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Abstract 

Formation of microscopically visible intracellular aggregates (inclusions) 

containing exon 1 fragments of mutant Huntingtin (mHttex1) is a hallmark of 

Huntington’s Disease (HD) pathology. The role of inclusions in HD pathogenesis is 

not fully understood and is described by two alternative models. One model 

considers Huntingtin inclusions being adaptive by sequestering toxic soluble 

mHttex1 and prolonging cellular survival. In the other, inclusions are toxic by 

coaggregating with growth factors and proteins crucial for normal cellular 

activity.  

Through a fortuitous discovery of early-formed and mature types of 

mHttex1 inclusions by applying a genetically-encoded biosensor of mHttex1 

conformation, we describe a mechanism that ties these two models together.  

Cells with soluble mHttex1 lived for a shorter period than the ones with 

inclusions and exclusively died via apoptosis. Early-formed inclusions contained 

ribonucleoproteins, mRNA splicing and processing machinery. As aggregation 

progressed, chaperones and aggregation-prone proteins were recruited into 

mature inclusions that converted into amyloid state. Cells with mature inclusions 

became metabolically inactive and died exclusively via necrosis.  

Our data suggests inclusions arise via mHttex1 halting protein translation. 

Soluble mHttex1 appears to be the trigger for apoptosis in the system. Inclusion 

formation sequesters soluble mHttex1 and correlates with a reduced risk of 

apoptosis. The prolonged survival of cells with inclusions correlates with 

progressive metabolic dysfunction, a failed attempt to clear inclusions and 

ultimate switch from apoptosis to necrosis. 
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 Literature review 

 Protein folding 

 Cytoplasmic crowding. Funnel energy landscape. Folding challenges. 

 Proteins undergo a complex folding process, progressing from a linear 

amino acid sequence into a native functional conformation (1). The process by 

which proteins fold has been of great interest and has been intensively studied for 

past decades. Christian Anfinsen was awarded the Nobel prize for his discovery 

that primary amino-acid chain contains all the information to determine the three-

dimensional structure of a protein (2). However, it remains a significant challenge 

to predict how exactly proteins fold from a linear sequence, and whether the 

proteins will, in fact, fold properly without progressing down to abnormal 

pathways that lead to aggregation (3). In cells, protein folding happens in a context 

of the extremely densely packed environment, compared to how we, as 

researchers, study them in highly diluted conditions in a test tube (4). Polypeptide 

chain has access to only a limited cytoplasmic volume due to the issue of 

macromolecular crowding. The effect of macromolecular crowding can be 

predicted theoretically (5) and determined experimentally (6). Macromolecular 

crowding causes volume to be excluded, which predicts that chemical reactions 

between macromolecules increasing in the available volume would be 

significantly enhanced (7). Hence, macromolecular crowding leads to increased 

stability of a protein under extrinsic conditions; decreased rate of reactions reliant 

on diffusion; and increased protein-protein interactions (8).  

 In contrast, macromolecular crowding also affects the mobility of an 

amino-acid chain by restricting the cellular volume accessible to the chain. By 

altering viscosity and molecular diffusion, crowding results in increased non-

specific interactions between the protein and the surrounding macromolecules 

(8). The presence of adhesive macromolecules in the cytoplasm decreases protein 

folding rates via non-specific interactions, and this may diminish the advantages 

of the excluded volume effect (9). 

The issue of macromolecular crowding has a vast impact on the folding 

behaviour. Hence, a direct comparison between data obtained from the test tube 

and the living cell is imprecise. 
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 Proteostasis maintenance  

The increased affinities between interacting protein molecules governed 

by crowding may also enhance the misfolding of proteins (10,11). A newly 

synthesised or unfolded protein is surrounded by nucleic acids, protein chains and 

other macromolecules in the cytoplasm, including the unfolded species. The 

surrounding species lead to a decrease in entropy of the nascent amino-acid chain, 

as compared to an ideal system with solute molecules occupying no space. The 

increase in short-range interactions (hydrophobic interactions, interactions 

between hydrogen bonds) compensates the entropic loss of the whole system 

(12). This leads to both the stabilisation of a native folded protein state and 

destabilisation of an expanded unfolded protein state (8). The enhanced non-

specific interactions are hence known to be the primary mediators of protein 

misfolding and aggregation (13-15). 

Apart from the cellular environment, other factors may promote 

aggregation, including ones that impact the nature of normal protein folding 

process (14,15). The unfolded amino-acid chain can adopt a large number of 

different conformations. This makes the process of protein folding highly 

heterogeneous and largely reliant on the cooperation of multiple weak 

interactions with hydrophobic forces underlying the interaction (16). Hence, 

amino acid chain tends to fold through numerous intermediate states and a 

complex a downhill folding landscape of energetically favourable conformations, 

rather than a single directed pathway (17). Often, the transition between the 

intermediate states requires the molecule to overcome significant kinetic barriers. 

This can lead to accumulation of proteins in the intermediate states that were 

unable to cross the barrier (18). These partially folded states typically expose their 

hydrophobic core and unstructured polypeptide regions to the solvent. The non-

specific interactions between these residues are enhanced by the effect of 

excluded volume and lead to an increased likelihood of a nascent chain to go off 

the pathway and collapse into compact aggregates in aqueous solution (19).  

The protein folding pathway is depicted in Figure 1.1.1. The nascent 

unfolded polypeptide either progresses smoothly down to a low free energy 

native state via a few intermediate conformations (in blue) or gets kinetically 

trapped in off-path states with low energy (oligomers, aggregates and fibrils, in 

red). The off-pathway misfolding is promoted by intermolecular interactions with 

other unfolded species, and the number of intermediate unfavourable states is 

proportional to the complexity of nascent protein structure (20).  
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 Once misfolded, a protein is trapped in the misfolded state as its free 

energy is lower than the native state energy. Thus, to recover a misfolded protein 

back into a native state, a cell needs to implement a mechanism that would change 

the rate at which a protein reaches equilibrium by decreasing the kinetic barriers 

in the folding trajectory (21). Moreover, aggregation of one protein may cause the 

other proteins prone to aggregation to get involved in this process, therefore 

significantly burden the cellular capacity to maintain proteostasis (22). 

In addition to misfolding due to random fluctuations between native and 

non-native conformations, proteins often become vulnerable to aggregation due 

to extrinsic conditions. In case of heat stress, recent evidence suggests protein 

aggregation may play an adaptive role in order to protect a protein from 

degradation in a temporary manner. Some of the cellular proteins were shown to 

disaggregate and become functional after exposure to heat shock (23). Protein 

mutations lead to aggregation by destabilising and changing the conformation of 

the resulting protein product. This can lead to an exposure of its hydrophobic core 

and abnormal polymerisation of a mutated protein (24). The process of ageing 

Figure 1.1.1. Protein folding energy landscape. The energetically favourable 

intramolecular interactions are highlighted in blue; energetically favourable non-native 

intermolecular interactions – in red. Adapted from (16). 
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also enhances protein aggregation. Over time, the organism is continuously 

exposed to extrinsic stress condition, such as oxidative stress, viral infection, DNA 

damage (25). This results in an accumulating propensity of proteins to aggregate 

during ageing (26). The additional effects of compromised cellular systems during 

ageing is given further in section 1.2.1.  

Protein aggregation often leads to protein misfolding diseases, as in the 

case of Alzheimer’s, Parkinson’s and Huntington’s diseases, Amyotrophic Lateral 

Sclerosis (ALS) and Transmissible Spongiform Encephalopathies (27)(28). The 

review of such diseases is given in section 1.2. 

In summary, the aggregated proteins are likely to lose their native function 

and sometimes may even gain an alternative, toxic function. Such gain of toxic 

function may comprise and lead to impairment of proteasomal and lysosomal 

degradation, improper nuclear pore formation and effective cellular trafficking, 

abnormal neurotoxic signalling and synaptic deficits (29). Since the loss of native 

function may also lead to neurodegenerative symptoms, the pathogenic 

mechanisms in neurodegenerative diseases are complex and not fully understood 

to date (28). Evidence suggests protein aggregation is cooperative and may force 

otherwise soluble, slow-aggregating cellular proteins to rapidly co-aggregate with 

the initial misfolded protein in the same cellular compartment. Upon the addition 

of pre-aggregated seeds of glucose-6-phosphate dehydrogenase (normally prone 

to aggregate) to the malate dehydrogenase (normally stable) in vitro, the malate 

dehydrogenase forms aggregates (22). The seeding of aggregation was suggested 

to function in a spatiotemporal manner. In cellular and neuronal tissues, 

aggregation seeds can spread to an unaffected region and force aggregation in 

there (30). 

 The process of protein aggregation is hence highly disruptive for normal 

cellular functioning. Cells aim to prevent it by employing the proteome 

maintenance machinery. Proteome maintenance machinery is responsible to run 

the mechanisms that control the rate of protein synthesis, utilise and recycle 

problematic nascent amino acid chains and restrict the non-specific cytoplasmic 

interactions by transporting the native chain into specific cytoplasmic deposits. 

The process of ensuring the global proteome stability is entitled proteostasis, and 

the respective machinery forms the proteostasis network (PN) (31). 

  



 18 

 Role of quality control machinery and rescue mechanisms in overcoming 

aggregation 

To address the folding challenges, a cell implements the quality control 

machinery system (QCM), a main component of the proteostasis network (32). 

QCM plays a major role in protecting a nascent amino-acid chain against non-

specific interactions, supervising the process of translation and monitoring for 

any errors occurring. QCM is also responsible for processing the malfunctioning 

proteins in an energy-dependent manner, hence maintaining proteostasis (16,33).  

Quality control networks consist of chaperones and proteasomes. 

Chaperones actively assist proteins to fold, promote misfolded proteins to attain 

their native conformation and help protein complexes to assemble. Proteasomes 

degrade incorrectly folded proteins. The quality control networks thus maintain a 

proper balance between the native protein states, the intermediate conformations 

and the unfolded/misfolded species (17,34,35).  

 The key protein folding and misfolding pathways are illustrated in Figure 

1.1.2. The de novo polypeptide chain emerging from a ribosome either folds 

properly on its own or requires chaperone assistance to fold. The unfolded protein 

products either get recovered into a native state by chaperones or get degraded 

and then recycled by the proteasome system. Failure to follow these routes results 

in accumulation of misfolded protein products and their condensation into 

inclusion bodies. 

Figure 1.1.2 Schematic representation of protein folding pathway. Adapted from (16) 

and (32). 



 19 

The first members of the QCM are molecular chaperones, which besides of 

refolding their unfolded substrates can also catalyse folding of large and 

multidomain proteins (17,21,36). Other members of the chaperone family 

participate in the regulation of the primary chaperone action (37). Many of the 

chaperones were identified as “Heat shock proteins” (HSP) as their abundance 

was increased in the cells upon thermal stress. Members of the HSP family include 

HSP40, HSP60, HSP70, HSP90, HSP100 and small Hsp chaperones (38).  

 

 Molecular mechanisms of ATP-dependent chaperone action 

The process of ATP-dependent chaperones action involves kinetic 

partitioning. This includes binding to the substrate and performing a 

conformational change of the whole complex. The unfolded substrate is 

recognized by detecting segments of exposed hydrophobic amino acid residues – 

characteristic to unfolded proteins but not the native states. A chaperone binds to 

an unfolded protein and forms a complex. The complex performs a conformational 

change under a ATP-ADP conversion cycle, and this results in a folded state of a 

substrate protein (39). The chemical energy contained in the ATP molecule is 

transformed into the mechanical energy of the conformational change – which 

resolves the difference between substrate’s folded and misfolded state free 

energy. After the conformational transition, the affinity of chaperone binding to 

an unfolded substrate is reduced. This restricts rebinding of a released substrate, 

facilitates folding and prevents aggregation (16). A chaperone then switches into 

high-affinity state from a low-affinity state upon ATP hydrolysis and binding 

regulation, and the cycle repeats.  

 

 Classification of chaperones 

Chaperones are differentiated into two types, corresponding to their 

different functional activities. The first type initiates folding and stabilises a 

primary polypeptide emerging from a ribosome (40). The second type 

corresponds to the completion of the folding pathway (41). These pathways are 

overlapping and cooperative; they regulate and enhance the efficient outcome of 

chaperone actions.  
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 Type 1 chaperones assemble 

into an integrated machine on a 

ribosome in order to direct and 

supervise de novo folding. These mainly 

consist of RAC (ribosome-associated 

complex in yeast) and NAC (nascent-

chain associated complex in 

eukaryotes) systems and their 

analogues (21). The complexes restrict 

exposed hydrophobic regions of 

nascent amino acid chains from 

unspecific interactions by binding to 

these residues and blocking protein 

interactions. In mammals, type 1 

chaperones guard ribosome tunnel exit 

by binding to the large ribosomal 

subunit and interacting with the newly 

synthesised protein chains to promote 

folding and decrease the propensity for non-specific interactions (16). 

Type 2 chaperones act as a second level system for serving longer 

polypeptide chains. These do not have a direct affinity for a ribosome, and they 

direct post-translational folding via ATP-dependent cycles of kinetic partitioning 

in the cytoplasm for the newly-synthesised proteins. Type 2 chaperones consist of 

HSP40 (DnaJ) and HSP70 (bacterial DnaK, mammalian Hsc70) (16).  

The other members of post-translational chaperones are chaperonins: 

HSP60 family (bacterial GroEL, mammalian TRiC/CCT) and HSP90 family. These 

are large double-ring complexes assembling on partially misfolded proteins 

downstream of the primary chaperone pathway. Chaperonins are responsible for 

final folding of a candidate protein, which failed to fold both in type 1 and type 2 

systems (17). These isolate the partially unfolded protein from aggregation-

promoting conditions in the cytoplasm thus enabling them to progress to folding 

by importing them inside of the chaperonine cavity (42). 

The simplified scheme of chaperone pathways is provided in Figure 1.1.3. 

These complicated networks ensure proper handling, regulation and refolding 

both of a nascent unfolded amino-acid chain and a more mature misfolded protein, 

including the ones on the way to aggregation (16). 

Figure 1.1.3. A simplified illustration of 

chaperone types in the cell. Adapted from 

(32). 
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 Ubiquitin Proteasome Pathway (UPP)  

The proteasome system is responsible for proteolytic degradation of 

terminally damaged or misfolded proteins in order to avoid aggregation and 

recycle the amino acids for further protein synthesis de novo (43). The other 

function of the proteasome is regulatory. It may degrade functional proteins in 

order to shut down their native function (44). 

The structure of the proteasome is complex. The full complex is entitled 

26S proteasome due to its historical discovery in velocity sedimentation 

experiments (45). The full complex consists of two subcomplexes: the 20S core 

catalytic segment and the two 19S regulatory particle segments that surround the 

20S segment. The proteasomal complex is only active when fully assembled. The 

core 20S subunit consists of six ATPase subunits that form a tunnel for the 

proteasomal substrate to enter and get degraded in. The regulatory subunits act 

as caps that close the tunnel and regulate the activity of the machine (45). 

The first step of UPS action is the conjugation of ubiquitin protein to the 

protein destined for degradation. Ubiquitin is added via a system of three 

enzymes: E1 (ubiquitin-activating enzyme), E2 (ubiquitin carrier) and E3 

(ubiquitin-protein ligase). E1 and E2 enzymes prepare ubiquitin for conjugation 

in an ATP-dependent manner. E3 enzyme attaches the polyubiquitin chains to the 

targeted protein (46). Next, the ubiquitin-conjugated substrate is recognised by 

the proteasome. The 26S proteasome requires the substrate to be post-

translationally tagged by at least five ubiquitin molecules in order to become 

recognised and captured (47). Once labelled with ubiquitin, substrates and 

proteasomes assemble into a full functional degradation machine (38,48).  

Ubiquitinylation has a wider role in cellular processes rather than just 

degradation. Ubiquitin labelling is used in various checkpoints of major trafficking 

and regulatory pathways in a cell. Poly-ubiquitin chains may be recognised by the 

proteasome as protein processing signals to further get edited – but not degraded 

(49). In cell signalling inflammatory pathways, ubiquitinylation can trigger 

activation of IkBa kinases to activate the genes that further mount an 

inflammatory response (50). In transcription regulation, ubiquitinylation of 

histones may be a necessary step for further post-translational modifications 

which in turn lead to histone activation and gene expression (47,51). 

During the degradation process on the proteasome, the polyubiquitin chain 

is firstly removed from the target protein and is recycled (43). The substrate 

protein is then unfolded by the six ATPase subunits in the core of the 26S 
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proteasome, by utilising ATP hydrolysis as a basis for the conformational change 

of the whole complex (52). The linearised amino acid sequence enters the gate 

channel in the 20S subunit and gets cleaved by the six proteolytic sites in the 

proteasome cavity. The cleaved peptides result in 5-25 amino acid long products 

(47). These are released into the outer proteasome surface and recycled for 

further protein synthesis accordingly (53). Some of the protein complexes may be 

remodelled upon proteasomal degradation by removing one of their domains. 

This allows regulation of the activity of the multidomain complex. Hence, the 

function of the proteasome is expanded from simple protein recycling into a more 

delicate protein function control (43). 

  

The proteostasis machinery consisting of chaperones and proteasomes acts 

effectively in maintaining proteostasis. However, the extrinsic conditions, 

mutations and stress can overload the PN capacity, lead to QCM overburden and 

accumulation of improperly folded protein species.  
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 Protein misfolding causes neurodegenerative diseases 

 Accumulation of unfolded protein species leads to protein conformational 

diseases 

Abnormal accumulation of misfolded and unfolded proteins is a central 

facet of pathology in neurodegenerative diseases (54-56). The key feature of 

disease-specific proteins is the possibility to attain an alternative, stable 

conformation, and this may result in the formation of aggregates (28). This 

mechanism applies to such diseases as Huntington’s, Parkinson’s and Alzheimer’s 

diseases, TSEs and ALS (28,57). The accumulation of unfolded proteins affects 

cells more significantly when the proteostasis capacity is limited due to stress 

conditions or ageing (58,59). The QCM capacity gets exhausted over time. 

Chaperones progressively decline in activity, and their synthesis is decreased with 

ageing. Proteasomes also become less functional during ageing due to the reduced 

and inconsistent expression of the proteasomal subunits. The overall cellular 

enzymatic activity is reduced due to decreased levels of ATP (60). Under the 

conditions of decreased QCM, protein aggregation is enhanced, and the 

neurodegenerative effects multiply (61).  

Neurodegenerative diseases include Alzheimer’s disease, Parkinson’s 

disease, Huntington’s disease, transmissible spongiform encephalopathies (prion 

disease) and ALS. Huntington’s disease relates to the polyglutamine disorders 

subgroup – which also contains several forms of spinocerebellar ataxia (reviewed 

in section 1.4.3). Table 1 summarises the neurodegenerative diseases according 

to their symptoms, transmission mode and region of brain affected, the causative 

protein and the localisation of aggregates (28,61). 

