 
protein: protein interaction networks of all spliced gene in a splicing signature generated 
using the Network Analyst Walk trap algorithm. The highly connected hub genes (with 
degree connectivity of > 5) are labelled.  
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3.4.6. Proteomic analysis of Httex1 aggregation states 

In order to identify the global proteomic changes associated with different aggregation states, 

Neuro2a cells were transfected for 48 hours with 72Q and 25Q constructs with emerald only 

as control for the experiment. Flowcytometry by PulSA was performed over 5 days to get 5 

independent replicates. The samples were dimethyl labelled and processed for whole cell 

proteomic LC-MS/MS analysis (Section 3.3.7). The proteomic data was analysed using 

proteome discoverer (v 2.1.1) and comparisons between different aggregation states of 72Q-

ni, 72Q-i and 25Q-ni was performed. Statistically significant results are depicted in the 

Figure 3.8 and proteomics data is detailed in supplementary table 3.6. From Figure 3.8A we 

can see that tRNA nucleotidyl transferase 1(Trnt1) levels are increased in soluble 72Q-i. 

Trnt1 is an essential gene essential to produce all mature tRNAs, required for protein 

synthesis[433]. The RNA polymerase enzyme produced by Trnt1 is involved in tRNA quality 

control and stress response[434]. Mutations in Trnt1 have been found to be associated in a 

range of neurodegenerative disorders[435, 436] with mutations causing altered protein 

homeostasis and autoinflammation[437]. TRNT1 has been shown to play a role in 

autophagy[438] and oxidative phosphorylation related cellular respiration[439]. Autophagy 

in cell is responsible for degradation of long-lived proteins and protein aggregates. Trnt1 

defects causes an increased lipidation of autophagic marker LC3-1 (microtubule-associated 

protein 1A/1B-light chain 3) with accumulation of LC3-II and decrease in lysosomal-

associated membrane protein 1 expression required for autophagic clearance. In addition, 

Trnt1 mutations in patients with Alzheimer's and HD can directly decrease the production of 

proteins like beclin-1, which are essential for autophagy[438]. We assume the increase in 

Trnt1 levels seen in our data might increase autophagic clearance of toxic soluble mHtt, 

however, its exact role in HD is yet to be elucidated and needs further examination.   

DnaJ Heat Shock Protein Family (Hsp40) Member A2 (Dnaja2) is a member of conserved 

DNAJ/HSP40 family of chaperones that maintain protein homeostasis in cells. Hsp40 

proteins also serve as cofactors for Hsp70 chaperone activity[440]. Hsp40 family of proteins 

have been previously found to stably sequestered in the Httex1 inclusion core[441]. Our lab 

has previously shown DNAJA2 protein significantly reduced solubility as cells with mHtt of 

97 polyQ converted from dispersed soluble unaggregated state to insoluble aggregated 

state[442]. In concurrence Radwan et al.,2020 also showed DNAJA2 enrichment in Httex1 

inclusions[443]. Their sequestration can impair proteostasis[444] and the increase in this key 
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Hsp40 chaperone in our 72Q-i data (Figure 3.8C) can be a cellular strategy to cope with 

increased protein aggregation.  

Serine and Arginine Rich Splicing Factor 4 (Srsf4) belongs to arginine/serine-rich SR 

splicing factor family. The SRSF4 protein is involved in RNA splicing and plays an 

important role in mRNA processing[445]. SRSF4 can shuttle between nucleus and cytoplasm 

mediating mRNA export, RNA stability, and mRNA translation through its shuttling 

activity[446]. The SR splicing factors are crucial splicing factors with respect to Httex1 

aggregation related states as the expression of SR family of splicing factors is increased in 

both our gene expression (Figure 3.2) and proteomics data sets (Figure 3.8C). The increase in 

aggregates of Srsf4 could indicate possible sequestration of this SR family of splicing factor 

thereby reducing availability to the soluble form of mHtt. 
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Figure 3.10: Volcano plots of protein expression changes mapped to aggregation states 
of Httex1.  Depicted are protein expression changes in comparisons between (A) Cells that 
lack visible aggregates but differ in the length of polyQ (25Q-ni and 72Q-ni cells), (B) Cells 
with pathogenic polyQ that differ in aggregation profile (72Q-i) and (C) Cells with 
aggregates but varying in polyQ length (25Q-ni and 72Q-i cells). Genes with adjusted p-
value < 0.05 with greater than 1.3-fold change are shown in red.   
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3.4.7. Identification and validation of alternative splicing isoforms 

To validate the splicing events identified from our Httex1 aggregation state specific 

transcriptomic data, we used our Httex1 aggregation state matched proteomic data to find 

corresponding translated spliced peptide isoforms. This strategy of using flowcytometry 

PulSA matched transcriptomic and proteomic samples would enable us to verify multiple 

spliced isoforms at a proteome wide scale. Proteogenomic analysis was conducted using 

Splicify[362].  

 

Figure 3.11: Schematic of aggregation state related splice variants identified in 
transcriptome data verified as protein expression changes.  The RNA splicing variants 
were mapped onto the PulSA sorted 25Q-ni, 72Q-ni and 72Q-i MS/MS proteomics samples 
to identify MS/MS spectra arising from the matched set of aggregation state specific RNA-
sequencing data using Splicify[362]. The spliced peptide isoforms levels were measured and 
differential splicing expression determined. (A) Representation of peptides fragments 
supporting translation of mRNA splicing events for skipped exons identified in MS/MS data. 
The exon inclusion or exon exclusion peptides can map to the target exon or span the exon-
exon junction in skipped exon events. (B) Data showing number of aggregation state specific 
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spliced variants identified in both RNA-seq and MS/MS data across comparisons. No 
significant differential protein splicing expression was seen between comparisons.  
 
We were able to identify 166 splice peptides in the cells with soluble 72Q-ni as compared to 

wild type 25Q-ni, 161 spliced peptides in soluble pathologic 72Q-ni group compared to 

aggregated 72Q-i and 213 spliced peptides were identified in aggregated 72Q-i as compared 

to 25Q-ni. We did not observe any significant differential peptide expression between the 

groups. However, through this analysis we validated the different splicing events attributable 

to the aggregation states of Httex1. The different types of splice events identified along with 

the splice isoforms are detailed in Supplementary Table 3.7. 
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3.5 Conclusions 
 
Alternative splicing is a flexible and pervasive process for producing diverse but precisely 

regulated mRNAs from a single transcript. These ensuing mRNAs, in turn, produce 

functionally diverse protein. Accumulated evidence shows that aberrant RNA splicing is one 

of key features in a variety of neurodegenerative disorders including Huntington 

disease[303], [306]. The spliceosome machinery made up of snRNAs and associated splicing 

factors regulates this key process. In this study we explored the splicing mechanisms in 

different Httex1 aggregation states and dissected the associated splicing profiles. We found 

upregulation and enrichment of the genes involved in the splicing pathway in soluble 72Q-ni. 

Further analysis of these genes showed enrichment of SR family of splicing factors, including 

the key splicing initiator SRSF2. The quantification of this splicing factor revealed a higher 

activity in expanded polyglutamine 72Q cells as compared to wild type 25Q. A similar 

activation was also confirmed in isogenic neural precursor cells from HD patients. U-

snRNAs are key regulators of splicing specificity and spliceosome assembly. They are 

present in constant stoichiometry inside the cell and any aberrant change in their expression 

effects splicing, hence we investigated these key molecules in neuronal cells with different 

aggregation states. Interestingly our study showed that there is aberrant production of 

snRNAs in cells with expanded polyglutamine 72Q with and without aggregates as compared 

to wild type 25Q. These changes were validated in gene corrected human iPSC cells of 

different polyQ lengths. This finding of defects in spliceosome integrity is in concurrence 

with other neurodegenerative disorders like ALS and SMA. In ALS, U snRNA levels are up-

regulated with spliceosomal U snRNPs (made of U snRNA and other proteins) increasing in 

the motor neuron nuclei of patients with ALS. Whereas in SMA, spinal motor neurons show 

down-regulation of U snRNAs. Dysregulation of U snRNA’s resulting in defects in the 

spliceosome function in both ALS and SMA[371]. In Alzheimer’s the tau accumulation leads 

spliceosome disruption and mRNA splicing errors. These findings have been correlated with 

neurofibrillary tangle burden in patient brains[447]. These findings together with our study 

suggest that a substantial loss of spliceosome integrity is a crucial mechanism common to 

neurodegeneration seen in HD, ALS, SMA and Alzheimer’s disease.  