All human neurodegenerative diseases result in selective neuronal 

vulnerability, progressive motor and cognitive dysfunction, and 

neurodegeneration of different regions of the brain. Other symptoms include 

psychological dysfunction, synaptic abnormality and memory loss (62). Such 

diseases are currently untreatable and lead to death (63).  

 

 The role of misfolding and aggregation in neurodegenerative diseases 

The role of the misfolded disease-specific proteins is a key dilemma in the 

neurodegeneration research. The understanding of the role of aggregation is split 

between three hypotheses. Aggregation may be considered as a cause or 

consequence of the disease, or as a coincident to toxicity. Because the genes 
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encoding disease-specific proteins are demonstrated to contain specific mutations 

by genetic studies, these suggest aggregation is directly involved in the formation 

of pathology (64). The neurological studies do not display a consistent link 

between the amount of aggregates found in post-mortem brain and disease 

severity. The simultaneous presence of different types of aggregates during some 

neurodegenerative diseases and presence of aggregates in normal individuals 

further complicates the situation (65,66). The results of neuropathological studies 

today do not lead to a single answer on whether aggregation is connected with 

disease pathogenesis. 

  The scope of this thesis is to shed some light on this problem by examining 

the role of aggregated Huntingtin in Huntington’s disease. We first review the 

current hypotheses present in the literature on the possible mechanisms of 

toxicity in the HD in section 1.5, the current thinking on the role of aggregation in 

HD in the section 1.6.4, and then – the consequences that mutant Huntingtin 

causes on cellular functioning in section 1.7. 
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Table 1. Common and distinctive features of neurodegenerative diseases. Adapted from (28) and (61). 

Disease name Mode of transmission Symptomatic Affected brain 

regions 

Causative protein Cellular location 

of misfolded 

protein 

Alzheimer’s 95% sporadic, 5% 

inherited 

Progressive dementia Hippocampus, 

cerebral cortex 

Amyloid-β, tau Extracellular, 

cytoplasmic 

Parkinson’s Mostly sporadic, rarely 

inherited 

Movement disorder 

(tremor) 

Substantia nigra, 

hypothalamus 

α-synuclein Cytoplasmic 

Huntington’s Inherited autosomal 

dominant 

Dementia, motor and 

mental dysfunction 

Striatum, cerebral 

cortex 

Huntingtin Perinuclear, 

cytoplasmic 

Transmissible 

spongiform 

encephalopathies 

90% sporadic, 8% 

inherited, 2% infectious 

Dementia, ataxia, 

mental dysfunction 

Various – depends 

on the disease 

Prion protein Extracellular 

Amyotrophic 

lateral sclerosis 

90% sporadic, 10% 

inherited 

 

Movement disorder Motor cortex, 

brainstem 

TDP-43 (97% of 

cases), Superoxide 

dismutase (2% of 

cases) 

Cytoplasmic 



 

 Huntington’s disease. Characteristics 

 General characteristics 

Huntington’s disease (HD) is a neurodegenerative autosomal-dominant 

fatal disorder (67). The HD phenotype involves a progressive motor, cognitive and 

behavioural dysfunction, depression and dementia. The motor malfunction 

includes loss of coordination, chorea 

and impaired eye movement (68).  

HD significantly disturbs 

mental health and well-being and 

impacts not only patients but also 

their families, as at least 25% of 

individuals attempt suicide, and 

much more are experiencing suicidal 

tendencies (69). The disease is 

relatively rare, affecting 4-10 

individuals per 100 000 people (70). 

At the same time, HD is the most 

common monogenic 

neurodegenerative disease in the 

European population (71). 

 

 Symptoms and stages of Huntington’s disease 

Huntington’s disease starts with a premanifest stage with no symptoms 

detectable. In the prodromal stage, cognitive slowing and decrease of attention 

may be observed (67). Irritability, apathy and social isolation accompany the early 

disease stages (72). The prodromal stage may take up to a decade before the 

formal clinical diagnosis of HD (68). The manifest stage is diagnosed by the 

detection of chorea (67). Over time, bradykinesia and rigidity are also developed. 

Cognitive decline extends progressively with the development of the disease (72). 

After its diagnosis, HD has a duration of 10-20 years (73). Due to the subtlety of 

symptoms during the premanifest and prodromal stages, Huntington’s disease is 

hard to diagnose early. It may also be confused with other familial diseases. A case 

of spinocerebellar ataxia 17 was demonstrated to have similar genetic origins and 

symptoms with progressive dementia and chorea displayed (74). Spinocerebellar 

Normal Brain HD Brain 

Figure 1.3.1. Brain morphology differences 

between a healthy individual and a HD patient. 

On the left: brain sample from Huntington’s 

disease affected individual. On the right: brain 

sample from a healthy individual. Figure 

adapted from (77) (permission obtained). 
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ataxias 2, 3, 12 also have a phenotype resembling HD (67). The other 

neurodegenerative diseases that have a similar phenotype to HD include 

dentatorubral-pallidoluysian atrophy, Huntington disease-like 2 (HDL2), brain–

thyroid–lung syndrome and neuroacanthocytosis (75). Currently, there is no cure 

for HD, and only drugs that suppress symptoms are available clinically (76).  

Huntington’s disease primarily damages the brain. The degeneration starts 

in the striatum and leads to general brain shrinkage with loss of efferent medium 

spiny neurons (77). The cortical ribbon is also affected, as well as neurons that 

link the striatum and cortex. Striatum and cortical thinning is an early sign of HD 

pathology (78). Figure 1.3.1 depicts the visual and structural differences between 

a HD patient’s brain and a healthy individual’s brain. The thinning of the cortical 

ribbon is heterogeneous and region-specific across the HD patients. The character 

and spread of thinning differ between the patients in different disease stages. This 

may explain the heterogeneity of HD symptoms (79). Additionally, affected 

patients suffer from impaired metabolism and immune system, loss of weight, 

skeletal muscle dysfunction, osteoporosis and pneumonia (80). The median death 

onset of HD patient is 18 years since the diagnostic phase (81). 

 

 Huntingtin protein structure 

Wild-type Huntingtin is a ~350 kDa multifunctional scaffolding protein 

that is widely expressed in the cytoplasm of most of the cells in the human body. 

Huntingtin has highest levels of expression in the central 2 neurons (82).  

Huntingtin gene comprises 67 exons. The first exon (Huntingtin exon 1 or 

Httex1) encodes the approximately 100 amino acid long N-terminal region of Htt 

(72). It contains the 17 amino-acid N-terminal mixed region and the proline-rich 

domain (PRD) of 51 amino acids and is the most studied region of the Huntingtin 

protein (Figure 1.3.2). The remaining 98% of the full-length protein is poorly 

characterised (72). The N17 region of Httex1 is known to interact with the nuclear 

pore protein TPR (translocated promoter region). TPR plays a major role in 

nuclear export and trafficking (83). The TPR-binding region together with a 

nuclear export signal (NES) on the C-terminus of Huntingtin allows Huntingtin to 

shuttle between the nucleus and cytoplasm (84). The PRD consists of a rigid 

proline-proline helix that is hypothesised to stabilise the polyQ stretch structure 

(85). The removal of the PRD domain does not cause neurodegeneration and does 

not affect embryonic development of knock-in mice, although age-dependent 

learning is affected in male mice (86). This might suggest the PRD domain plays a 
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role in interacting with proteins involved in memory pathways. The other 

functions of Httex1 are membrane targeting; interacting with chaperones; 

providing sites for post-translational modifications (87-89). 

Full-length Huntingtin comprises exon 1 followed linearly by a series of 

intrinsically unordered and ordered protein regions (67), Figure 1.3.2. The 

ordered regions are up to 36 α-helical HEAT domains, as predicted by 

computational analysis (72). Such domains are found in Huntingtin, Elongation 

factor 3, protein phosphatase 2A and TOR1. HEAT domains possibly function as 

solenoid-like structures that act as a scaffold for protein-protein interactions and 

protein complex formation (90,91). HEAT repeats are also hypothesised to 

promote intra- and inter-molecular interactions (72). Full-length Huntingtin is 

vastly heteroconformational as it can adopt up to 100 different conformations in 

a purified state in vitro (92). The disordered regions contain several protease 

cleavage sites, which might be involved in a mechanism regulating Htt activity. For 

example, upon a cleavage at positions 552 and 586, the generated fragment 

promotes autophagosome formation and triggers autophagy (93). 

A recent study of three-dimensional structure of Huntingtin has revealed 

the role of N-terminal polyglutamine tract in behaviour and structure of the 

protein. By using the structural studies and mass-spectrometry cross-linking 

experiments, researchers showed that Huntingtin is prone to fold into a spherical 

HEAT-like repeat α-helical solenoid structure with the N-terminal tail physically 

touching protein’s opposite end (94). These novel findings may lead to a better 

understanding of mechanisms of Huntingtin interactions with its binding 

partners, and how its function is affected during the HD. 

Figure 1.3.2. Schematic representation of full-length Huntingtin structure. Top: the 

sequence of Htt domains. N17 – 17 amino acid region of the N-terminal domain of exon 1; 

polyQ – polyglutamine tract; PRD – proline-rich domain. HEAT I-VII correspond to 

functional predicted HEAT domains. HEAT I and III, 6 repeats; HEAT II, 9 repeats; HEAT 

IV and V, 3 repeats; HEAT VI, 6-7 repeats; HEAT VII, 2 repeats. NES – nuclear export signal. 

Circles depict post-translational modification sites; triangles respond to protease 

cleavage sites. Bottom: amino-acid position. Grey bars depict highly disordered regions. 

Figure adapted from (72). 
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Huntingtin is subject to several post-translational modifications, including 

acetylation, phosphorylation, ubiquitylation, sumoylation and palmitoylation. 

These are also proposed to regulate Htt function (72). For example, palmitoylation 

is known to help to regulate dynamic protein assembly during vesicle trafficking, 

although the details are not wholly understood (95). 

 

 The biological function of Huntingtin. Huntingtin interacting partners 

Htt plays numerous roles in developing and mature organisms that are well 

known (67,70,72,96). At the molecular level, however, Htt may perform a limited 

set of functions, which are not fully understood (67). The main challenge in 

studying the molecular function of Htt is complexity in the experimental targeting 

of the protein, as it is ubiquitously expressed in all of the tissues and lacks distinct 

compartmentalisation (97). Detection of Htt in tissues via immunoreactive 

Figure 1.3.3. Schematic representation of the function of wild-type Huntingtin. A. 

Huntingtin function within a neuronal cell. B. Model for Huntingtin function during axonal 

vesicular transport. Adapted from (99). 
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analysis may be problematic because Htt antibodies bind to membrane proteins 

such as SV2, transferrin receptor and synaptophysin and hence restrict the 

specificity of the analysis (82). In addition, Htt is found in multiple subcellular 

localisations (cytoplasm and nucleus) and interacts with multiple organelles: 

Golgi complex, ER, vesicles and microtubules (98). The cellular interactome of Htt 

involves a variety of almost 200 interacting partners, and this dissipates the 

understanding of the specific molecular interactions between Htt and the cellular 

proteome (99).  

Although the exact molecular function of Htt is still under research, the 

broad role of Htt in a cell comprises the following well-studied actions, as 

summarised in Figure 1.3.3 and described below.  

 

Huntingtin is involved in embryonic development. Huntingtin knock-out 

mice die before the formation of the nervous system (100). Moreover, 

overexpressing Huntingtin in knock-out mice fully rescues them from embryonic 

lethality (101,102). Htt depletion also compromises embryonic cellular iron 

trafficking (103) and leads to an iron deficiency in zebrafish (104). Iron 

homeostasis is crucial for normal functioning of major cellular proteins and 

energy transferring via participating in the electron transport chains, thus is 

essential for a cell (105). 

 

Huntingtin is involved in cellular transport function. Htt interacts with 

molecular motors: directly with dynein (106), indirectly with kinesin 1 and 

dynactin via the interaction with Huntingtin-associated protein 1 (HAP1) and 

p150 dynactin subunit (107,108). Dynactin forms a complex with transport 

vesicles and hence it binds these to the dynein motor. This interaction may make 

Huntingtin act as an anchor that stabilises the dynein-cargo vesicle complex by 

interacting with HAP1 (Figure 1.3.3, B) (99). Hence, Htt is important for the 

process of vesicle transport in axons and dendrites of neuronal cells in both 

anterograde and retrograde directions (109). Huntingtin is involved in the 

transport of cellular vesicles including brain-derived neurotrophic factor (BDNF) 

containing vesicles (110), endosomes and lysosomes. BDNF is a neurotrophin that 

is crucial for normal brain development. It regulates growth and differentiation of 

new neurons and synapses, and has a potential role in learning and memory 

function of the brain (111). Overexpression of wild-type Huntingtin improves 

intracellular transport of organelles. Knock-down of Htt compromises the 

organelle transport (112). Htt also regulates the direction of the transport by 
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associating with optineurin and myosin VI (113), which makes Huntingtin 

essential for targeted cargo delivery (109).  

 

Huntingtin is a coordinator of cellular division processes. Htt is localised at 

the spindle poles and at the microtubule network of dividing cells (114). Htt is also 

involved in the formation of dynein/dynactin/NUMA/LGN complex during mitotic 

spindle assembly for generation of a proper force by astral microtubules (115).  

 

Huntingtin is a regulator of transcription. Huntingtin is known to suppress 

transcription (116). It is likely that Htt performs suppression of transcription via 

its polyQ tract, as similar motifs are common for the regulators of transcription to 

bind and interact through (117). This feature might allow Htt to inhibit or enhance 

the activity of transcriptional activators and repressors, although the exact 

mechanisms remain elusive (72). For example, Huntingtin targets the 

transcription of the BDNF gene by inhibiting the repressor element-1 

transcription factor/neuron-restrictive silencer factor (REST/NRSF) that 

represses the BDNF transcription (118).  

 

Huntingtin is a regulator of vesicle assembly. Htt interacts with several 

endocytosis proteins that are involved in clathrin-dependent vesicle coating 

assembly (119). Htt is also involved in the fission step of vesicle assembly and it is 

proposed to interact with dynamin-1 as a scaffold, which leads to further 

activation of dynamin-1 (120). Dynamin-1 is crucial for fission step of synaptic 

endocytosis vesicle formation (121). Moreover, Huntingtin has recently been 

shown to act in the process of vesicular transmission between the endoplasmic 

reticulum (ER) and the Golgi apparatus, as well as vesicle fusion on the plasma 

membrane (122). This mechanism also links Htt to the process of autophagy 

(123). 

 

Huntingtin is involved in synaptic signal transmission. By participating in 

vesicle assembly, Huntingtin plays a role in exo- and endocytosis in synaptic 

departments. Htt also facilitates neurotransmission and Ca2+ signalling (124). Htt 

is required for the proper formation of cortical and striatal synapses (125) and is 

present in both presynaptic terminal (82) and postsynaptic density (126). 

 

Huntingtin plays a pro-survival role. Various reports suggest Htt might 

function as a survival enhancer and blocker of apoptosis. Apoptosis is a 
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mechanism of cell death known to play an important role in neurodegenerative 

disorders (reviewed in section 5.2). Expression of wild-type Huntingtin improved 

survival propensity of neuronal cells exposed to various apoptotic stimuli: 

expression of death-triggering genes, serum deprivation, mitochondrial toxin 

quinolinic acid (127). Htt serves as a substrate for a pro-survival Akt kinase, an 

enzyme that regulates levels of key signalling factors in the neuronal survival 

pathway (128,129). Htt was demonstrated to be neuroprotective by inhibiting 

caspase-9 and caspase-3 – the main inducers of apoptosis. The anti-apoptotic 

activity of Huntingtin is encoded within its first 500 amino acids (130,131). 

Overexpression of wild-type Htt is protective against excitotoxicity (132) and 

ischaemic injury (127), and the effect is dependent on the expression level of Htt. 

This suggests the dose-dependent neuroprotective activity of wild-type Htt (127).  

 

Taken together, Huntingtin is involved in such cellular processes as cell 

division, signal transmission, gene transcription, organelle trafficking, protein 

scaffolding, vesicle formation and is required for proper embryonic development.  

How is the function of Htt altered by polyQ expansion? What role does the 

loss of normal Huntingtin function play in the Huntington’s disease? 
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 Role of PolyQ expansion in HD and other neurodegenerative 

disorders 

 Polyglutamine tract expansion in Huntingtin exon 1 leads to formation of 

intracellular inclusions and development of HD pathology 

 HD is caused by an expansion of the polyglutamine tract that is encoded by 

non-interrupted CAG trinucleotide repeats within exon 1 of the Huntingtin gene, 

located on chromosome 

4p16.3 (133). Mutations 

expand the polyQ tract to 

more than 35 repeats 

from a normal range of 

16-20 repeats (73). 

Mutant Huntingtin 

acquires a new toxic 

function, which correlates 

with intracellular 

aggregation into inclusions in the brain (66,134). Such inclusion formation is also 

demonstrated in mammalian cell model system (135) and mice disease models 

(136).  

In the mouse model transgenic for human exon 1 with 145 repeats (Figure 

1.4.1, B), a vast amount of Huntingtin aggregates in affected mouse striatum is 

detected by immunoreactivity against Huntingtin. In the control mouse model 

transgenic for human exon 1 with 18 repeats, the aggregates are not detected 

(Figure 1.4.1, A) (134). These aggregates can reach a few micrometres in size 

(137) and contain Huntingtin as well as other cellular proteins, such as 

chaperones, components of mitochondria, and ubiquitin (136).  

Complete disease penetrance occurs with mutations involving more than 

41 CAG repeats. In a rare case of individuals having 36-41 repeats, these display 

little to no physical and psychological HD symptoms (incomplete disease 

penetrance). Some of these individuals do not display any HD symptoms up to the 

age of 95 years (138). Individuals with less than 35 repeats do not get HD (138). 

This signifies a strong threshold for the length of the mutation to cause the disease. 

The length of the polyQ expansion is known to promote the aggregation 

process: in vitro with N-terminal Htt fragments (139), and in vivo in C. elegans 

system with Huntingtin exon 1 gene (140). The age onset of HD is inversely 

A                                                 B        

Figure 1.4.1. Photomicrographs of Htt immunoreactivity in 

mouse striatum. A. Striatum of a mouse transgenic for 

human exon 1 with 18 polyQ repeats (non-pathogenic Htt). 

B. Striatum of a mouse transgenic for human exon 1 with 

145 polyQ repeats (pathogenic Htt). Scale bar reflects 100 

m. Adapted from (134) (permission obtained). 
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correlated with the length of the mutation (Figure 1.4.2) (141). This suggests that 

aggregation may be interconnected to pathogenesis of HD (142).  

 

 PolyQ expansion on its 

own is able to cause 

neurodegeneration. 