The changes in the splicing machinery observed indicate that splicing defects are 

associated with early soluble mutant Htt and potentially could be a mechanism of toxicity. To 

correlate the aggregation state specific changes in splicing machinery, with changes in gene 

splicing we performed alternative splicing analysis between aggregation states.  We detected 
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numerous splicing events between cells with soluble 72Q-ni as compared to wild type 25Q-

ni, between cells with soluble 72Q-ni and aggregated 72Q-I and cells with aggregated 72Q-i 

as compared to wild type 25Q-ni. The genes spliced in our data were similar to the spliced 

genes identified in HD brain[303] validating our results. We did not find significant 

difference between different classes of AS events like skipped exons, retained introns and 

others in the different aggregation states. We also mapped gene splicing events across 

aggregation states to find AS events attributable to polyQ mutation, and subsequent 

conversion into inclusions. The splicing changes were classified into 4 different signatures 

and network analysis revealed key spliced hub genes that have been previously implicated in 

HD pathogenesis. We have previously identified CREB signalling defects as central to 

aggregation state related HD pathomechanisms[300]. Many of the genes spliced in expanded 

soluble Httex1 are cAMP signalling pathway genes or their targets. Splicing hubs like Dhx9, 

NFkB1, Hdacs identified are regulated by CREB related mechanisms. The CREB regulated 

transcription co-activators (CRCTs), are critical components of the cAMP signalling pathway 

and have been implicated in HD[448, 449]. They are bipartite regulators of gene expression 

i.e, they selectively and independently control pre-mRNA splicing or transcriptional 

activation of CRE-promoter containing genes[450]. This function unique to CRCTs 

influences splicing by modifying splice site selection of transcripts via proline rich domains 

that mediate CRTC-dependant alternative splicing[450]. The key splicing defects observed 

between different aggregation states of mHtt mainly relate to genes associated with CREB 

related transcription and co-transcriptional mRNA processing indicating a possible link back 

to CREB signalling. Though CRCTs (Crct1, Crtc2, Crct3) were not significantly 

differentially expressed in our transcriptomic data, their role in mHtt mediated splicing 

defects cannot be ruled out and needs to be explored.  

Though transcriptional dysregulation is well characterised in HD, splicing related changes are 

less studied. Our study explores post transcriptional mRNA changes in different aggregation 

states of Httex1. The identification of spliced peptides via Splicify analysis of the proteomic 

data validated the splicing defects seen in different aggregation states with splicing defects 

arising with soluble form of mHtt – aberrant splicing could be a mechanism of toxicity in 

HD. Overall, our data collectively suggests that splicing machinery is defective in HD and 

deregulated splicing is a prominent aggregation related change seen in HD. This study is the 

first to show altered snRNA biogenesis in HD and describes splicing defects and splicing 

patterns with key hub genes that might be specifically spliced in response to the Httex1 

aggregation state providing further avenues for research. 



 

   
 

 
94 

3.6. Supplementary material 
 

Supplementary materials for chapter 3 - “Httex1 aggregation states induce spliceosome 

defects and aberrant splicing in Huntington’s disease” is linked below 

https://www.dropbox.com/sh/qibir93gabtsib2/AAB6OhY3j5AGa2uBicCVn-iNa?dl=0 

  

https://www.dropbox.com/sh/qibir93gabtsib2/AAB6OhY3j5AGa2uBicCVn-iNa?dl=0
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Chapter 4:  
 

A novel proteomic approach for 
measuring unfolded protein load and 

proteostasis. 
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4.1. Abstract 
 

Proteostasis refers to the cell's ability to keep its proteome folded. Proteostasis networks play 

a crucial role in maintaining a healthy proteome. When proteostasis balance is perturbed in 

the cell unfolded proteins will aggregate. A vast network of chaperones, QC factors, stress 

responses, trafficking and degradation pathways collectively termed the proteostasis network 

mediates the protein folding in the cells and are activated when there is an increased unfolded 

protein load. In this publication we note the dye, tetraphenylethene maleimide (TPE-MI) was 

used quantify unfolded protein loads in cells. TPE-MI fluorescence was triggered when 

cysteine (Cys) thiols usually embedded within the nucleus of globular proteins are subjected 

to unfolding and are subsequently labelled by TPE-MI. TPE-MI fluorescence is induced by 

cellular proteome under conditions that facilitate the aggregation of unfolded proteins 

including ER unfolded protein backlog caused by Tunicamycin, HSP90 inhibition with 

Novobiocin, and global oxidative stress and others. We further showed that TPE-MI 

reactivity can track unfolded proteins that under stress expose Cys residues using quantitative 

proteomics. This novel approach has utilities in further understanding protein unfolding 

kinetics as we can quantitatively track specific unfolded peptides in a high throughput 

manner in cells. TPE-MI can describe proteostasis defects in hiPSC and other cell models of 

HD and also detects drug induced protein disruption during treatment of malarial parasites. 