The polyglutamine tract 

on its own is known to cause 

toxicity when expressed 

ectopically. The expression of 

CAG tract alone induces 

apoptosis in mouse models, as 

well as in cell lines (143). When 

the CAG repeat is introduced 

into the mouse hypoxanthine 

phosphoribosyltransferase 

gene (Hprt), a transferase 

essential for normal functioning 

of purine salvage pathway and 

not involved in the process of 

neurodegeneration, it causes a 

phenotype similar to neurodegenerative diseases, leads to Hprt aggregation and a 

premature death of mice (144). This signifies that polyQ repeat itself is sufficient 

to cause neurodegeneration. The role of the polyQ carrier protein in the 

pathogenic process is discussed below. 

 

 PolyQ expansion causes multiple neurodegenerative diseases 

Huntington’s disease is not the only neurodegenerative disorder caused by 

a mutation in the polyQ tract. The polyQ expanded mutation is known to cause 

nine neurodegenerative diseases with different causative proteins (145). These 

polyglutamine disorders are dentatorubal-pallidoluysian atrophy (DRPLA), 

spinocerebellar ataxias (SCA) 1, 2, 3, 6, 7, 17, and spinobulbar muscular atrophy 

(SBMA) (146). The diseases and their causative proteins are summarised in Table 

2. The nature of the underlying mutation in polyQ diseases is hypothesised to lead 

to some shared pathology features. These are slow disease progression and 

Figure 1.4.2. The CAG repeat length in HD depending 

on the age of disease onset. Each dot repesents a 

length of the CAG tract in Htt gene obtained from a 

patient’s DNA of known neurological onset age. 

Figure adapted from (141) (open access, permission 

not required). 
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manifestation during the adulthood; disease age onset and severity dependence 

on the length of the mutation; and phenotype variability dependence on the 

mutation length (147). The diseases differ clinically and neuropathologically, 

though. SBMA is mostly characterised by motor dysfunction, atrophy and muscle 

weakness caused by the neuronal loss in the spinal cord. SCAs are signified by 

movement control problems caused by damage in the cerebellum brain region. In 

DRPLA, ataxia, choreoathetosis, delusions, and a decline in thinking abilities are 

observed (148). 

 

Mechanisms of toxicity differ based on the polyQ carrier protein. For 

example, in SCA 1, the polyQ expansion reduces the propensity of ataxin-1 to form 

a complex with transcription repressor Capicua, which significantly alters the 

regulation of neuronal transcription and leads to neurodegeneration (149). In SCA 

Disease name Causative 
protein 

Function of the protein 

DRPLA Atrophin-1 Possible transcriptional 
corepressor 

SCA 1 Ataxin-1 Transcriptional corepressor 
involved in transcription 
regulation, cell specification and 
synaptic activity 

SCA 2 Ataxin-2 Component of RNA processing and 
translational regulation pathways 

SCA 3 Ataxin-3 Deubiquitinating enzyme involved 
in protein quality control 

SCA 6 P/Q-type 

calcium- channel 

subunit a α1A  

Voltage-sensitive calcium channel 
subunit 

SCA 7 Ataxin-7 Transcriptional regulation 

SCA 17 TATA box-
binding protein 

Basal transcription factor 

HD Huntingtin Embryonic development, protein 
scaffolding, transcription 
regulation, vesicular formation, 
protein transport  

SBMA Androgen 
receptor 

Testosterone-activated steroid 
receptor 

Table 2. Polyglutamine conformational diseases. Adapted from (145,147). 
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17, the mutant TATA-box binding protein TBP loses its capacity to interact with 

the transcription factor TFIIB and bind DNA, which results in reduced expression 

of TFIIB-regulated genes (150). Since the polyglutamine disorders have different 

clinical and mechanistic features, it’s logical to conclude that the polyQ expansion 

causes the disease, but the disease-specific protein determines its specificity 

(151). 
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 Possible molecular mechanisms of toxicity in Huntington’s 

disease 

Multiple hypotheses exist on the nature of gain of toxicity upon the 

inheritance of polyQ expansion. The polyQ expansion in Htt might lead to loss of 

its wild-type function and hence cause neurodegeneration. The elongated polyQ 

tract might alternatively lead to a formation of different Htt conformation that 

causes toxicity by enhancing abnormal cellular interactions and gaining an 

alternative, toxic function. These hypotheses are expanded upon below.  

 

 PolyQ expansion changes native function of Huntingtin 

Htt has a putative role in transporting BDNF, as discussed in section 1.3.4. 

Evidence has suggested that mutant Htt has a reduced capacity to maintain proper 

axonal transport of BDNF (110). The dysfunction in BDNF transport leads to 

decreased BDNF levels in the striatum (a 2.2-fold reduction in mice models) and, 

in turn, reduced neuronal development and survival (110,152). Mutant Htt also 

reduces the propensity of functional autophagosome formation. The 

autophagosomes in the HD cell model are unable to sequester their substrates 

properly and are not transported optimally (153). A possible explanation is that 

wild-type Huntingtin is required to recruit the autophagy machinery as a scaffold, 

and the polyQ mutation prevents this (67). The research of autophagy dysfunction 

during HD is not fully complete to date. 

Moreover, wild-type Huntingtin is essential for normal cellular 

development. The brain-specific removal of wild-type Htt in mice leads to HD-

reminiscent neurodegeneration (154) and is embryonically lethal (100). In HD-

affected patients, the mutant Htt does not fully substitute the wild-type Htt. 

Patients express both alleles approximately at the same ratio (155). However, the 

reduction of wild-type Huntingtin level may lead to a decreased ability of neurons 

to survive through stress and thus might contribute to the HD pathogenesis 

(100,102,154). 

 

 PolyQ expansion leads to gain of alternative function of Huntingtin 

The second hypothesis suggests Huntingtin with an abnormally long polyQ 

tract may interfere with the normal function of cellular proteins and hence induce 

toxicity. Formation of harmful oligomeric and aggregated species of Htt may 

contribute to the enhancement of abnormal interactions and toxicity (147). 
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Mutant Huntingtin interferes with gene transcription by possibly abnormally 

sequestering the core transcriptional factors p53, CREB-binding protein (CBP), 

TATA-binding protein (TBP) (156,157). mHtt in its aggregated state attracts 

chaperones, proteasomes and ubiquitin (136). This may suggest an impairment of 

the protein folding and quality control system due to the mutation in HD. The 

elongated polyQ tract in mHtt also causes toxicity and neurodegeneration on its 

own (as discussed above).  

 

 Gain of toxic function vs loss of normal Huntingtin function in HD 

The arguments presented above suggest that neurodegeneration in HD 

may arise both from loss of native Huntingtin function and from gain of its 

alternative function. The gain of toxic function is considered as a primary 

mechanism of pathogenesis in HD, based on evidence coming from Wolf–

Hirschhorn Syndrome. Wolf–Hirschhorn Syndrome is a disease distinctive by 

removal of a part of chromosome 4 containing the Huntingtin gene. Wolf-

Hirschhorn patients do not develop HD phenotype despite the loss of about 50% 

of Huntingtin level (158). This observation has been strengthened by performing 

Huntingtin knock-out studies in mice models. The heterozygous Htt knock-out 

mice with half the expression of wild-type Huntingtin successfully complete the 

embryonic development stage and do not develop neurodegeneration. Whereas 

the homozygous Htt knock-out mice die prior to completing the development 

stage (159,160). The impact of loss of wild-type Htt function on the HD disease 

mechanisms should not be neglected, however the evidence suggests the gain-of-

function effect is more dramatic. Hence, Huntington’s disease is primarily 

considered as a gain of toxic function disorder. 

 

 Huntingtin exon 1 is the main candidate responsible for the toxic function 

In cells, mutant Huntingtin is subject to proteolytic cleavage, and this 

results in generation of a range of short N-terminal Htt fragments with the polyQ 

stretch in their structures (161,162). The resulting fragments are shown to locate 

into the nucleus and are toxic, and the shorter they are, the more they are prone 

to gain toxic function (163,164). Additionally, the N-terminal Htt fragments are 

generated through mechanisms that are different from proteolysis. The shortest 

Htt fragment is produced due to aberrant splicing and is fully comprised by the 

Huntingtin exon 1 (165). Huntingtin exon 1 interferes with processes of 
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translation and autophagy, and it compromises homeostasis of the endoplasmic 

reticulum (93,166). The proteolysis of the full-length Htt might reduce its normal 

activity and is demonstrated to cause toxicity in a Drosophila model (120). An 

overexpression of mHttex1 in a mouse model is sufficient to cause the HD 

phenotype and results in inclusion formation (136,167). 

Since the N-terminal fragment of Htt contains the HD-causative polyQ 

expansion, is consistently accumulated in the HD post-mortem tissues (168) and 

is stably associated with toxicity, the problem in HD pathology is thought to lie 

within Huntingtin exon 1. 

 

 In the search of the toxic mHttex1 conformation 

The main hypothesis for explaining the toxicity of mHttex1 proposes that 

it may attain an alternative three-dimensional conformation that is toxic by 

enhancing abnormal interactions with the cellular proteome (169). This idea 

emerges from evidence obtained in studies of other neurodegenerative disorders. 

Conformation-dependent toxicity has been observed in prion disease, where 

changes in secondary structure are attributed to toxicity (170). Drosophila models 

of Alzheimer’s disease display divergent patterns of neuronal death that correlate 

with the β-sheet conformation of Aβ (171). The toxicity of the tau protein is 

dependent on a conformational change into the β-sheet structures (172). 

The particular conformation of mHttex1 that may be toxic is still under 

intense research and is not fully understood. Various attempts have been made to 

detect this conformation. In the early studies, the existence of toxic mHttex1 

conformation was probed via reactivity with a monoclonal antibody 1C2 that 

interacts with linear polyglutamine stretches (173). By demonstrating increased 

1C2 binding to mHttex1 but not the wild-type one, the study has concluded that 

monomeric mHttex1 may adopt a specific conformational epitope that is not 

accessible for a wild-type protein. Further work has disproven this result by 

demonstrating that the increased reactivity of the 1C2 to mHttex1 is due to avidity 

– leading to increased interaction with an increased number of antigen binding 

sites (174).  

Next, smaller monomeric and oligomeric species were demonstrated to 

lead to neuronal death and were detected with 3B5H10, an antibody that 

putatively recognises compact β-rich hairpins (175). The β-sheet converted 

misfolded monomers were shown to exhibit cytotoxicity by studying cell survival 

upon microinjecting these monomeric species into the culture (176). In neuronal 
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HD models, 3B5H10 reactivity also correlated with the increased toxicity of β-

sheet Htt structures (177).  

The common disadvantage of antibody epitope recognition studies is lack 

of sensitivity and detail in determining the structure of Htt species detected with 

the antibody (67). The MW7 and 3B5H10 antibodies specific to Huntingtin are 

demonstrated to inhibit Huntingtin aggregation and disassemble the fibrillar 

inclusions completely. Multiple other antibodies are also shown to interfere with 

the process of Huntingtin aggregation (178). The antibody labelling technique 

hence is invasive, and may lead to disturbance of normal Huntingtin behaviour in 

the cell and thus may distort the real pathway to toxicity. 

The challenges in detection of the alternative monomeric mHttex1 

conformation in vivo include sequence-encoded conformational heterogeneity of 

mHttex1, which leads to the formation of multiple random coil conformations of 

monomeric Huntingtin with ~20 glutamines, overpopulates the available range of 

monomeric conformations and complicates the detection of the toxic one (179). 

The high aggregation propensity of polyQ expanded molecules also limits 

monomer availability in the experimental setups and restricts its availability for 

detection (180). A novel study has combined NMR and hydrogen-exchange 

techniques to address the challenges of sensitivity and compare the structures of 

monomeric non-pathogenic and pathogenic Httex1 in vitro. As a result, the 

tadpole-like structures of soluble mHttex1 are shown to lead to gain of toxic 

interactions (181).  

 

An alternative hypothesis suggests a different route to toxicity for the 

mutant Httex1. The aggregated mHttex1, but not its monomeric or oligomeric 

form is considered to lead to neurodegeneration. The detailed review of data 

describing the role of aggregation in HD, possible mechanisms of toxicity during 

aggregation and the pathways of mHttex1 inclusion assembly is presented in the 

next section. 
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 Aggregation in Huntington’s disease 

The key conundrum in the field of HD research is the role of Huntingtin 

inclusions formed during pathogenesis. Different reports consider these as a 

causative or adaptive event to Htt toxicity. Uncovering the role of inclusion 

formation may explain the problem of toxicity in HD as it would reveal the nature 

of the main disease hallmark.  

 

 Structure and biochemical properties of Htt inclusions 

Mutant Htt assembles into inclusions that have a structure of amyloid 

fibrils (70). The amyloids are structures of highest assembly order with distinct β-

sheet cross-core. The amyloid fibrils are formed by very tightly packed β-sheet 

elements that interact via hydrogen bonds. Amyloids present a high energetic 

barrier and thus are difficult to degrade or dissolve – both in a living cell and in 

vitro (182). As an example, a harsh SDS treatment did not disrupt the fibrillar 

structure of Htt inclusions (183). The treatment with 100% formic acid, however, 

leads to moderately dissolved amyloids and proteins in their structures into 

monomers (184) and is a classical purification technique for such structures 

(185). 

How do amyloid fibrils affect a cell? A recent study examined the influence 

of mutant Httex1 fibrils on the formation of fibrils comprised of wild-type Httex1 

in vitro (186). mHttex1 fibrils are demonstrated to seed the formation of wild-type 

Httex1 fibrils – and these resulting structures, in turn, could seed more of mHttex1 

fibrils. The structures of mutant and wild-type fibrils in the helical N17 region and 

-sheet polyQ region closely match to each other, as examined by the NMR 

analysis. These slightly differ in secondary structure dimensions. This suggests 

fibril formation is highly reactive in a cell and can increase the aggregation 

propensity of proteins that are normally less prone to aggregation (186). 

The classical mechanism of amyloid assembly is dictated by the nuclear 

growth polymerisation kinetic theory. This assumes the formation of a core 

nucleus seed of the resulting aggregate first. The nucleus forms as an 

accumulation of aggregation-prone monomers into a stable oligomer above the 

critical concentration threshold (187). The resulting aggregate is then built from 

the nucleus seed (63). Recently, a more advanced hypothesis has suggested a 

different view on this perspective. Amyloids might be formed via an interaction 

between the intrinsically disordered regions (IDRs) of a misfolding protein and 
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the gradual folding of the IDRs into fibrous protein aggregates (188). In this 

hypothesis, the IDRs of aggregation-prone monomer promote the phase transition 

into a liquid droplet state. The dynamic state of the IDRs enables transient 

interactions bound by crosslinking bonds. Upon saturation of liquid droplets in 

the solution, a more stable hydrogel structure is formed (Figure 1.6.1). 

 

Could the phase transition model be a common mechanism of amyloid 

formation applicable to Huntingtin? Do the polyQ regions of mutant Htt act as IDRs 

to form the initial liquid droplets? Or would some of the proteins that interact with 

Htt promote the phase transition? We align our findings on the properties of 

mHttex1 aggregates with phase transition hypothesis in section 6.7.4. 

 

 Cellular localisation of aggregated Htt 

The cellular localisation of polyQ-containing fragments of mutant Htt that 

assemble into inclusions can vary. Initially, Htt aggregates were discovered in the 

nucleus (136,189) but were later additionally detected in the cytoplasm by 

improving the antibody labelling technique method (66). The unaffected 

individuals with polyQ lengths not exceeding 25 repeats display a diffuse 

cytoplasmic spread of wild-type Htt. The inclusions formed in HD-affected brains 

are present in the dendrites, cytoplasm, nuclear and perinuclear region of striatal 

and cortical neurons (190). 

A recently published paper precisely studies the cellular localisation of 

mHttex1 inclusions. By applying the confocal Z-series sectioning of mammalian 

cells expressing mHttex1, the majority of previously reported nuclear aggregates 

Figure 1.6.1. A current model of phase transition amyloid assembly. IDR, intrinsically 

disordered regions. Adapted from (182) and (407).  
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is shown to be perinuclear. The inclusions sit on top of the nucleus and only touch 

its outside (191). The nuclear inclusions are shown to be less prominent than 

previously anticipated. Hence, this implies that the aggregation of Huntingtin 

mainly happens in the cytoplasm of a cell, and the nuclear inclusions are rarer than 

the cytosolic ones. This may signify inclusion formation or progression happens 

around the cell nucleus. 

 

 Htt inclusions interacting partners 

Htt inclusions consist not only of the mutant Htt but also include multiple 

cellular proteins: ubiquitin (189), components of the proteostasis network 

(chaperones and proteasome subunits) (192,193) and wild-type Htt (194). A 

recent study that implemented proteomic analysis of Htt inclusion interacting 

partners suggests that the inclusions interact with only a few partners, as opposed 

to Htt oligomers (which are hypothesised to precede the inclusion formation). The 

most prominent Htt inclusion interactors match to previously reported data, 

including the components of proteostasis network: Hsp40 family of Hsp70 

cofactor chaperones, and components of the ubiquitin-proteasome system (195). 

 

 The role of aggregation in Huntington’s disease 

The understanding of the role of aggregation in HD is complicated by the 

fact that two seemingly controversial hypotheses coexist in the literature. One 

suggests that Htt inclusions are causative to toxicity, whereas the other implies 

that Htt inclusions form as an adaptive response by sequestering the other toxic 

conformations of Htt.  

 

Toxic hypothesis  

Arguments towards Htt inclusions being toxic arise from the studies of the 

inclusion interactome. If aggregation sequestrates the PN and QCM away, the 

proteostasis will inevitably malfunction. Indeed, inclusion formation leads to 

proteostasis collapse and forces aggregation-prone proteins to misfold and 

accumulate in C. elegans models of polyglutamine disorders (196). Moreover, by 

expressing mutant Htt fragments in mammalian cellular models, researchers have 

shown that aggregation in the cytoplasm interferes with RNA and protein 

transport between the nucleus and cytoplasm. Cellular proteins that contain low 

complexity and disordered regions (mainly nuclear export factors and nuclear 
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export machinery) coaggregate with Htt inclusions. This signifies that a crucial 

part of the proteome is impacted by Htt aggregation and is then rendered 

functionless (197). 

Htt inclusions are also known to disrupt cellular trafficking by sequestering 

the HSC70 chaperone and consequently inhibiting clathrin-mediated endocytosis 

(CME) in mammalian cell models, as well as in neurons (198). Htt inclusions 

sequestrate the major transcription factors TBP and CBP (157), as well as inhibit 

the UPS system by coaggregating with the essential HSP40 chaperone DnaJB1 and 

its yeast homolog Sisp1 (199). 

This altogether supports the hypothesis that Htt inclusions are harmful to 

a cell by severely sequestering away its proteome and the core regulatory 

proteins. 