Therefore TPE-MI is a very promising as a method to check disease proteostasis mechanisms 

and unfolded protein load in the clinic.  
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4.2. A thiol probe for measuring unfolded protein load and 
proteostasis in cells.  
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4.3 Conclusion and future directions 
 
There is currently a distinct lack of methods for assessing the extent to which the proteome is 

folded in cells. Any issue with the management of proteostasis may result in a net change in 

the equilibrium of proteome folding towards unfolding and aggregated states. TPE-MI is a 

small cell permeable organic reporter probe that reacts with free cysteine thiols and measures 

the level of unfolded protein load, which is a proxy for the extent of proteome folding in 

cells. In chapter 4, the chemical dye was validated for probing unfolded protein states using 

multiple invitro models against various forms of proteome stresses and perturbations 

including clinically relevant HD models. Using proteomic approach, we identified and 

quantified proteins and peptides that are selectively unfolded in response to tunicamycin 

stress. Treatment with TPE-MI and evaluation of the absence of unmodified Cys residues in 

peptides indicated a comprehensive array of the most abundant proteins that demonstrated 

TPE-MI reactivity. Further examination of Cys-containing to non Cys-containing peptides 

identified a range of proteins with substantial increase in reactivity (median Cys/ Non-Cys 

ratio) to TPE-MI treatment indicating tunicamycin induced backlog of unfolded proteins. The 

method was also able to label newly synthesised peptides which are unable to fold upon 

tunicamycin treatment, which is a noteworthy finding of the study. The use of proteomic 

approaches to identify which proteins and peptides are selectively unfolded and the extent to 

which they are unfolding is a very useful approach to quantifying unfolding responses to 

stresses. The proteomic methodology hence developed will be advantageous to understand 

the propensity of unfolding of relevant specific proteins to different stressors.  

 

The proteomics approach used in this study (Chapter 3) can also be used to establish a kinetic 

model to measure unfolding to specific stressors offering an omics view of unfolding and 

folding dynamics. The potential use of this biosensor technology to determine if proteostasis 

imbalances can be observed in a patient population will be quite important. Testing easily 

accessible primary tissues such as blood cells, biopsy and nasal brushing from HD patients 

and other neurological conditions involving unfolded proteins and protein aggregation would 

reveal its potential for biomarker development. The key promise of this research resides in its 

development as a marker for the early asymptomatic stage of the disease in which 

proteostasis imbalances are found, the assessment of which will be clinically useful. 

Understanding the baseline of unfolded protein load in these conditions and developing 
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models of perturbations to different stages of disease would be the critical first step in this 

direction. 

 

4.4. Supplementary material 
 

Supplementary materials for: 

A thiol probe for measuring unfolded protein load and proteostasis in cells 

Moore Z. Chen, Nagaraj S. Moily, Jessica L. Bridgford, Rebecca J. Wood, Mona Radwan, 

Trevor A. Smith, Zhegang Song, Ben Zhong Tang, Leann Tilley, Xiaohong Xu, Gavin E. 

Reid, Mahmoud A. Pouladi, Yuning Hong & Danny M. Hatters 

 

Link for peer reviewed publication: https://doi.org/10.1038/s41467-017-00203-5 

Link for supplemental information included in the publication: https://static-

content.springer.com/esm/art%3A10.1038%2Fs41467-017-00203-

5/MediaObjects/41467_2017_203_MOESM1_ESM.pdf 

Link for supplementary dataset 1 having detailed statistical summary of the data in the 

figures:  https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-017-00203-

5/MediaObjects/41467_2017_203_MOESM3_ESM.xlsx 

Link for supplementary dataset 2 having detailed description of the proteins/peptides 

discovered by proteomics of TPE-MI treated tunicamycin stress and control samples: 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-017-00203-

5/MediaObjects/41467_2017_203_MOESM4_ESM.xlsx 

Data availability: The mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium via the PRIDE partner repository with the data set identifier 

PXD006527 and 10.6019/PXD006527. 

 

https://doi.org/10.1038/s41467-017-00203-5
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-017-00203-5/MediaObjects/41467_2017_203_MOESM1_ESM.pdf
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-017-00203-5/MediaObjects/41467_2017_203_MOESM1_ESM.pdf
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-017-00203-5/MediaObjects/41467_2017_203_MOESM1_ESM.pdf
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-017-00203-5/MediaObjects/41467_2017_203_MOESM3_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-017-00203-5/MediaObjects/41467_2017_203_MOESM3_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-017-00203-5/MediaObjects/41467_2017_203_MOESM4_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-017-00203-5/MediaObjects/41467_2017_203_MOESM4_ESM.xlsx
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HD is a neurodegenerative disease, that is dominantly inherited, fully penetrant, and is 

characterized by cognitive, motor and psychiatric disturbances. HD is caused by a CAG 

trinucleotide repeat expansion in the huntingtin gene on chromosome 4[4, 71]. Many studies 

have shown that changes in the striatum and the cortex occurs as disease progresses in the 

HD brain. Advances in the field of HD disease pathology and neuroimaging have also 

detailed comprehensive brain structural changes that occur with the progression of the 

disease and have contributed to a better understanding of the disease in recent years[56-58]. 

Advances in the management of HD have occurred recently and some drugs have undergone 

advanced clinical trials and testing. However currently there is no treatment for the disease 

and supportive management is the mainstay of treatment[4]. 

 

mHtt at the cellular level causes neuronal dysfunction and death by many mechanisms, 

including transcriptional dysregulation[2, 101], disruption of proteostasis[451, 452], 

mitochondrial dysfunction[453, 454] related to the toxicity of the mutant protein to name a 

few. The Htt protein is abnormally sticky because of excess glutamine residues which cause 

the protein to change its conformation and eventually aggregate[142]. The exact role that the 

various aggregation states play in disease, however, remains unclear. There are still many 

missing links in the HD pathology that need to be further explored. A better understanding of 

the disease-causing toxic mechanisms enables us to better treat and manage this devastating 

condition. 

 

The overall aim of this thesis is to better understand the role of different aggregation states of 

mHtt protein in disease. In chapter 2 of the thesis, by using whole cell transcriptomic data 

from cells containing different aggregation state of mHtt and comparing them to wild-type 

Htt, we were able to define the cellular mechanism activated by mHtt aggregation states and 

correlate them with cellular health[168, 169].  There was ambiguity in the filed with regard to 

the aggregation state specific toxicity. Some studies indicating that aggregation is toxic[170-

175], whereas others indicating aggregation is a protective response to the toxic soluble 

mHtt[176, 455, 456]. Our study using longitudinal imaging showed that soluble mHtt 

aggregation state is the main cause of toxicity, which was in agreement with previous reports. 

Using transcriptomics on cells population of mHtt separated based on their aggregation states 

we were also able to define pre- and post-aggregation state specific transcriptional signatures. 

Amelioration of CREB signalling attributable to the toxic soluble form of mHtt was one of 

the most important mechanism causing neuronal dysfunction. We were able to validate by 
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specific CREB simulation improvement in HD cellular pathology validating our results. 

Previous studies have shown that CREB signalling is essential for neuronal development and 

survival, with disruption of CREB signalling leading to neurodegeneration[457]. Animal 

models have shown evidence of dysregulation of the CREB mediated CRE transcriptional 

pathway in HD[301, 458]. mHtt also facilitates transcription via a CRE-dependent 

mechanism in vivo[459] with mHtt aggregates sequester CREB activator CBP, 

downregulating the expression of CREB target genes[460, 461]. Hence CREB signalling 

dysfunction plays an important role in HD. Our study supports these finding with CREB 

related gene expression changes arising in soluble mHtt and propagated through aggregation. 

Though CREB related changes was the main mechanism driving cellular alterations 

identified, this study was also able to pinpoint additional gene hubs and define aggregation 

induced transcriptomic signatures which might modulate cell health both before and after 

aggregation. However, their potential role in modulating HD pathogenesis needs to be 

verified and validated in additional studies. Use of CRISPR-Cas9 inducible activation or 

knock out systems to further validate these changes or identify relevant mechanism of 

toxicity would be beneficial. The application of more relevant model systems like iPSC cells 

or HD organoids can potentially add value in identifying therapeutic targets for further study.  