 

Adaptive hypothesis 

On the other hand, expression of soluble mHtt increases aggregation 

propensity for secretory proteins, which leads to an activation of the ER stress and 

increased apoptosis in cellular models of HD (200). Furthermore, soluble and 

oligomeric forms of mHtt, but not the large microscopic aggregates, inhibit ER-

associated degradation and cause ER stress. This suggests soluble and oligomeric 

forms of Htt are toxic, and Htt inclusions serve as a resource to dissipate the toxic 

mHtt pool (201). Nuclear condensation assay and confocal analysis have also 

demonstrated that the mHtt oligomeric population is significantly more toxic than 

the aggregated one (202). By using a split-GFP system allowing visualising 

monomeric, oligomeric and aggregated states of Htt in living cells, the researchers 

discover soluble Htt being a negative predictor of neuronal death. Thus, inclusion 

formation serves protective from soluble Htt by sequestering it (135,203).  

This idea is strongly supported in the literature. It was previously shown 

that death in neuronal cells is not correlated with the event of Htt inclusion 

formation (164). In a breakthrough study from Steven Finkbeiner’s group, 

inclusion formation improved survival odds of neuronal cells as compared to the 

cells that never formed inclusions. Soluble Htt was shown to serve as a negative 

predictor of death, and since the inclusion formation sequestered soluble Htt, it 

was concluded to be protective (204).  

The adaptive and protective hypotheses seem controversial. One suggests 

inclusions protect from soluble toxic Htt. The other states inclusions coaggregate 

with the proteome and vastly affect its integrity. Although the evidence is gathered 

together from different perspectives and different methodologies applied, both 
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hypotheses have a strong experimental support. The paradigm of adaptive and 

protective roles of Htt inclusions is the central question of this work, and the data 

obtained in this study allows these hypotheses to be tied together. 
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 Consequences of mutant Htt expression on cellular functioning 

 Most of the existing data from cell-based assays does not specify the 

conformation of mHtt (due to the complexity of detecting it (205)) and only 

describes a general mHtt expression influence on cellular health. Hence, a general 

review of cell malfunctioning upon the presence of mHtt is given below. 

 

Mutant Htt and mHttex1 cause a massive downstream toxic effect on 

normal cellular functioning. mHtt disrupts a few major cellular pathways and 

interferes with core cellular organelles and processes (Figure 1.7.1). Huntingtin 

biology is incredibly complex as it affects cellular components that are tightly 

interconnected with each other, and the dysfunction of one leads to an increased 

effect over the other nodes of the network (72). 

 

Figure 1.7.1. Schematic overview of cellular malfunction caused by mutant 

Huntingtin. ROS, reactive oxygen species. Figure adapted from (67) and (73).  
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 Mitochondria dysfunction 

The biology of mitochondria and disruption of energetic balance is one of 

the key problems in the Huntington’s disease pathology. N-terminal mHtt is 

known to interact with the mitochondrial membrane and compromise normal 

Ca2+ metabolism (206,207). This leads to an impairment of electron transport 

chain complexes II and III and an increase of the pool of cellular reactive oxygen 

species (with the highest level in the cortex (208)), as well as disruption of ATP 

production (209). The morphology of the mitochondria is also affected: HD 

mitochondria have a high percentage of those with broken cristae and improper 

elongated shape (207). This ultimately leads to an increase in mitochondria 

depolarisation that is dependent on the length of the CAG expansion (210).  

Mutant Htt also affects mitochondria production by affecting a complex 

that regulates mitochondria genes translation and mitochondria biogenesis, 

hence mHtt might compromise mitochondrial respiration (211). Proper 

mitochondrial trafficking is also affected (212,213). This results in improper 

mitochondria distribution and lack of mitochondria in energy-deficient 

compartments, such as synaptic terminals (214). 

 

 Altered neuronal circuitry 

Pathogenic Htt perturbs neuronal activity by reducing the expression of 

genes that govern calcium metabolism, neuronal development and differentiation, 

and neuronal transmission (215). Signal transmission in neurons is particularly 

severely affected due to mHtt obstructing axonal transport and decreasing 

microtubule-cargo binding propensity (216,217). This leads to cognitive and 

motor decline during HD (218). 

 

 Proteostasis network 

Maintenance of proteostasis is essential for normal cell functioning, and 

the integrity of the proteome is the main determinant of a healthy cellular state 

(31). The molecular chaperones and the degradation machinery are the main 

participants in keeping the proteome folded (a detailed review is given in section 

1.1). The expression of mHtt leads to an impairment of proteostasis in an age-

dependent manner (196).  
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Chaperone network 

The hypothesis that aggregation-prone mutant Htt titrates away the 

chaperones from their native clients lies in the basis of the understanding of 

proteome collapse. mHtt is shown to interact with heat shock chaperones HSP70, 

HSP90, TRiC and DNA by proteomic studies (219), with members of HSP40 and 

HSP70 family in vitro (220). This leads to a significant reduction of HSP70 and 

DNAJ levels in affected brain tissues (221). mHtt also affects the levels of HSP70 

by impacting its transcription (222). An artificial increase in small heat shock 

protein αB-crystallin level significantly reduces the toxicity and a number of 

aggregates formed in Drosophila and cell models of HD (223). Overexpression of 

HSP40 and HSP70 in mHttex1 disease model also rescues toxicity and leads to 

decreased aggregate formation (220,224). This evidence suggests chaperone 

deficiency is present in HD cells and points towards a direct connection between 

improper protein folding and neurotoxicity.  

After the exhaustion of the chaperone system by the vast amount of 

misfolded Htt, the protein degradation system is implemented. The ubiquitin-

proteasome system is complemented with the autophagy system. The UPS is 

responsible for degrading 80-90% of immature denatured proteins, whereas the 

autophagy system degrades mature proteins and cellular organelles (225). 

 

Proteasome system 

Proteasome impairment due to the expression of mHtt is a known 

phenomenon (226,227). The impairment does not involve direct clogging of the 

proteasome by mHtt. Instead, mHtt seems to overload the overall proteostasis 

network, which leads to an increase of the pool of ubiquitin-labelled clients prone 

to degradation. This queue overwhelms the proteasome system and leads to its 

collapse (228). As a result, ubiquitin chains accumulate in HD brain as a global sign 

of proteasome dysfunction (229). 

The other factor that affects the proper UPS action is sequestration of its 

components into inclusion bodies of mutated Htt (230). This results in reduced 

proteasome efficiency in degrading the polyQ-expanded proteins (231). As Htt 

inclusions are demonstrated to be labelled with ubiquitin, it signifies that 

attempts to degrade mHtt are initially made (232). Some reports though suggest 

that the soluble form of mHttex1 is not ubiquitinated and thus is not subject to 

degradation (233). This might suggest that proteasomal response is a delayed 

attempt to clear Huntingtin in its aggregated conformation.  
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Autophagy system 

 The formation of autophagosomes is reported to be intact in the presence 

of wild-type and mutant Htt (234). The number of autophagosomes is increased 

as a response to Htt expression in HD cell models (235). Although the formation 

of the autophagosomes is successful, their function is interrupted in HD. 

Autophagosomes are unable to sequester their substrates properly (153), and the 

axonal transport of the autophagosomes is disrupted (236). It is proposed that the 

interaction between mHtt, the inverse correlator of autophagy p62 and ubiquitin 

chains is decreased, and this leads to cargo load failure (153). The improper cargo 

load and impairment in the trafficking system is linked to the altered native 

function of wild-type Htt (section 1.3.4) and overall efficiency decrease in the 

autophagy system with an increased pool of non-utilised protein products (237).  

 

Altogether, this evidence suggests a gradual overload of the chaperone, 

proteasome and autophagy networks over the course of HD, accumulation of 

unprocessed PN clients with a further inevitable collapse of proteostasis. 

 

 Transcription dysregulation 

Htt majorly impairs transcription and affects the core transcription 

regulation CREB signalling pathway. According to DNA microarray experiments, a 

cluster of genes corresponding to cell signalling, lipid metabolism, transcription 

and vesicle trafficking is decreased during HD (238). Since multiple transcription 

factors contain glutamine-rich regions, a possible mechanism of transcription 

impairment might involve highly increased coupling propensity between the 

expanded polyQ of mutant Htt and glutamine regions of transcription factors and 

thus disruption of their natural function (70). Such transcription regulators 

include a cluster of cell survival and proliferation factors p53 (239); cAMP 

response element-binding (CREB) protein and CREB-binding protein (CBP) (239); 

energy metabolism protein peroxisome proliferator-activating receptor-γ 

coactivator-1α (PGC-1α) that is crucial for mitochondria biogenesis (240); SP1 

and the transcriptional coactivator that interact exclusively with soluble mHtt 

(241).  

Some reports suggest mutant Htt might impair gene expression 

downstream of transcription (156). Transcriptional profiling studies of HD brain 

and disease model systems reveal significant alterations of the presence of coding 

and non-coding RNAs in the pathogenic samples (242,243). Mutant Htt impacts 
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the assembly of core transcriptional complexes including RNA polymerase II 

(244), general promoter accessibility system and transcription initiation 

machinery including the TATA-box binding protein (TBP) (245).  

Htt also impacts DNA packaging and organisation by histones. The post-

translational modification of histones is the main regulator of their activity, and 

Htt is known to compromise histone acetylation in mouse models of HD (246). 

Moreover, mHtt can interact with genomic DNA directly and alter its conformation 

and binding to transcriptional regulators (247). 

Transcription deregulation is proposed to be an early molecular event in 

HD pathology. This may serve as a core basis for further HD pathology (156). The 

data obtained in the results presented in chapter 6 is in agreement with this idea, 

and further review is given to put it in the context of literature findings. A review 

on how the cell reacts to the alterations due to mHttex1, and which stress 

response pathways are triggered in response to mHtt toxicity, is presented next. 
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 Signalling and stress response pathways that are activated by 

mHtt expression 

The cell signalling pathways are crucial for communication between cells 

in the organism, cell action coordination and cellular differentiation. Violations in 

cell signalling are connected with inflammation, cancers, diabetes and 

neurodegeneration (248). Conversely, the cells experiencing a problem (such as 

during neurodegenerative disorders) are prone to communicate the signal to 

other cells in the tissue to elicit a pro-survival response or trigger a specific cell 

death mechanism (249). 

mHtt impacts the major cellular signalling pathways by abnormally 

interacting with the main regulatory kinases via an expanded polyQ tract and 

reducing the expression of these genes (250). One possible explanation for this 

mechanism is that Htt contains a range of sites prone for phosphorylation. This 

might regulate Htt function and toxicity, as well as the interaction with signalling 

cascade kinases (250).  

 

 MAPK pathway 

mHtt expression leads to an induction of the mitogen-activated protein 

kinase (MAPK) via MAPKKK (RAF) and MAPKK (MEK) nodes (251) (Figure 1.8.1). 

These, in turn, include the JNK (a cascade that is involved in MAPK and serves as 

a regulator of inflammation, cell differentiation, survival, proliferation and protein 

expression (252)) and the endoplasmic reticulum (ER) stress activation 

pathways.  

Firstly, polyQ-expanded Htt activates the JNK pathway via a mixed-lineage 

kinase 2 (MLK2). MLK2 binds to the MAP kinase 7 (MKK7) stress-signalling kinase 

1 (SEK1), which leads to their phosphorylation. MKK7 and SEK1 then trigger the 

JNK (253). Other evidence shows mHttex1 triggers the JNK cascade in neuronal 

models (254). The activation of JNK leads to apoptotic cell death (255). Apoptosis 

is a known sign of neurodegeneration and appears in many diseases, including 

Huntington’s, Parkinson’s and Alzheimer’s (256). 

 

 ER stress pathway 

The other pathway for the MAPK activation via the JNK is the endoplasmic 

reticulum (ER) stress response. mHtt aggregation leads to an increase in the pool 

of unfolded proteins (93,166). The accumulation of unfolded proteins in the ER 
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leads to ER trans-membrane kinase IRE1 activation. IRE1 then recruits the TNF 

receptor associated factor 2 (TRAF2). TRAF2 interacts with the apoptosis signal-

regulating kinase (ASK1). This ultimately leads to the JNK triggering via SEK1 in a 

cascade manner (251,257). 

The impairment of the ubiquitin-proteasome system by mHtt also plays a 

role in the MAPK. The increased pool of unfolded proteins accumulates in the ER 

and triggers ER stress by the ASK1-IRE1 activation (257). 

The MAPK pathway regulates cellular proliferation, gene expression, 

cellular survival and differentiation, apoptosis (258) – which might be one of the 

main mechanisms of HD toxicity in a cell (259). 

 

 Oxidative stress response 

Mitochondria dysfunction in HD leads to energy deficiency, accumulation 

of reactive oxygen 

species (ROS) that cause 

more damage to 

mitochondria, and 

activation of the 

oxidative stress 

response (70). Reactive 

oxygen species are 

chemically highly prone 

to transient interactions. 

Upon coming into 

contact with a molecule, 

ROS immediately 

remove an electron from 

it – and thus damage it. 

This makes interactors 

of ROS become ROS 

themselves which 

triggers a chain reaction, 

hence launching a 

cascade of toxic events 

(260).  

  

Figure 1.8.1. Schematic illustration of the JNK pathway 

activation by mHttex1. Mutant Htt phosphorylates the 

MLK2 and IRE1 which leads to an activation of JNK pathway 

via the SEK1 intermediate protein. The JNK results in 

apoptotic cell death. P in the black circle stands for 

phosphorylation. Figure adapted from (250).  



 53 

 Scope of the thesis 

The key question of this thesis lies in identifying the nature of the toxic 

conformational state of mHttex1, identifying the pathway Huntingtin inclusions 

form through and resolving the long-lasting problem of the role of aggregation in 

HD. 

The model system used was mammalian HEK293 cells expressing the non-

pathogenic mHttex1 construct comprising 25 glutamines in its sequence 

(Httex1TC9(25Q)) and the pathogenic constructs encoding 46, 72 or 97 glutamines 

(Httex1TC9(46Q; 72Q; 97Q)) fused to a range of fluorescent tags. 

In chapter 4, two novel subtypes of mHttex1 inclusions HBRi and PBRi 

were characterised structurally by confocal, super-resolution microscopy and 

FTIR microspectroscopy. The place of HBRi and PBRi in aggregation pathway was 

investigated by flow cytometry.  

In chapter 5, the changes in cell function, survival and metabolism were 

studied and related to the conformational state of mHttex1 (soluble, HBRi, PBRi) 

by applying a range of cell assays. 

In chapter 6, the pathway of mHttex1 inclusion formation was studied by 

performing the mass-spectrometry analysis of inclusion interacting partners, 

relating these to major biological processes in a cell and examining the 

colocalization propensity of the inclusions with classical markers of 

neurodegenerative stress.  

The data obtained in this thesis allows resolution of the contradiction 

between the adaptive and the toxic hypotheses of mHttex1 aggregation and 

suggests the formation of the inclusion has a dual role. mHttex1 inclusion is 

positive to a cell on its early assembly stage and impacts a cell negatively later on 

the aggregation pathway. We also put the mechanism of cell death in the context 

of neurodegeneration caused by mHttex1 expression and point towards a reason 

for soluble mHttex1 being toxic.  
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 DNA vectors and constructs. 

pT-REx and pcDNA3.2 vectors expressing Emerald, Httex1TC9 and 

Httex1TC1 with variable polyQ sequence lengths (25Q, 46Q, 97Q), MS2 binding 

loop sequence and with Cerulean and mCherry fluorescent tags were prepared as 

described previously (261,262). pGW1-based Httex1-mCherry constructs were 

prepared as described previously (263). The genes encoding the fast fluorescent 

timer variant of mCherry reported in (264), ps-CFP2 fluorescent reporter protein 

and the MS2 stem loop fragment reported in (265) were synthesized and swapped 

via restriction digestion and ligation based cloning strategies, for the Cerulean 

moiety in the pcDNA3.2 based vectors. The GFP-TIA-1 construct was kindly 

provided by Myriam Gorospe (NIA-NIH, Baltimore, USA). pT-REx 101xGA-GFP 

was kindly provided by lab colleague Mona Radwan. 

The FUGW vector (Addgene Plasmid #14883), a gift from David Baltimore 

(266) was used for lentiviral generation of Httex1TC9 and Httex1TC1 constructs. The 

Httex1 constructs were inserted into the FUGW vector via the AgeI and EcoRI 

restriction sites. Packaging vectors psPAX2, a gift from Didier Trono (Addgene 

plasmid # 12260) and pCMV-VSV-G, a gift from Bob Weinberg (Addgene plasmid 

# 8454) (267) were used to generate lentiviral particles. 

 

 Cell culture.  

HEK293 and HeLa cells, obtained originally from the American Type 

Culture Collection (ATCC), were maintained in Dulbecco’s modified Eagle medium 

(DMEM) (Life Technologies) supplemented with 10% (v/v) FCS, 1 mM glutamine, 

100 U/ml penicillin (or 200 U/ml for HEK293) and 100 µg/ml streptomycin (or 

200 µg/ml for HEK293) in a humidified incubator with 5% atmospheric CO2 at 37 

°C. Neuro2a cells, obtained originally from the ATCC, were maintained in Optimem 

medium (Life Technologies) supplemented with 10% FCS, 1 mM glutamine, 200 

U/ml penicillin and 200 µg/ml streptomycin in a humidified incubator with 5% 

atmospheric CO2. The HeLa tet repressor line was generated with the T-REx 

system (Invitrogen). From a pool of stable transformants, a high performance 

clonal line was selected using the tet-inducible pT-REx based Emerald fluorescent 

reporter protein. HEK293 cells were plated on poly-L lysine coated plates and 

Neuro2a and HeLa cells on untreated tissue culture plates. The passage number of 
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used cells were kept in the range from 20 to 50 passages. The transfection 

efficiency varied from 50 to 70%, as in agreement with (268). 

For the neuronal differentiation, H9 human embryonic stem cells were 

induced into the neuronal lineage with small molecules SB and LDN. Neuronal 

induction, neurosphere generation and expansion with EGF and FGF-2 were 

performed as described previously (269). The day 7 neurospheres were 

dissociated and differentiated into cortical neurons using N2B27 media 

supplemented with DAPT (γ-secretase inhibitor at 10 µM concentration) and 

BDNF 20 ng/ml. Neuronal lineage was confirmed by immunocytochemistry using 

antibodies -III Tubulin, GFAP, and O4 in differentiated human cortical stem cells 

specific for neurons, astrocytes, and oligodendrocytes (R&D Systems, Catalog # 

SC024). The flow cytometry of the cell cultures further confirmed ~ 96-97% 

neuronal differentiation. The neuronal differentiation experiments were performed 

by Nagaraj Moily; data was processed by the PhD candidate (270). 

 

 Western Blot.  

HEK293 cells were transfected with pT-REx-Httex1TC9-Cerulean (or were 

not transfected for the control baseline samples) and harvested 24 h post 

transfection by centrifugation54 (200 g; 5 min; 24 ºC). Pellets were snap frozen in 

liquid nitrogen, thawed and resuspended in lysis buffer (20 mM Tris, 2 mM MgCl2, 

1% (w/v) Triton X-100, pH 8.0 supplemented with complete, EDTA-free Protease 

Inhibitor Cocktail pills (Roche) and 20 Units/ml Benzonase (Novagen)). The 

lysates were matched for total protein by using the BCA kit (Thermo Scientific, # 

23225). 30 µg (total protein) of lysates were subjected to SDS-PAGE using an 8.5% 

acrylamide resolving gel. The proteins were transferred to a PVDF membrane, and 

blocked with 5 % w/v skim milk powder in PBS and 0.1 % Triton X-100 for 1 hour 

at room temperature. The primary antibody was rabbit anti-Huntingtin (Abcam, 

ab109115) used at 1:5000 dilution and applied for 1 h at room temperature in 

blocking solution. The secondary antibody was goat anti-rabbit HRP antibody 

(Invitrogen, cat # 656120) used at 1:10,000 dilution for 1 h at room temperature 

in blocking solution. HRP was detected using Enhanced Chemilumiscence 

protocol. 
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 Transfections and transduction.  

HEK293 and Neuro2a cells were transiently transfected with the vectors 

using Lipofectamine 2000 reagent (Life Technologies). Specific transfection 

conditions for the different culture vessel types at densities of 6 × 106 (T75 flasks), 

5.5 × 104 (Ibidi 8-well µ-chamber), 2 × 105 (12-well plate) or 5 × 105 (6-well plate). 

The following day cells were transfected with 60, 1.25, 4 or 10 µl Lipofectamine 

2000 and 24, 0.5, 1.6 or 4 µg vector DNA, respectively, as per the manufacturer’s 

instructions (Life Technologies). The next day, the medium was changed, and the 

cells were subjected to FlAsH or ReAsH staining if required, according to the 

protocol as described previously (261). 

For the HeLa-Tet experiment, 2 × 105 cells were plated in a 12-well tissue 

culture plate. The following day the cells in each well were transfected with 4 µl 

Lipofectamine 2000 and 1.6 µg vector DNA.   

For the neuronal transduction, the FUGW transfer plasmid containing 

Httex1TC1 and Httex1TC9 and packaging vectors were used to generate lentiviral 

supernatants using standard CaCl2 transduction of HEK293T feeder cells. The 

supernatant after 48 hours post transduction was filtered and concentrated using 

PEG-it viral concentration solution (System Biosciences, Inc. USA). The Httex1TC9 

and Httex1TC1 viral concentrates resuspended in neuronal differentiation media 

were added to the day-7 cortical neurons and aggregate formation was observed 

5 days after lentiviral neuronal transduction. The neuronal transduction 

experiments were performed by Nagaraj Moily; data was processed by the PhD 

candidate (270). 

 

 Flow cytometry.  

For the analysis of cells expressing FlAsH-stained Httex1TC9-Cerulean, the 

pulse-shape analysis was applied as previously described, with an LSRFortessa 

flow cytometer (BD Biosciences) (261). Fluorescent timer proteins were analysed 

using 561 nm laser and 610/20 bandpass filter for the red form and 40 5nm laser 

450/50 bandpass filter for the blue form. ‘Young’ and ‘Old’ inclusions were gated 

using the ratio of the area of the red and blue forms. Pulse-shape gating analysis 

was done on the red form, using gating strategies described previously (261). 
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 Confocal Imaging.  

Images of live or fixed cells were captured with a Leica TCS SP5 

microscope. The objective used was HCX PL APO CS 63× oil immersion. Lasers 

used: 405 nm excitation, LP 425 nm emission – Hoescht/DAPI, ps-CFP; 458 nm 

excitation, LP 515 nm emission – CFP; 488 nm excitation, BP 525/50 nm emission 

– FlAsH; 561 nm excitation, LP 590 nm emission– mCherry. Single colour controls 

were used to establish and adjust to remove bleedthrough of the emission filter 

bandwidths. 

 

 Confocal live cell microscopy 

Images of live cells were captured every 10 minutes in a confocal timelapse 

regime with a Leica TCS SP5 microscope. Inclusion formation was first assessed 

visually by following a cell with soluble mHttex1 in the cytoplasm that then 

assembled into an inclusion-like micrometre-sized structure. The event of 

inclusion formation was then quantitatively verified by applying the following 

criteria based on the idea of high cooperativity of mHttex1 aggregation (228). If 

the level of soluble cytoplasmic mHttex1 has decreased more than 2-fold after 

inclusion formation, as compared to the frame before the inclusion has formed, 

the event was considered valid. The background fluorescence was taken into 

consideration by subtracting it from cytoplasmic mHttex1 levels.  

 

 Super-resolution imaging 

The inclusions were sorted and purified as described for the proteomics 

experiments. To label the inclusions with antibodies, these were blocked with 5% 

BSA in 1x PBS for 30 min, RT. The samples were pelleted by centrifugation (3000 

g; 5 min; 4 ºC) and washed (each wash followed inclusion resuspension in PBS and 

pelleting as above). The samples were incubated with the 1º antibody (rabbit 

polyoclonal anti-GFP antibody (Invitrogen, cat # A6455), 1:300 dilution; rabbit 

polyclonal anti-RPL18 antibody (Abcam, ab190153), 1:100 dilution; or rabbit IgG 

isotype control antibody (Invitrogen, cat # 31235), 1:100 dilution) for 60 min in 

PBS with 5% BSA, RT and washed 1x. The samples were incubated with the 2º 

antibody (goat anti-rabbit Alexa Fluor 647, (Life Technologies, cat # A21244)) for 

30 min in PBS with 5% BSA, RT and washed 1x. Prior to imaging, the inclusions 

were put on the glass-based iBidi 8-well chambers with #1.5 thickness. The plates 

were pre-coated with poly-L lysine as above. The buffer used was 10 mM Tris pH 
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8.0, 50 mM NaCl, 10% glucose, 10 mM Cysteamine hydrochloride (Sigma M6500) 

(MEA), 5.6 g/ml Glucose oxidase (Sigma - G2133-50KU) (Gloxy), 40 g/ml 

Catalase (Sigma - C1345-1G). The buffer was refreshed right in the imaging 

chamber upon the kinetics of the dye blinking slowing down. 

Images of the purified inclusions were captured with DeltaVision OMX 

system. The objective used was APO N, TIRF UIS2 BFP1 60x oil immersion. The 

lasers used were: 488 nm emission, BP 528/48 – FlAsH, 642 nm emission, BP 

683/40 – Alexa Fluor 647. Super resolution image reconstruction was performed 

in the softWoRx 6.1.1 software by first localizing all the blinking events, 

performing a subsequent correction to account for the drift over time, performing 

the tracking to identify only the persistent fluorophores and organize these into a 

unique group and finally reconstructing the image from the identified 

localizations. 

For the ribosomal super-resolution imaging control experiment, the 

images were collected under a confocal microscope. Each inclusion was manually 

assigned with an ROI around its structure, and the median intensity in the red 

channel corresponding to the Alexa Fluor 647 fluorescence inside of the ROI was 

detected. The data was plotted in Prism software, the average and the SEM of the 

collected intensities was calculated.  

 

 Fourier transformed InfraRed (FTIR) microscopy and data processing.  

Inclusions were purified as described for the proteomics experiments and 

then pelleted and washed in water. Recombinant mHttex1-Cerulean fibrils were 

prepared as described previously (271), and concentrated into pellets by 

centrifugation (12,000 g; 15 min; 4 ºC). FTIR spectra were collected at the Infrared 

Microspetroscopy beamline at the Australian Synchrotron (Clayton, VIC) using a 

Bruker Hyperion 2000 IR microscope and Vertex 80v FTIR spectrometer 

containing dual fluorescence (excitation filter: 420 – 490 nm; dichroic mirror 505 

nm and emission filter: 520-1100 nm) and FTIR optics.  

The FTIR experiments were performed by Mark Tobin and Yasmin Ramdzan. 

The detailed experimental setup, data processing and spectra averaging is described 

in (270). Data was interpreted by the PhD candidate. 

 

 FlAsH and ReAsH staining, stripping and restaining. 

For FlAsH and ReAsH staining after 24 h transfection (or transduction in 
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the case of the neurons) the cells were washed twice with the HBSS media and 

stained with 1 µM ReAsH or FlAsH and 10 µM 1,2-ethanedithiol in HBSS for 30 min 

at 37 °C. The cells were then washed with 250 µM BAL for 15 min 37 °C, followed 

by a wash with HBSS.  

For stripping and restaining experiments, HEK293 cells expressing pT-

REx-Httex1TC9(97Q)-Cerulean were labelled with ReAsH at 24 hours post 

transfection as described above. The cells were imaged under the JuLi stage 

microscope. ReAsH was stripped by a 15 min treatment with 50 mM BAL in HBSS 

at 37 °C, followed by 3 washes with HBSS, and then the cells were imaged again. 

Cells were then restained with ReAsH as described above at the time points 

indicated in the figures. Data was analysed as described next under “Survival 

analyses”. 

 

 Survival analyses.  

For survival analysis of cells with inclusions versus without inclusions, 

HEK293 cells in 12-well plate format were co-transfected with pT-REx-

HttEx1TC9(97Q)-Cerulean and pT-REx-mCherry, as an independent tracer of cell 

integrity as described previously (204). In addition, pT-Rex-mCherry was used as 

a proxy for mHttex1 levels in the cell on the basis that it would correlate with the 

efficiency of transfection for different cells. 24 hours after transfection, the media 

was refreshed. For the QVD treatment, QVD was added to the media to a final 

concentration of 50 μM, 24 h after transfection. Cells were then imaged 

longitudinally with the JuLi fluorescence microscope at 15 min intervals for 130 

h. Channels used: GFP for Cerulean (Excitation: 466/40, Emission: 525/50), RFP 

for mCherry (Excitation: 525/50, Emission: 580 LP). Death was recorded as the 

time points at which mCherry fluorescence was lost. Cells that drifted from focus 

were excluded. Mean mCherry intensity was recorded in a region of interest 

encapsulating the cytosol of each cell and used as a measure for mHttex1 

expression level. Image processing was performed in FIJI version of ImageJ (272). 

Survival curve analysis was performed in Prism software (GraphPad). 

For analysis of cells comparing the HBRi and PBRi categories, the protocol 

was as above with the following differences. HEK293 cells were co-transfected 

with pT-REx-Httex1TC9-mCerulean and pT-REx Cerulean as a tracer for cellular 

integrity. Since we were focused on inclusions only in these experiments, we 

posited that the Cerulean tracer would be largely sterically excluded from Httex1-
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Cerulean inclusions meaning the Cerulean signal in inclusions should be a good 

indicator of mHttex1 levels in the inclusion. In addition, because mHttex1 

aggregation into inclusions is highly cooperative leaving only trace remnants of 

cytosolic mHttex1 (273), we posited that most of the cytosolic Cerulean signal 

should arise from the tracer construct. Hence we used cytosolic Cerulean 

fluorescence as our proxy for expression level of mHttex1-Cerulean in the cell. 

This approach to use the same fluorescence colour tracer as the mHttex1 

construct was necessitated by the limited channels of the JuLi microscope when 

we include the ReAsH channel. 24 hours after transfection, the cells were washed 

twice with HBSS media and labeled with 1 µM ReAsH in Hank's buffered salt 

solution (HBSS) containing 10 µM 1,2-ethanedithiol. For the QVD experiments, 

QVD was added at this point as described above. Cells were then imaged with the 

JuLi microscope; Cerulean was tracked in GFP channel, ReAsH was tracked in RFP 

channel. For analysis, cells were assessed for inclusion formation immediately 

after ReAsH staining and categorized into the HBRi and PBRi categories. This was 

achieved by assigning a region of interest (ROI) (3 × 3 pixels) on top of the 

inclusion and using the mean Cerulean and ReAsH fluorescence ratios to classify 

HBRi and PBRi. The HBRi category was defined as having a ratio 10% above the 

minimum ReAsH/Cerulean ratio of a positive control (TC1 variant of mHttex1, 

which binds ReAsH unhindered in the aggregated state (262)). The PBRi category 

was defined as having the ratio 10% below the minimum of the TC1 control 

ReAsH/Cerulean ratio. Cerulean fluorescence in the cytosol of the cells with 

inclusions were recorded as a proxy for expression level. Death was assayed by 

loss of cytosolic Cerulean fluorescence. 

For assessing the mechanism of cell death, the protocol was as above using 

HEK293 cells co-transfected with pT-REx-Httex1TC9-mCherry (25Q or 97Q 

variants) and pT-REx mCherry as a tracer. 24 hours after transfection, media was 

refreshed and supplemented with 5 μM CellEvent Caspase-3/7 Green Detection 

Reagent (Life Technologies, cat # C10423). For the analysis, Caspase activation 

was tracked in the GFP channel with an apoptotic event marked as when the signal 

in the cytosol exceeds two fold greater than background fluorescence (of Caspase 

non-reactive cells). mCherry was tracked in the RFP channel. 

For analysis of cytoplasmic levels of mHttex1 in cells with various mHttex1 

populations, the cytoplasmic Cerulean fluorescence was assessed by applying 3x3 

ROI in FIJI that is within a cell, outside of a nucleus and is not situated next to an 

inclusion. The background fluorescence was assessed by applying the same ROI to 

the surface of the sample that did not contain any cells and averaging the value 



 61 

across 10 measurements. The cells that were not transfected were conditioned to 

have a fluorescent signal that did not exceed 1.5 of medium background 

fluorescence value; the cells that were transfected with mHttex1 were conditioned 

to have at least 2-fold increase in fluorescent signal. 

 

 HeLa tet-repressor experiments.  

HeLa-tet repressor cells in 12-well plate format were co-transfected with 

the equivalent plasmid masses of pGW-Httex1-mCherry and pT-REx-Emerald. 24 

hours after transfection, the media was refreshed and supplemented with 1 

μg/mL tetracycline. The cells were imaged for 48 hours recording images at 15 

min intervals with a JuLi Stage live cell imaging fluorescence microscope 

(NanoEnTek, Korea), collecting GFP and RFP fluorescence channels. For data 

analysis, cells were tracked for mHttex1 expression and inclusion status via 

Cherry fluorescence. Cells were manually categorized into inclusion or non-

inclusion status and median cellular Emerald fluorescence was tracked over time 

within a region of interest drawn to encompass the cytosol.  

 

 Mitochondrial membrane potential assay.  

For the MitoProbe experiments, HEK293 cells in 12-well plate format were 

detached in 1 ml of PBS by pipetting and left as suspensions in the plate. For cells 

treated with carbonyl cyanide 3- chlorophenylhydrazone (CCCP), CCCP was added 

to a final concentration of 5 µM. MitoProbe DiOC2(3) (Life Technologies cat # 

M34150) was added to a final concentration of 50 nM and the cells were incubated 

for 30 minutes in a humidified incubator at 37 °C and 5% atmospheric CO2. After 

addition of 2 mL PBS, the cells were pelleted (120 g; 6 minutes; RT) and 

resuspended in 500 µl PBS for immediate analysis by flow cytometry as described 

previously (261). The actual flow cytomerty analysis experiments were performed 

in a collaboration with Angelique Ormsby (270). Data was interpreted by the PhD 

candidate. 

 

 Metabolomic turnover sample preparation 

The HEK293 cells were transfected with Httex1TC9(25Q; 97Q)-FT. 6 hours 

after transfection, the media was replaced with the one containing 8% D2O. 24 

hours after media replacement, the cells were subjected to flow cytometry sorting 

by applying the PulSA analysis as described in section 5.4.1. The sorted cell 
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categories were pelleted by centrifugation (200 g; 5 min; 4 ºC), washed 3x with 

ice-cold PBS by pelleting as above and snap-frozen.  

The protein extraction procedure was as following. Cell pellets were 

resuspended in 50 μl of ice-cold Chloroform (100%) and thoroughly vortexed. 200 

μl of 3:1 methanol-water solution was further added and vortexed. The solutions 

were incubated at 60 ºC water bath for 15 min and subjected to centrifugation 

(25000 g; 15 min; 4 ºC). The supernatant was removed, the pellet was 

resuspended in 150 μl 6M HCl, transferred into reacti-vial (glass vial with Teflon 

lined lid) and incubated for 15 h; 110 ºC. The solution was cooled down to room 

temperature and dried under a gentle stream of nitrogen on a heatblock at 60 ºC. 

Ssample was washed with 100 μl methanol (100%) and 50 μl pyridine by adding 

the solutions and drying with nitrogen on a heatblock. The dried samples were 

resuspended in 20 μl pyridine and 20 μl MTBSTFA with 1% TBDMCS (Thermo -

Fisher). Samples were transferred to a GC vial with GC insert (Agilent) with a 

Hamilton syringe. The GC vial was capped and incubated at 60 °C for 30 min. 

 

 Metabolomic GC-MS analysis 

The samples were processed using positive chemical ionization GC-MS and 

analysed (2 μl injection volume) using an Agilent HP 6890 GC system and an 

Agilent HP 5973 MSD (Agilent Technologies) in a positive chemical ionisation 

mode (GC-MS(PCI)) equipped with a DB5 capillary column (J&W Scientific, 30 m, 

250 μm inner diameter, 0.25 μm film thickness) with a 10 m inert duraguard. The 

injector insert and GC-MS transfer line temperatures were 270 and 250 °C, 

respectively. The oven temperature gradient was set to: 70 °C (1 min); 70 °C to 

295 °C at 12.5 °C/min; 295 °C to 320 °C at 25 °C/min; 320 °C for 2 min. Protein 

derived alanine was identified based on the GC-retention time and comparison 

with the mass spectra of authentic alanine standards. The calculated molecular 

weight of the TBDMCS derivative of alanine is 317 m/z. The 318 m/z fragment is 

an abundant ion in analysis by GC-MS(PCI), and corresponds to [M+H]+ ion. The 

abundance of the unlabelled ion M0 (318 m/z) and the singly labelled mass 

isotopologue M1 (319 m/z) was measured using SIM (> 25 scans per second). 

Samples were integrated using MassHunter Software (Agilent Technologies) and 

calculations were made in Excel software (Microsoft). 

The 2H-enrichment was determined as the excess molar enrichment of the 

singly labelled M1 mass isotopologues (EM1, %) with the following formula (274):  
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The actual GC-MS experiment was performed by Joachim Kloehn 

(collaboration). Sample preparation, cell culturing and data interpretation was 

performed by the PhD candidate.  

 

 Sample preparation for proteomics.  