 

There are still many missing links in the HD pathology that need to be further explored. One 

interesting link we found is the spliceosome pathway. There was significant enrichment of 

the spliceosome pathway and the SR family of splicing factors linked to soluble mHtt 

aggregation state observed in our data. Our observation along with evidence of splicing 

alterations seen in HD brain and HD pathology[303, 348] necessitated further exploration of 

these changes. Our data showed that the key splicing factor SRSF2 showed significantly 

increased activity arising in soluble mHtt and continued with aggregation. This effect was 

related to the pathogenic soluble form of mHtt as verified with different expanded lengths of 

mHtt polyQ seen in the HD-hiPSCs. The spliceosome responsible for post transcriptional 

mRNA processing comprises of small nuclear RNA and other splicing proteins which are in 

constant stoichiometry inside the cell. In our study we show a dysregulation in snRNA levels 

arising in the soluble form of mHtt carried over in aggregation as also seen in HD-hiPSCs. 

This data taken together provides strong evidence of defective spliceosome integrity and 

function arising early in HD. 

We then proceeded to identify and characterise the various alternative splicing events in 

different aggregation states of HD. Though we did not observe an enrichment of a particular 
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class of splicing event, extensive splicing alteration were seen in the different aggregation 

state of mHtt. Our splicing data was in concordance with previously established splicing 

changes in HD brain[303]. We also characterized four different splicing signatures and 

associated hub genes related to toxicity or protective response with regard to aggregation for 

further study. We identified Dhx9, NF-kB1, Uba52, Racgap1 and others as key hubs involved 

in splicing networks. Interestingly CREB signalling links many of the hub genes identified, 

indicating that CRE mediated signalling may possibly play a role in dysregulated splicing. 

We also performed proteomic analysis of Htt aggregation states and identified protein 

changes associated with different aggregation states. A proteomic confirmation of splicing 

was also obtained by the identification of spliced RNA isoforms in the whole cell proteomics 

data.  The conformation of RNA level splice changes with peptide level changes in the cell 

provides robust evidence of splicing defects in HD. Overall this study helps us better 

understand the disease pathology seen with soluble and with other aggregation states of HD.  

It will be interesting to further explore splicing changes by a sequencing study with higher 

sequencing depth (40-60 million reads per sample) or long read sequencing technologies 

available for complete isoform information. This combined with data independent swath MS 

proteomics will be ideal to identify translated splice isoforms and better understand verified 

splicing targets involved in HD pathology. The characterisation of mHttex1 mRNA 

associated proteins via an RNA pull down identified 36 spliceosome proteins bound to the 

mHttex1 RNA. The sequestration of one the RNA binding proteins PRPF8 resulted in mis 

splicing of CREB1, and overexpression rescued the HD pathology[304]. A detailed analysis 

of mHtt RNA binding proteins could provide strategies designed to augment CRE-mediated 

transcription or ameliorate splicing defects seen in HD. Similarly, the role of SR family of 

transcription factors needs to be elucidated. SRSF6 has been known to bind to Htt mRNA 

and produce aberrant splicing of the mHtt gene giving rise to toxic N-terminal mHtt 

fragments [342, 348]. Another SR protein SREK1 plays an important role in HD. Transgenic 

SREK1 mice showed transcriptomic changes similar to HD and when crossed with R6/1 HD 

mice, SREK1 overexpression attenuated the motor phenotype and striatal atrophy of HD 

mice[462]. Hence a detailed study of SR family of RNA binding proteins in HD would be 

useful. Transcription and post transcriptional RNA splicing are complex multimolecular 

processes that are highly coordinated and often functionally coupled[450, 463]. We have 

shown in this thesis that aggregation states produce distinct transcriptional and post 

transcriptional changes that arise in soluble mHtt and progress or are altered with 
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aggregation. These changes together indicate interlinked CREB signalling related defects in 

transcription and splicing which might be targets of further study. 

HD pathology is complex, one of the key features of HD pathogenesis is an imbalance in 

proteostasis. Unfolded proteins accumulate in the cell in response to defective proteostasis 

leading to the protein aggregation. TPE-MI was used to measure and quantify the cellular 

unfolded protein load in response to various stressors including HD[464]. The TPE-MI 

proteomics helped identify the various unfolded proteins that expose cysteine residues and 

track the folding of individual proteins in response to tunicamycin induced ER stress. TPE-

MI reactivity could be further utilised in kinetic studies to track protein folding over time in 

disease. TPE-MI dye is a promising tool in measuring unfolded protein load in protein 

aggregation disorders like HD which show increase in unfolded proteins with disease 

progression[465, 466]. It has potential for use in the clinic as a prognostic tool to measure 

disease progression instead of expensive MRI scans. However, its use in the clinic needs 

further study and validation. Overall this thesis provides a better overview of various 

aggregation related mechanisms in play in HD. 
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