HEK293 cells transfected with pT-REx-Httex1TC9-Cerulean in 3 replicates 

were harvested at 24 h post transfection by pelleting (200 g; 5 min; 24 ºC), snap-

freezing, thawing and resuspension in lysis buffer (20 mM Tris, 2 mM MgCl2, 1% 

(w/v) Triton X-100, pH 8.0 supplemented with complete, EDTA-free Protease 

Inhibitor Cocktail pills (Roche) and 20 Units/ml DNAse (Novagen)). The lysate 

was subjected to flow cytometry sorting on a BD FACS Aria III instrument, and 

HBRi and PBRi inclusions were sorted as described in Figure 4.1.3 and treated as 

paired replicates. Sorted inclusions were pelleted (3,000 g; 5 min; 24 °C), 

resuspended in PBS and washed 3 times by pelleting as above and resuspension 

in PBS. The final pellets were harvested by pelleting (12,000 g, 5 min, 24 ºC) and 

dissolved in 10 µl neat formic acid for 30 min at 37 ºC in a shaking microfuge tube 

incubator (250 rpm). The solution was neutralised to pH 7.0 by titration with 3 M 

Tris. The protein concentration in the sample was determined by a Bradford assay 

using BSA as mass standard. 200 µg of total protein was mixed with 100 µl of 8 M 

Urea, 50 mM triethylammonium bicarbonate (TEAB), 10 mM tris(2-

carboxyethyl)phosphine, pH 8.0 and then prepared for proteomics using a Filter 

Aided Sample Preparation (FASP) Protein Digestion Kit (Expedeon). Proteins 

were digested with 1 µg trypsin at 24 ºC overnight. Resultant peptides were 

cleaned with a solid-phase extraction procedure (SPE) by acidifying the solution 

in 1% (v/v) formic acid; pre-washing the cartridge (Oasis HLB 1 cc Vac Cartridge, 

product number 186000383, Waters Corp., USA) with 1 ml of 80% acetonitrile 

(ACN) containing 0.1% trifluoroacetic acid (TFA) and washing it with 1.2 ml of 

0.1% TFA 2 times by applying vacuum manifold; loading the sample on the 

cartridge and washing the sample with 1.5 ml of 0.1% TFA; eluting the sample 

with 0.8 ml of 80% ACN containing 0.1% TFA and collecting in 1.5 ml Eppendorf 

tubes; speedvac drying for 20 min to reduce concentration of ACN and 

lyophilization by freeze drying (Virtis, SP Scientific). Freeze dried peptides were 

resuspended in 100µl of 100mM of Triethylammonium bicarbonate (TEAB) 

followed by differential labelling by reductive dimethyl labelling using 4 µl of 4% 

M1abundance M1abundance
EM1, % = 100

(M0+M1abundance ) (M0+M1abundance )

sample unlab

sample unlab
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(vol/vol) formaldehyde –CH2O (light label), CD2O (medium label) (HBRi – 

medium, PBRi – light) and 4µl of 0.6M sodium cyanoborohydride. The reaction 

was first quenched by addition of 16 µl of 1% ammonium hydroxide followed by 

additional quenching step with 8 µl of neat formic acid. Samples were matched, 

1:1 w/w for total protein levels, calculated using the bicinchoninic acid assay with 

bovine serum albumin as mass standard. 

 

 NanoESI-LC-MS/MS analysis.  

Samples were analysed by nanoESI-LC-MS/MS using an LTQ Orbitrap Elite 

mass spectrometer (Thermo Scientific) fitted with nanoflow reversed-phase-

HPLC (Ultimate 3000 RSLC, Dionex). The nano-LC system was equipped with an 

Acclaim Pepmap nano-trap column (Dionex – C18, 100 Å, 75 μm × 2 cm) and an 

Acclaim Pepmap RSLC analytical column (Dionex – C18, 100 Å, 75 μm × 15 cm). 

Typically for each LC-MS/MS experiment, 2 μL of the peptide mix was loaded onto 

the enrichment (trap) column at an isocratic flow of 5 μL/min of 3% CH3CN 

containing 0.1% formic acid for 5 min before the enrichment column is switched 

in-line with the analytical column. The eluents used for the LC were 0.1% v/v 

formic acid (solvent A) and 100% CH3CN/0.1% formic acid v/v. The gradient used 

was 3% B to 25% B for 20 min, 25% B to 40% B in 2 min, 40% B to 80% B in 2 min 

and maintained at 80% B for the final 2 min before equilibration for 6 min at 3% 

B prior to the next analysis. All spectra were acquired in positive mode with full 

scan MS spectra scanning from m/z 300–2000 in the FT mode at 240000 

resolution after accumulating to a target value of 1.00e6 with maximum 

accumulation of 200 ms. Lockmass of 445.120024 was used. The 20 most intense 

peptide ions with charge states ≥2 were isolated at a target value of 5000 and 

fragmented by low energy CID with normalized collision energy of 30 and 

activation Q of 0.25. Dynamic exclusion was activated for 45 s. 

 

Data analysis was carried out using Proteome Discoverer (version 2.1.0.81; 

Thermo Scientific) with the Mascot search engine (Matrix Science version 2.4.1). 

Data was filtered against the Uniprot Homo sapiens database (version 2015_07: 

Jun-24, 2015; 548872 entries). The search was conducted with 20 ppm MS 

tolerance, 0.6 Da MS/MS tolerance, 2 missed cleavages allowed. The following 

modifications were allowed: Oxidation (M), Acetyl (Protein N-term), Dimethyl (K), 

Dimethyl(N-Term) (N-term), Dimethyl:2H(4) (K), Dimethyl:2H(4) (N-term) 

(Variable); Carbamidomethyl (C) (Fixed).   
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Light and medium dimethyl labelled peptide pairs were established with a 

2 ppm mass precision, a signal to noise threshold of 1, and filtered for a minimum 

Mascot ion score of 30. The retention time tolerance of isotope pattern multiplets 

was set to 0.8 min.  2 single peak/missing channels were allowed for peptide 

identification. The false discovery rate (FDR) maximum setting for peptide 

identification and peptide spectrum matches was set at 5 % (actual FDR used was 

0.5% for all identified peptides).  Protein identifications were determined using 

an FDR of 1%. Proteins were filtered for those that had at least two unique 

peptides in at least two replicates. The common contaminant, Keratin, was 

excluded from the final dataset. Protein groups for peptide uniqueness was not 

considered. 

The peptide and protein quantifier node from Proteome Discoverer was 

used for quantification. Quant values with 0 missing channels were used and only 

unique peptides were used for quantification. Otherwise all default parameters 

were used in the software. In essence, the protein abundance in each replicate was 

calculated by summation of the unique peptide abundances that were used for 

quantitation (light and medium dimethyl derivatives). In the cases where quan 

values were missing or were apparent outliers to the other two replicates, raw 

data was manually checked and added or adjusted where relevant (these 

abundance values are highlighted in italic in Supplementary Table 1 – under 

Expanded Proteomics data). The protein ratios (light versus medium labels) were 

manually calculated from the protein abundances as described previously (275). 

Data were normalized by standardizing the protein ratios to the median of each 

replicate. These correction values were multipliers of (replicate 1: 1.0989), 

(replicate 2: 1.4492) and (replicate 3: 1.8182). 

 

 FISH experiments. 

For the fluorescence in situ hybridisation experiments, the FISH probes 

were designed by using the online probe designer (Stellaris, USA). The HEK293 

cells were grown on coverslips in 12-well plate format pre-coated with poly-L 

lysine. The cells were cotransfected with Httex1TC9(46Q)-Cerulean; ps-CFP2 and 

Cerulean; ps-CFP2 (refer to Figure 6.6.2 for detailed sample description) 24 h after 

transfection, the cells were washed with 1 ml of PBS and fixed with 4% PFA for 4 

min. The cells were then washed with PBS and permeabilized with 1 ml 70% v/v 

ethanol for 24 h at 4 °C. Samples were then washed with 10% (vol./vol.) deionized 

formamide in Wash Buffer A (Stellaris, USA) by pipetting and incubating for 4 min. 
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The coverslips with samples were transferred into 150 mm round humidified 

petri dish chambers. 100 l of the Hybridization Buffer (Stellaris, USA) with 10% 

(vol./vol.) deionized formamide and the targeted FISH probe with a final 

concentration of 125 nM was dispensed into the humidified chamber, and the 

coverslip was put on top of the drop. The chamber was sealed with parafilm and 

was incubated at 37 °C for 16 hours in the dark. The coverslips with samples were 

transferred into a new 12-well chamber with 1 ml of Wash Buffer A with 10% 

(vol./vol.) deionized formamide and were incubated at 37 °C for 30 min in the 

dark. The Wash Buffer A was then replaced with the Wash Buffer B (Stellaris, USA), 

and the samples were incubated at 37 °C for 30 min in the dark. The coverslips 

were finally mounted onto the coverglasses by using the VectaShield Mounting 

Medium (USA) and sealing the perimeter of the chamber with regular nail polish. 

The samples were subjected to confocal imaging. 

 

 RNA click chemistry experiment 

HEK293 cells were transfected with Httex1TC9(97Q)-Cerulean and 101xGA-

GFP as a control. 6 hours after transfection, the media was supplemented withb 

the one containing 200 M 5-ethynyl uridine (EU) (Thermo Fisher, Click-iT RNA 

Alexa Fluor 594 Imaging Kit, cat # 10330). 24 hours after transfection, the cells 

were sorted into HBRi and PBRi inclusion categories by using FlAsH method as 

described above. The control sample was sorted for poly-GA aggregates in the GFP 

channel by PulSA technique. To label the RNA in inclusions with click chemistry, 

these were blocked with 5% BSA in 1x PBS for 30 min, RT. The samples were 

pelleted by centrifugation (3000 g; 5 min; 4 ºC) and washed (each wash followed 

inclusion resuspension in PBS and pelleting as above). The samples were 

incubated with the Click-iT reaction cocktail prepared by following the 

manufacturer’s protocol in the dark for 30 min, RT. The samples were washed 

with Click-iT reaction rinse buffer and resuspended in PBS. Prior to imaging, the 

inclusions were put on the glass-based iBidi 8-well chambers with #1.5 thickness. 

The plates were pre-coated with poly-L lysine as above. Imaging was conducted 

on Leica TCS SP5, as described in confocal microscopy section. 

 

 Bioinformatics.  

PLAAC analysis was performed online (http://plaac.wi.mit.edu) (276) 

with the following parameters: (minimal length for prion domain = 60; organism 
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specific background from H. sapiens; continuous interpolation between organism-

specific frequencies selected by α=0. Glutamine content was analysed with the 

Statistical Analysis of Protein Sequences (SAPS) algorithm by EMBL-EBI 

(http://www.ebi.ac.uk/Tools/seqstats/saps/). A control set of 60 random 

proteins (Supplementary Table 1) was generated from a list of the human 

proteome (Uniprot UP000005640; July 9, 2016). For protein-protein network 

analysis, STRING (version 10.0) was used (277) using active interaction sources 

parameters on for Experiments, Databases, Co-expression neighbourhood, Gene 

Fusion and Co-occurrence. The minimum required interaction score setting was 

0.7 (high confidence). For gene ontology analysis, data was analysed by the 

PANTHER Overrepresentation Test (PANTHER version 11.0, 2016-07-15) using 

the PANTHER GO-Slim Biological Process dataset (278). Results were filtered for 

P<0.05. 

 

 Statistics.   

 The statistical tests were performed in Prism software (GraphPad). Details 

of tests are indicated in the figure legends.  Non-significant results (n.s.) were 

defined on the figures for P > 0.05.  P values lower than 0.05 are coded as *, P<0.05; 

**, P<0.01; ***, P<0.001; ****, P < 0.0001.  For multiple tests on the same figure, 

the different tests are distinguished with * and # symbols. 
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 Chapter I. Initial characterization and structure of 

two types of Htt inclusions 

 Introduction. Platform to detect subpopulations of Huntingtin in 

live cells by studying their conformation 

The nature of the toxic conformational state of mHttex1 is still being 

investigated. Is soluble mHttex1 serving toxic during HD (145,174)? Or do the 

inclusions that comprise mHttex1 in amyloid fibrils somehow cause the toxicity 

(136)?  

The lack of understanding by which mHttex1 conformation is toxic in a cell 

is stipulated by the experimental complexity in detecting a particular mHttex1 

conformation in vivo (205). The commonly used antibody epitope recognition 

methods are less than ideal for high-throughput and sensitive detection of 

mHttex1 conformation in a cell. These are also invasive and significantly affect the 

aggregation pathway of mHttex1 (as discussed in section 1.5.5). Otherwise, no 

methods were available to track the conformation of mHttex1 or any other 

aggregating protein in vivo non-invasively until recently.  

To fill the gap that existed in understanding which effects a monomeric or 

aggregated mHttex1 causes in a cell, the Hatters lab has developed a few 

breakthrough methods that allowed tracking of various conformations of mHttex1 

by combining a custom-designed biosensor and flow cytometry approaches. Flow 

cytometry is a promising platform to develop a non-invasive in vitro setup for 

tracking a conformation of a protein prone to misfolding and aggregation. 

Recently, flow cytometry analysis has been applied to study subnuclear 

organisation and protein characteristics and conformations in various cell 

deposits. The analysis allowed high-throughput automatic classification and 

pattern recognition in the obtained dataset, which resulted in a massive increase 

of statistical power compared to the previously existing methods in the field 

(279). This promising achievement led to the application of flow cytometry 

methods to study the aggregation of mHttex1.  
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 Tetracysteine biosensor method 

 By genetically encoding the tetracysteine (TC) biosensor into a mHttex1 

construct, the Hatters lab has discovered a propensity to specifically track 

mHttex1 in a monomeric state and distinguish it from oligomeric and aggregated 

states of mHttex1 in living cells (262). The mHttex1 

genetic construct contains two tags. Fluorescent protein 

Cerulean is tagged to the C-terminus, which allows 

detection of the cellular localisation of the protein. The 

Cys-Cys-Pro-Gly-Cys-Cys TC motif is inserted into the 

mHttex1 sequence between the N17 region and the polyQ.  

The TC motif has a high affinity and specificity to 

biarsenical dyes FlAsH and ReAsH (280). The biarsenical 

dyes yield low fluorescent signal when not bound to the 

TC tag. Upon binding to the TC motif, the signal increases 

up to 50 000-fold (280). 

This form of mHttex1, known as Httex1TC9, has a TC 

tag inaccessible to biarsenical dye binding in case of 

oligomeric and aggregated mHttex1. However, the tag was 

normally exposed in a monomeric state. Hence, the 

aggregated mHttex1 yielded low biarsenical reactivity in 

contrast to the monomeric mHttex1 with high biarsenical 

reactivity.  

A B

Figure 4.1.1 Principles 

behind the PulSA 

method. A. The diffuse 

soluble mHttex1 fused 

to a fluorescent protein 

forms a broad 

fluorescent peak of low 

intensity (ni). B. The 

aggregated mHttex1 

forms a narrow spiky 

peak (i). Figure 

adapted from (261). 

 

A

  

B

  

HBR PBR 

Figure 4.1.2. A schematic illustration of Httex1 constructs. TC represents tetracysteine tag. 

The blue fluorescent protein on the right represents Cerulean. Q reflects the 

polyglutamine tract. A. Monomeric mHttex1 displays the exposed TC motif in HBR 

population. B. TC motif is buried in the PBR aggregated population of mHttex1. Figure 

adapted from (262). 
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 The biarsenical reactivity of mHttex1 molecule can be assessed by applying 

flow cytometry techniques or fluorescent microscopy. By applying the high 

biarsenical reactivity (HBR) and poor biarsenical reactivity (PBR) gates in a flow 

cytometry regime, one can track monomeric and aggregated mHttex1 state, 

correspondingly (262) (Figure 4.1.2). The method allows to study and separate 

Figure 4.1.3. An example of a combination of PulSA and TC methods applied to HEK293 

cells expressing Httex1TC9(25Q; 97Q)-Cerulean and stained with FlAsH in flow cytometry 

setup. For PulSA, the shape of the fluorescent peak is examined by plotting width vs 

height of Pacific Blue channel, in which Cerulean fluorescence is detected. The TC 

reactivity is assessed by plotting Pacific Blue Area vs FITC Area, in which Cerulean and 

FlAsH are detected, correspondingly. TC analysis for inclusion biarsenical reactivity is 

carried out of total inclusion population gate which is first detected by PulSA. A. Non-

pathogenic Httex1(25Q) control. B. Pathogenic Httex1(97Q) sample. The arrow in PulSA 

section denotes an appearance of inclusion population. The arrow in TC section denotes 

an appearance of High Biarsenic Reactive population. 
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HBR and PBR cells, as well as mHttex1 molecules that fall within HBR and PBR 

gates in the lysates.  

 

 Pulse-Shape Analysis 

To separate the cell populations with mHttex1 inclusions from cells with 

mHttex1 monomers by using a different approach, the Pulse-Shape Analysis 

(PulSA) was applied. The principle beyond PulSA lies in pulse width and height 

measurements of fluorescently labeled proteins that mHttex1 is fused to 

(Cerulean or mCherry). Cells with monomeric soluble mHttex1 (non-inclusion 

population, ni) have a broader fluorescent peak with lower intensity as in contrast 

to cells with aggregated mHttex1 forming inclusion bodies (inclusion population, 

i), Figure 4.1.1. The application of flow cytometry technique to this concept 

allowed high-throughput, sensitive detection of the two populations of mHttex1 

cells (281).  

 

 Complementation of TC and PulSA methods 

  A combination of PulSA and TC analyses opens the opportunity to track 

various conformations of mHttex1 in living cells (281). Firstly, the cells forming 

inclusions are distinguished from the cells with soluble mHttex1 by PulSA (Figure 

4.1.3), by comparing the shape of the fluorescent peak in cells that do not form 

inclusions (25Q) with cells that form inclusions (46Q; 72Q; 97Q). The shape of the 

peak is assessed by plotting the width versus height of fluorescence 

corresponding to the Cerulean signal. Then, the biarsenical reactivity of mHttex1 

in inclusion and non-inclusion cell populations is assessed with the TC method by 

determining the Cerulean/FlAsH (or ReAsH) ratio on the corresponding flow 

cytometry plot (Figure 4.1.3).  

 As a result, cells enriched with monomers are detected as HBRni 

population, cells enriched with submicroscopic oligomers – as PBRni and cells 

enriched with inclusions – as PBRi (Figure 4.2.1). 

  



 72 

 Detection of two types of mHttex1 inclusions with distinct 

conformations  

 The original analysis of mHttex1 cell populations was performed on the 

Httex1TC9 construct with a shorter polyglutamine stretch of 46 repeats 

(Httex1TC9(46Q); pathogenic, aggregating sample) versus the Httex1TC9 with 25 

glutamine repeats (Httex1TC9(25Q); non-aggregating control) in Neuro2A mouse 

neuroblastoma cell line (281). When further research was expanded on studying 

the longer polyglutamine stretches of mHttex1 (Httex1TC9(72Q) and 

Httex1TC9(97Q) constructs) in neuronal and HEK293 human embryonic kidney 

cells, an unexpected population of inclusions that had high biarsenical reactivity 

(HBRi) was fortuitously discovered (Figure 4.2.1). The inclusion propensity to 

bind the biarsenical dye with high reactivity suggested that the tetracysteine tag 

might be not fully buried in the structure of the HBRi. Therefore, HBRi were 

hypothesised to possibly have an alternative, less dense structure as compared to 

the PBRi (270). 

  

Figure 4.2.1. The core populations of Httex1 in living cells as detected by a combination 

of PulSA and TC sensor analyses. HBR, High Biarsenical Reactivity; PBR, Poor 

Biarsenical Reactivity; i, inclusion population; ni, non-inclusion population.  
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 Chapter I aims 

The aim of chapter I is to characterize the novel subtype of mHttex1 

inclusion HBRi, define the parameters that promote its formation, compare 

structure of the HBRi with the structure of the PBRi and put the two types of 

mHttex1 inclusions discovered in the context of the general mHttex1 aggregation 

route.  

To understand under the influence of which cellular parameters the second 

inclusion type HBRi forms, a combination of assays including flow cytometry and 

confocal microscopy was applied. Fourier-transformed Infrared (FTIR) 

microspectroscopy analysis was coupled with super-resolution microscopy 

imaging of the two inclusion types to study the structural differences between 

these. To understand the relationship between HBRi and PBRi, the live cell 

imaging assay coupled with biarsenical labelling was performed.  
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 Chapter I specialized methods 

 Principles of super-resolution microscopy imaging 

The super-resolution microscopy technique dSTORM was applied to 

resolve the structures of the identified mHttex1 inclusion subtypes in fine details. 

The main idea beyond the super-resolution technique lays in overcoming the 

diffraction barrier of about 200 nm in lateral scale, which limits the resolution in 

ordinary confocal microscopy imaging of fluorescently labelled samples (282). By 

adding specific reducing agents into the buffer system (thiol chemicals) that 

modulate the fluorescence of fluorophores in the sample, one can highly reduce a 

number of excited fluorophores down to a single-molecule level at a given 

timepoint. The fluorophores will then experience “blinking” by performing the 

Figure 4.4.1. A schematic overview of super-resolution imaging principles. 1. The process 

of photoswitching is activated by an addition of thiol chemicals into the buffer solution, 

and it results in a constant turnover between the dark and the light state of a fluorophore. 

2. The position of an activated fluorophore is determined by fitting the signal into the 

mathematical model of a Gaussian distribution. 3. The blinking events are then 

accumulated in a temporal fashion, which allows precisely detecting positions of each 

fluorophore activated. 4. The final images are reconstructed by using the accumulated 

signals, allowing enough statistical power for precise determination of fluorophore 

position.  
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reversible photoswitching between the dark and the light state and emitting the 

photon. These events are captured in the live regime. In the direct stochastic 

optical reconstruction microscopy (dSTORM) – a method that was implemented 

in our studies, the commercially available antibodies play a role of 

photoswitchable fluorophores (283). The sample is first conjugated to a primary 

antibody that binds to the target protein, and then the secondary antibody with a 

fluorophore binds to the primary one. Upon the accumulation of enough statistical 

power over time, one can recalculate the position of each activated fluorophore 

with up to 50 nm precision, and then mathematically reconstruct the whole 

structure of the sample (283). As a result, the recalculated structure will benefit 

in up to 10-fold resolution improvement as compared to the standard confocal 

imaging techniques (284) (Figure 4.4.1). 
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 Chapter I results 

 Characterization of HBRi and PBRi subclasses in different cell models  

 The first aim was to characterise the expression efficiency of mHttex1 

construct in the chosen cell line and compare the level of overexpressed mHttex1 

with the level of endogenous Htt. The HEK293 cell expression system allows 

expressing the induced proteins at high levels, as compared to other majorly used 

cell lines (285). On day 1, the expression of the Httex1TC9(97Q) construct was 

induced in the sample; the control was left untransfected. On day 2, 24 hours after 

transfection, the cells were collected and lysed. The lysates were matched for total 

protein, and the western blot analysis with the primary antibody reacting with 

mHttex1 was performed. A serial dilution of Httex1TC9(97Q) for up to 1024 fold 

was loaded on a gel next to untransfected control in replicates (Figure 4.5.1). As a 

result, the fluorescence of the 1024-fold diluted mHttex1 sample band according 

to the molecular weight of mHttex1 exceeded the fluorescence of the band 

corresponding to endogenous Huntingtin in the untransfected sample (Figure 

4.5.1). Hence, we conclude the overexpressed mHttex1 protein is much more 

abundant than the endogenous Htt. Since mHttex1 expression is sufficient to cause 

Endogenous

Htt

Untransfected Httex1(97Q)-Cerulean

Httex1(97Q)-

Cerulean
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Figure 4.5.1. Western blot analysis of mHttex1 expression level in comparison to the 

endogenous Htt. The left lanes represent the untransfected HEK293 cells; the right lanes 

represent the HEK293 cells transfected with Httex1TC9-97Q sample and its serial 

dilutions for up to 1024-fold. 30 g of cell lysate was used in the analysis and probed 

with the anti-Huntingtin antibody (Abcam, ab109115). The arrows on the right point to 

the anticipated mass of endogenous Htt and its exon 1. 
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the HD phenotype (167) and aggregation (136), the chosen AD293 cell system 

allows studying the HD phenotype in vivo effectively.  

We then aimed to characterise the aggregate formation in HEK293 cell line. 

The number of cells that formed inclusions depending on the polyglutamine 

length of mHttex1 construct expressed was estimated by applying the PulSA 

technique (data embedded from (270)). Figure 4.5.2, A displays the percent of 

transfected cells that had inclusions at 24, 48 and 72 h timepoints. The length of 

the polyglutamine stretch correlated with the number of inclusions as in 

agreement with the literature (286,287). Httex1TC9(25Q)-expressing cells did not 

form any inclusions. Up to 40% of Httex1TC9(97Q)-expressing cells formed 

inclusions at 24 h timepoint. The number of cells with inclusions also increased 

over time, reaching up to 80% on 72 h post-transfection for the Httex1TC9(97Q)-

expressing cells.  

The rate of mHttex1 inclusion formation was investigated by transfecting 

the HEK293 cells with Httex1TC9(97Q)-mCherry and subjecting the samples to 

confocal live cell imaging 24 h after transfection. Inclusion formation was shown 

to happen rapidly, as in certain cases the process took less than 10 minutes (Figure 

4.5.3, A). The frequency of inclusion formation depending on the timepoint of the 

formation was analysed next. HEK293 cells were transfected with 

Httex1TC9(97Q)-mCherry and then immediately subjected to live cell imaging 

under the JuLI stage platform (NanoEntek). Figure 4.5.3, Panel B shows that 

inclusions form most frequently at 21.0  8.3 h (Mean and SD) after transfection. 

The inclusions start to form at about 10 hours after transfection. The 24 hours 

after transfection timepoint was chosen for further inclusion formation analyses. 
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Figure 4.5.2. Flow cytometry analysis of cell populations with inclusions. A. Percentage of 

inclusions in cell population transfected with Httex1 with 25, 46, 72 and 97 glutamines in 

sequence. B. Percentage of HBRi inclusions in the total inclusion population. Percentage 

of each category is assessed by PulSA. From (270) 
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 Parameters that promote the formation of HBRi inclusions. 

Cellular parameters that influence the formation of the HBRi inclusion 

subcategory were studied next. The HEK293 cells were transfected with Httex1TC9 

constructs having 25 (non-pathogenic control), and 46, 72 and 97 glutamines 

(three increasingly pathogenic lengths). The cells were labelled with biarsenical 

dye at designated timepoints and probed for biarsenical reactivity by using PulSA 

as previously (281). The HBRi cellular population was only significantly present 

at 24 hours and highly decreased over 480 and 72-hour timepoints, suggesting 

HBRi status is transitory. HBRi were also more present on longer polyglutamine 

lengths, reaching up to 40% of total inclusions population for the 97Q construct at 

24 h timepoint (Figure 4.5.4, B). HBRi population was detected in various cell 

types, including Neuro2a mouse neuroblastoma cells, HEK293 human embryonic 

kidney cells and 7-day cortical neurons (Figure 4.5.4, C), as assessed by confocal 

microscopy. The proportion of the HBRi inclusions out of total inclusions 

population varied across the cell type. Out of total cell population, 10% and 20% 
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Figure 4.5.3. Httex1 inclusion formation properties. A. Confocal images of cells expressing 

Httex1TC9(97Q)-mCherry. Two representative cells that are forming inclusions are shown. 

B. Cumulative graph of timepoint of inclusion formation. N=156 cells were analysed.  
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of Neuro2a and HEK293 cells formed HBRi correspondingly 24 hours post-

transfection. 7-day neurons formed around 60% of HBRi inclusions. By studying 

the relative levels of Cerulean fluorescence in the cells with HBRi and PBRi via the 

confocal microscopy, we discovered that the cells with HBRi are expressing 

mHttex1 to lower levels than the cells with PBRi (Figure 4.5.4, A).  

 

 Confocal microscopy analysis of HBRi and PBRi inclusions  

Visual differences between the HBRi and PBRi inclusions were assessed by 

carrying out the confocal microscopy analysis after sorting the cells into 

corresponding categories with PulSA. HBRi were smaller in size than PBRi (Figure 

4.5.4, B). 

 

 FTIR microspectroscopy analysis. 

Fourier Transform Infrared (FTIR) synchrotron microspectroscopy 

analysis was applied to perform a more detailed secondary structure analysis of 

the HBRi and PBRi inclusions. The principle of FTIR is the following. The C=O 

group in the amide group of each amino acid absorbs the infrared light in the 

corresponding spectral region (1600 – 1700 cm-1). Since the C=O group is a basis 

for interactions between polypeptide sheets and each amino acid would 

correspond to the absorbance at a different wavelength, the infrared absorbance 

detected by FTIR scan would reflect the specific secondary structure region (288). 

By collaborating with Mark Tobin at the Australian Synchrotron facility, the FTIR 
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Figure 4.5.4. Parameters that promote HBRi formation. A. The expression level of cells 

with HBRi and PBRi inclusion category as detected by confocal microscopy imaging. B. 

Confocal micrographs of HBRi and PBRi sorted cells. Biarsenical labelling was 

performed with the FlAsH reagent. C. Percent of cells with HBRi inclusions out of total 

inclusion population in Neuro2a, HEK293 and neuron cells as determined by confocal 

microscopy imaging. Panels B and C are embedded from (270). 



 80 

synchrotron microscopy was applied to examine the differences in the secondary 

structure of HBRi and PBRi; the purified recombinant mHttex1-Cerulean amyloid 

fibrils were used as a control.  

HEK293 cells expressing Httex1TC9(97Q)-Cerulean were stained with 

FlAsH and then lysed. The inclusions were sorted into HBRi and PBRi subclasses 

and then subjected to FTIR microspectroscopy. The purified recombinant 

mHttex1 fibrils were used as a control (Figure 4.5.5, A). The specific setup of the 

Australian Synchrotron resolves the spectrum of each object in the sample, and by 

averaging these spectra traces across the population, one receives a more precise 

median spectrum trace. 

The spectra of the PBRi inclusions closely matched the spectra of 

recombinant mHttex1 

fibrils. The prominent peaks 

at 1659 cm-1 and 1627 cm-1 

corresponded to the α-helix 

and β-sheet regions (289) 

and signified PBRi 

inclusions comprising an 

amyloid structure. HBRi, on 

the other hand, had 

prominent peaks at 1659 

cm-1 and 1627 cm-1 (Figure 

4.5.5, B). Multivariate 

analysis (performed in 

collaboration with Mark 

Tobin, details and method is 

presented in (270)) showed 

that HBRi inclusions had a 

different structure to the PBRi inclusions. HBRi had a significant increase in 

spectral region around 1650 cm-1 arising from unordered protein structure, and a 

significant decrease around 1627 cm-1 signifying less prominent β-sheet. HBRi 

population was overall more variable and heterogeneous than PBRi. Altogether, 

this analysis suggests a substantial fraction of HBRi inclusions act as a premature, 

disordered mHttex1 aggregate assemblies, whereas the PBRi population may be 

further on the path of transitioning into a more mature amyloid format. 
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Figure 4.5.5 Secondary structure analysis of HBRi and 

PBRi. A. Microphotographs of inclusions and purified 

mHttex1 fibrils prepared for synchrotron microscopy. 

B. Average FTIR spectrum of HBRi, PBRi populations 

with mHttex1 fibrils as a control. Replicates represent 

individual objects; the solid line displays average 

spectrum whereas dashed line represents SEM. From 

(270). 
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 Super-resolution microscopy analysis of HBRi and PBRi structures 

The super-resolution fluorescent microscopy imaging of the HBRi and PBRi 

inclusions was conducted to probe the density of the HBRi and PBRi structures 

and define the structure of these in finer detail. HEK293 cells expressing 

Httex1TC9(97Q)-Cerulean were stained with FlAsH and then lysed. The inclusions 

were sorted into HBRi and PBRi subclasses. Anti-GFP antibody was applied to bind 

d-STORM

Widefield

A.

d-STORM

Widefield

B.

5 µm

Figure 4.5.6. Super-resolution analysis of the HBRi and PBRi inclusion structures. A. 

HBRi structures. B. PBRi structures. Widefield mode represents FlAsH fluorescence; 

dSTORM mode represents a reconstructed image obtained by super-resolution 

imaging. 
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to Cerulean in the purified mHttex1 inclusions and label these for the super-

resolution imaging fluorescently. Goat anti-rabbit Alexa Fluor 647 antibody was 

used as a secondary antibody for imaging purposes.  

Widefield green fluorescence was captured which reflected the 

fluorescence of the FlAsH dye used for initial inclusion sorting strategy. Then, the 

inclusions were subjected to timecourse blinking imaging by an addition of 

glucose oxidase and catalase reagents in the buffer system and performing super-

resolution imaging of these for about 10 minutes to obtain approximately a million 

of fluorescent blinking events. 

The reconstructed HBRi and PBRi super-resolution structures displayed a 

significant difference (Figure 4.5.6). The antibody staining was only prominent at 

the outer border of the PBRi inclusions. In contrast, the HBRi inclusions had a 

much more heterogeneous pattern of antibody binding, and at least 2-fold 

increase in its penetration capacity inside of the inclusion (0.63 ± 0.17 μm in HBRi 

vs 0.30 ± 0.10 μm in PBRi, Mean and SD, N=7, p=0.0003, ***). Moreover, some of 

the HBRi inclusions had full antibody binding on the inside (Figure 4.5.6, A). This 

may signify a more disordered mHttex1 state in the HBRi structure. 

 

 HBRi inclusion represents an early hallmark of mHttex1 inclusion assembly  

Since biarsenical reactivity is a measure of unfolded mHttex1, the reactivity 

of inclusions to FlAsH or ReAsH (which determines the HBRi group) suggests 

some mHttex1 inclusions comprise of disordered mHttex1. Hence, we next tested 

to see whether these were formed as parallel structures to the other inclusions 

(PBRi) or were precursors to them. 

We first labelled the cells expressing Httex1TC9-Cerulean with ReAsH 24 

hours after transfection and subjected these to confocal imaging. We detected the 

HBRi and PBRi cell populations by plotting ReAsH/Cerulean ratio of inclusion 

fluorescence and selecting two extremes in the distribution (the detailed method 

is further described in specialised methods section 5.4). ReAsH was then stripped 

off by adding a reducing agent British anti-Lewisite (BAL). The cells were 

subjected to confocal imaging to probe the efficiency of the stripping procedure. 

The cells were then immediately relabelled with ReAsH and subjected to confocal 

imaging. HBRi and PBRi populations were examined similarly. The biarsenical 

reactivity for mHttex1 was maintained, and both HBRi and PBRi populations were 

detected again. This concludes the efficiency of both removing the biarsenical dye 

from the sample and restaining the cells with it (Figure 4.5.7, A).  
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The cells were then restained 8 hours after dye stripping (32 hours post-

transfection in total). Only the PBRi population was detected, but not the HBRi one 

(Figure 4.5.7, B). This 

suggests that cells 

with HBRi inclusions 

have disappeared 

from the study via 

two possible ways. 

Either HBRi-

categorized cells 

have died, or HBRi 

inclusions have 

converted into a 

PBRi category. HBRi 

and PBRi cells start 

dying only 40 hours 

post-transfection, as 

determined by survival analysis (section 5.5.3). Since the biarsenical relabelling 

experiment is conducted 32 hours after transfection, the former hypothesis is not 

possible. We, therefore, conclude HBRi converts to PBRi and serves as a precursor 

of a mature, amyloid inclusion designated as PBRi.  

 

  

Figure 4.5.7. Strip-restain procedure with the ReAsH dye reveals 

HBRi being a precursor to PBRi. A. The biarsenical reactivity is 

maintained upon stripping the ReAsH off and putting it back 5 

minutes after, control experiment. B. Upon restaining with the 

ReAsH 8 hours after stripping, the HBRi inclusions lose the 

biarsenical reactivity. Levels of Cerulean and ReAsH 

fluorescence were assessed by live cell microscopy. 
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 Chapter I summary and discussion 

In this chapter, we defined two novel types of mHttex1 inclusions HBRi and 

PBRi. HBRi appeared to form at lower expression levels transiently 24 hours after 

transfection. The cell type and length of the polyglutamine stretch in the mHttex1 

expressed protein governed the HBRi formation with more HBRi forming on 

longer polyQ lengths. HBRi were smaller in size than PBRi, consisted of disordered 

proteins and were less dense in structure. PBRi comprised amyloid formation. 

Live cell microscopy biarsenical analysis revealed HBRi being a precursor to PBRi 

and reflecting early-formed mHttex1 inclusion state. 

Initially detected by a combination of PulSA and TC biosensor techniques 

(270), HBRi were binding to the biarsenical dye with unexpectedly high 

propensity. Thus, HBRi were hypothesised to be enriched with monomeric 

mHttex1 or comprise an alternative, previously unknown inclusion conformation. 

Super-resolution analysis allowed resolving further details for this hypothesis. 

The biarsenical dyes are less than 5 nm in size (290). The primary and secondary 

antibody conjugates that were used to label the inclusions during dSTORM 

imaging are about 70 nm in size (291). Since the antibody conjugates penetrated 

deeper in the HBRi structures than in the PBRi ones and in some cases fully 

labelled the inner surface of the HBRi inclusions, we concluded HBRi assembly 

porous enough to allow full biarsenical dye labelling.  

Since the length of the glutamine stretch positively correlates with the 

aggregation rate of mHtt (136), it may increase the probability of HBRi formation 

by enhancing the overall aggregation kinetics. On the other hand, neuronal cells 

display more HBRi formed. This might correlate with slower aggregation kinetics 

in neuronal cells as opposed to aggregation rate in non-neuronal cells (292). This 

is consistent with HBRi reflecting early-formed mHttex1 inclusion in the 

misfolding process. 

Similarly, the composition of HBRi and PBRi is consistent with their places 

in the aggregation timeline. It is fair to assume HBRi initially forms as a cluster of 

disordered proteins and then transforms into an amyloid PBRi state. Further 

details on HBRi and PBRi interactome in section 6.6 agree with this hypothesis. 

The idea of mHttex1 inclusion transitioning into an amyloid state after its initial 

formation is novel and alternates to the classical aggregation model favoured in 

the literature (67,202,203). 

The coexistence of multiple mHttex1 inclusions in different conformations 

has been described in a recent research project (293). The study suggests a 
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formation of globular ~80 nm-sized Htt conformation that then proceeds into a 

microscopic fibrillar seed with final formation of bigger fibrillar aggregate 

assembly. Synchrotron microspectroscopy analysis also allows resolving putative 

oligomers and various microscopic aggregates in the brain of the HD patients 

(294). Our data are in agreement with the reported findings and demonstrates the 

existence of amyloid and disordered inclusions in HD cell models. The other study 

also reported in vitro formation of two divergent types of mHttex1 amyloid 

aggregates. One type was enriched in loop/turn structures forming unordered 

regions, and the other was mostly enriched with beta-sheets (295). Our FTIR data 

are consistent with this observation.  

 As the cells in biarsenical labelling experiment and the cells that were 

studied in the survival experiment were not from the same population, cell culture 

conditions may have introduced some fluctuations in the survival time. The 

impact of cell passage number on the survival time was studied in section 5.5.3 

and was demonstrated to unlikely contribute to survival time of the cells. Hence, 

the survival of cells in different populations is concluded to be reproducible 

enough to study them in independent experiments. 

Altogether, these data point towards HBRi being an early assembly of 

mHttex1 inclusions that then matures into an amyloid PBRi conformation. 

Therefore, the system described in section 4.1 uniquely allows transiently 

detecting different stages of mHttex1 inclusion assembly process. It opens broad 

possibilities in studying the impact of early-formed and late-formed inclusions on 

cellular metabolism, survival and particular pathways that the cell implies in 

response to inclusion formation. 
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 Chapter II. Impact of mHttex1 inclusion formation on 

cellular survival 

 Introduction 

Although the research focus on the pathogenic mechanisms in Huntington’s 

disease has been under intensive development for the past 25 years 

(133,136,168,195), to date, neither the nature of toxicity in HD nor the 

conformation of the mHttex1 that causes neurodegeneration is not fully 

understood (70). Moreover, the role of inclusion formation comprising the N-

terminal fragments of mHtt remains the main paradigm in the field of HD research. 

Two major hypotheses were proposed to explain the effects of mHttex1 

aggregation in a cell from various perspectives. Htt inclusions were demonstrated 

to either cause cellular toxicity or, in contrast, to protect the cell from the other 

species of Htt that were shown to be toxic (135,201).  

The toxic hypothesis provides evidence that oligomers and aggregates are 

proteotoxic (201), inhibit proteostasis (196,197), sequestrate cellular machinery 

crucial for normal cell functioning such as transcription factors (157), chaperones 

(198,199), and nuclear trafficking machinery (197).  

The adaptive 

hypothesis proposes 

that the formation of 

Htt inclusion improves 

cell viability. Inclusion 

formation was shown 

to improve the survival 

odds of cells, as 

compared to the cells 

with soluble Htt 

(135,296). (Figure 

5.1.1, A). The soluble 

form of Htt was 

demonstrated to 

correlate with toxicity 

by acting as a negative predictor of cell death (135,203) (Figure 5.1.1, B). Soluble 

Htt was gradually sequestered into inclusion structure, and hence inclusion 

Figure 5.1.1. The role of inclusion formation in a cell. A. 

survival curve analysis demonstrated that inclusion 

formation improves survival odds of neuronal cells (closed 

circles) as compared to the cells that do not form inclusions 

(open circles). B. Correlation between the cellular time of 

death and concentration of soluble Htt signifies that soluble 

Htt is a negative predictor of cell death. Figure adapted from 

(135). 
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formation was concluded to be a protective event leading to a healthier survival 

state with decreased levels of toxic Htt.  

The mechanism that allows reconciling the two hypotheses to keep the data 

from both sides in agreement remains unclear. The identification of a primary 

toxic Htt conformation is the main aim in the HD research field – which, when 

resolved, might allow discovering the potential therapeutic strategies for the 

disease.  
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 Mechanisms of cell death in HD 

Another aspect of HD neurodegeneration that remains not fully explored is 

the mechanism of cell death. Apoptosis is the main mechanism of cell death in 

neurodegenerative disorders and is associated with toxicity (256). Apoptosis is 

reported to correlate with expression of mHttex1 (164,297). The correlation of 

apoptosis with the particular mHttex1 state may explain the origin of HD 

pathogenesis. We next review the general mechanisms of apoptosis execution, as 

well as published observations related to apoptosis in HD. 

 

 Review of the apoptotic process 

The process of programmed, controllable cell death is denoted apoptosis 

(298). Apoptosis is implemented to get rid of old or diseased cells or to dispose 

the regulatory T cells (Treg cells) at various stages of their lives (299). Apoptosis 

targets a cell precisely through a cascade of biochemical events. Cell integrity is 

maintained during apoptosis, and its neighbours are unaffected (256). Apoptosis 

occurs rapidly and displays distinctive cell membrane blebbing with consequent 

shutdown (300). In contrast, necrosis leads to unregulated cell death via 

membrane lysis and its sudden shrinkage. Normally, apoptotic cells are 

distributed equally in tissues in a punctate manner, whereas necrotic cells die 

unspecifically and in uncontrolled manner (256).  

Apoptosis is majorly utilised by a cell during the development and ageing 

stage, and also serves as a response to stress conditions including immune 

reaction and inflammation, DNA damage (301). 
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 Activation pathways of apoptosis 

The apoptotic reaction is activated through two major pathways in an 

energy-dependent fashion. The extrinsic pathway is launched via activation of 

death receptors 

on the outer 

cellular 

membrane. The 

intrinsic pathway 

is triggered by the 

changes in 

mitochondria due 

to stress 

conditions (302). 

The activation of 

apoptosis is 

schematically 

represented in 

Figure 5.2.1. In the 

extrinsic pathway, apoptosis is initially activated by the death ligand binding to 

the death receptor (a member of the tumour necrosis factor (TNF) family) on the 

outer cell surface. The signal is then translated into intracellular signalling 

pathway with the formation of the death-inducing signalling complex (DISC) and 

further catalytic activation of procaspase-8 (303). Procaspase-8 activates caspase-

8, which, in turn, activates caspase-3 and commences the core phase of apoptosis. 

In the intrinsic pathway, apoptosis is initiated via non-receptor based 

signals, such as absence of certain growth factors, hormones and cytokines 

(negative signals) as well as radiation, oxidative stress, hypoxia, free radicals, 

accumulation of unfolded proteins, etc. (positive signals) (304). The signals cause 

a change in the mitochondrial inner surface by enhancing the membrane 

permeability. This results in the release of pro-apoptotic factors, including 

cytochrome c, from the inner surface of mitochondria and subsequent formation 

of the caspase-9 complex (300). The regulation of mitochondrial apoptotic 

cascade occurs via the members of Bcl2 family proteins. It consists of apoptotic 

inducers Bax, Bad, Bid, Bak, etc. and apoptotic inhibitors Bcl-2, Bcl-XL, etc. (305). 

The Bcl family regulates the membrane permeability and the release of 

cytochrome c from it (302). 

Figure 5.2.1. A schematic representation of apoptotic pathway. 

Figure adapted from (300) and (302). 
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The final activation of the caspase-3 leads to the execution phase of 

apoptosis. Upon activation, caspase-3 (as well as caspase-6 and -7) cleave some 

cellular substrates in the cellular membrane, cytoplasm, cytoskeleton and nucleus 

(306). Executioner caspases activate cellular endonucleases that cleave nuclear 

and cytoplasmic proteins. This ultimately leads to a distinct biochemical and 

physiological cellular shutdown (302). 

 

 Non-apoptotic types of cell death 

Apart from apoptosis, there exist other forms of programmed cell death. 

These involve such types of death as necroptosis, pyroptosis, autophagic cell death 

and caspase-independent death (307).  

The morphology of necroptotic cell death is similar to the regular necrosis, 

but the execution mechanisms vastly differ. It is not fully clear how exactly 

necroptosis is triggered. Yet it is known that the external death signal is 

transmitted into the cell via the tumor necrosis factor (TNF) receptor, and this 

leads to RIPK1 and RIPK3 kinase-dependent activation of necroptosis (308). 

Necroptosis and apoptosis are interwined. Both utilise caspase-8 activity and 

share the common triggers (such as TNF). The activity of RIPK3 seems to 

determine whether apoptosis or necroptosis is triggered, although the exact 

relationship between apoptosis and necroptosis is still under investigation (309). 

The known role of necroptosis in vivo is regulation of viral infection by selectively 

killing the affected cells (307). 

Pyroptosis, on the other hand, has less similarities with apoptosis rather 

than necroptosis. As an inflammatory type of cell death, pyroptosis is dependent 

on the activity of caspase-1 and caspase-5 (310). During the process of pyroptosis, 

the cells experience rapid plasma membrane lysis and DNA fragmentation, but not 

the mitochondrial permeabilisation (311). Few hypotheses have been proposed 

regarding the role of pyroptosis in the cell. These include a possibility of killing 

the host cell during the infection process to get it under control, or releasing the 

inflammatory cytokines from the cell (307).  

Pro-apoptotic stimuli that cause outer mitochondrial membrane 

polarisation may lead to the caspase-independent cell death. It occurs in the case 

of absence of caspase activity (312). To date, it is unclear whether caspase-

independent cell death is triggered by outer mitochondrial membrane 

polarisation solely (by releasing the inner mitochondrial toxic proteins, such as 

AIF and endonuclease G) or simply by a progressive loss of mitochondria function 
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(by the loss of activity of respiratory complexes I and IV, specifically). An attractive 

hypothesis suggests that caspase-independent cell death acts as a “point of no 

return” in case when apoptosis is no longer possible to trigger, though no 

definitive model exists to date to explain its role (307).  

The autophagic cell death may be an alternative to apoptosis. Autophagy 

executes cell death indirectly by increasing the cytoplasmic ROS levels as a result 

of catalase degradation and caspase inhibition (313). Autophagy is tightly 

interconnected with other types of cell death. It can inhibit necroptosis by 

degrading the RIPK1 kinase. Autophagy proteins can also inhibit apoptosis by 

upregulating the anti-apoptotic BCL-XL factor (307). The autophagic cell death 

serves primarily as a pro-survival stress response.  

 

 Apoptosis and Huntingtin 

The neuronal loss during the neurodegenerative diseases majorly occurs 

through apoptosis (256). The activated caspase-3 and caspase-6 were detected in 

the brain of patients both before and after the HD symptomatic diagnosed 

(314,315). Apoptosis in the neurons is launched via a range of ways, and we 

present some evidence of these cases during HD. 

Firstly, the lack of the neurotrophic factor BDNF, which occurs during HD, 

triggers apoptosis (316) (section 1.7). Another apoptotic stimuli occur through 

accumulation of extracellular glutamate with subsequent overactivation of 

glutamate receptors which leads to increase of reactive oxygen species and 

apoptosis (317). The glutamate stress is a known facet of the HD (318). Wild-type 

Huntingtin acts as a caspase cleavage substrate and has anti-apoptotic activity 

downstream the Bcl2 family and upstream the caspase-3 (319). The anti-

apoptotic activity might be suppressed when a mutation in Htt occurs (96). The 

formation of mHtt inclusions causes oxidative stress, which in turn may promote 

accumulation of free radicals leading to apoptosis and cell death (320). 

The early reports suggest a fragmented and controversial knowledge of the 

presence of apoptosis in the HD models. The structural and morphological studies 

of striatal neurons from mice expressing human mHttex1 do not display any 

apoptotic features (apoptotic bodies, cellular and nuclear blebbing) (321), and the 

same trend is detected in Drosophila systems (322). In contrast, when mHtt is 

expressed at high levels in mammalian cell disease models, it leads to rapid 

apoptotic death (164,297). A thorough research in animal disease models has 

proposed a possibility for both apoptotic and necrotic cell death to be present on 
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various disease stages. Signs of apoptosis are detected at early and intermediate 

disease stages, and necrosis is proposed to be a later event in HD pathology (323). 

Clues on why necrosis is present on later disease stages come from studies in rat 

sympathetic superior cervical ganglion. The formation of mHttex1 inclusions is 

proposed to be connected with apoptosis suppression in this model (324). The 

mechanism of apoptosis triggering, as well as its loss remains not fully understood 

and is an important prospect in studying the HD. 
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 Chapter II aims 

 In this chapter, we aimed to tie together evidence between the adaptive 

and protective hypotheses of mHttex1 inclusion formation by using the HBRi and 

PBRi inclusion status. By following the aggregation route from early-formed 

inclusion into late-formed inclusion under live cell microscope, one can reconcile 

the changes in cell health and metabolism and relate these to the aggregation 

state. Such data would ultimately allow answering the question whether the 

soluble mHttex1, the early or the late-formed inclusion is the toxic conformation 

state in the HD.  

By studying the mechanisms of cell death occurring in cells with different 

types of inclusions, we aimed to study if the mechanism of cell death is dependent 

on the aggregation state. By studying how long the cells with different types of 

inclusions live, we aimed to explain the reason for the enhanced survival after the 

event of inclusion formation and thus answer the question of the toxic 

conformation of mHttex1. By artificially triggering apoptosis in the system, we 

aimed to discover whether inclusion formation inhibits the primary mechanism 

of death. By quantifying the levels of soluble mHttex1 in the cytoplasm of cells with 

early and late-formed inclusions, we studied whether the expression level of 

soluble mHttex1 has any effect on the cellular mechanism of death. By studying 

the changes in the metabolic state of cells with soluble and insoluble mHttex1 

populations, we additionally aimed to connect the broader toxicity with the 

conformation of mHttex1 in a cell.  
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 Chapter II specialized methods 

 Identifying the age of mHttex1 inclusion by using fluorescent timer constructs 

 The biarsenical labelling technique served as a powerful method to track 

the early-formed and late-formed mHttex1 inclusions. However, biarsenical 

labelling only captures a snapshot of inclusion status. Biarsenical labelling may 

also introduce artefacts to more sensitive metabolic assays as the technique is 

invasive and the dyes may be moderately toxic to a cell (325). To achieve an 

unbiased assessment of the early and late inclusion categories and gain an ability 

to measure the age of mHttex1 more 

dynamically, we designed a mHttex1 

construct fused to a protein previously 

reported to act as a fluorescent timer. 

The fluorescent timer (FT) protein was 

designed as a derivative of the DsRed-

like chromophore in red fluorescent 

proteins that converts from blue to red 

fluorescence over the course of 10 

hours (Figure 5.4.1) (326). This protein 

thus uniquely allows tracking the “age” 

of a designated molecule fused to it. We 

followed the principle above and 

hypothesised that if mHttex1 was fused 

to the FT, the soluble conformation of 

Httex1(97Q)-FT would be constantly 

turned over in the cell and thus would not turn from blue to red over time. In case 

of the inclusion formation, however, the timer would be embedded in the 

inclusion structure, would not turn over and would convert from blue to red over 

time. This idea is supported by a study of Huntingtin-EGFP half life in soluble and 

insoluble format in HEK293 cell line, where the researchers report soluble 

Huntingtin having a half-life of approximately 6 h, and the aggregating Huntingtin 

having a half-life of approximately 60 h (327). Hence, mHttex1 inclusions were 

expected to have a different distribution between their blue and red fluorescence 

over time. The older inclusions would be redder; the younger inclusions would be 

bluer. By applying the previously described PulSA technique to Httex1TC9-FT 

(270), (Figure 5.4.3) and plotting the histogram of Red/Blue fluorescence at 24, 

48 and 72 h after transfection (Figure 5.4.2), we demonstrated that the inclusion 

Figure 5.4.1. Kinetics of fluorescent timer 

action. The red to blue conversion ratio 

depending on the conversion time is plotted.  

The curve in squares corresponds to 37C 

temperature conditions; curve in circles 

corresponds to 25C. Figure adapted from 

(326).  
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population but not the non-inclusion population has two distinct peaks 

corresponding to the Young and Old inclusions. The Old inclusion category is more 

prominent at 48 hours and is diminished at 72 hours because cells with Old 

inclusions die (section 5.5.3). 

 This experimental observation confirmed the hypothesis of soluble and 

insoluble Htt turnover with the FT fused to it. By setting the Young and Old gates 

as extremes of the Red/Blue ratio distribution, one can further sort the Young and 

Old cells in flow cytometry regime (Figure 5.4.3, D).  

We thus conclude the platform allows an independent assessment of the 

mHttex1 inclusion age by applying the fluorescent timer technique and detecting 

the Young and Old inclusion category. The method can be tested further in relation 

with the biarsenical labelling technique.  
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Figure 5.4.2. A strategy to determine the age of fluorescent timer fused to 

mHttex1 The cells were transfected with HttexTC9(46Q)-FT and harvested at 24, 

48 and 72 hours after transfection. ni, cells with no inclusions; i – cells with 

inclusions. A. Non-inclusion population does not have a distinct peak for Young 

and Old timer populations. B. Inclusion population demonstrates two distinct 

peaks for Young and Old inclusions.  
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Figure 5.4.3. An example of PulSA and flow cytometry gating strategy for identifying 

Young- and Old-formed inclusion categories of Httex1TC9(97Q)-FT.A. Sorting for living 

cell population by using an untransfected control of HEK293 cells. B, C. PulSA analysis 

applied on Httex1TC9(25Q)-FT (B); Httex1TC9(97Q)-FT (C). Width and height of the 

fluorescent pulse are assessed in Texas Red channel corresponding to red fluorescent 

signal of the timer protein construct. D. A selection of cell populations with Young and 

Old mHttex1 based on the ratio between the Red and the Blue signal. The two extremes 

are selected as gates for further sorting of cells with Young and Old mHttex1. 
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 Metabolic labelling technique 

 The gas chromatography-mass spectrometry (GC-MS) analysis was 

performed to study the protein turnover rates in the HEK293 cell system. The idea 

behind this analysis is that one can metabolically label certain molecules in a cell 

by an addition of heavy label that gets incorporated in their structure over time 

by general cellular activity (328). After a chosen period, one can track the amount 

of the added metabolite that has become incorporated into the system and 

compare these amounts under different conditions. The detection is done by 

performing GC-MS that is set to track the abundance of the peak for the specific 

metabolite (329). 

 

 Live cell microscopy platform allows studying the cellular lifespan and 

mechanism of cellular death on different stages of mHttex1 aggregation. 

To visualise and study the process of mHttex1 inclusion formation and 

development in a living cell and to understand how inclusions impact major 

cellular processes such as metabolism and cell death, live cell imaging was applied. 

Live cell microscopy imaging allows manually following each cell on various 

stages of mHttex1 inclusion assembly, tracking the event of inclusion formation 

and the mechanism of cell death. 

 

 Identification of the HBRi and PBRi inclusion categories in live cell regime 

HEK293 cells expressing Httex1(97Q)-Cerulean constructs were subjected 

to biarsenical labelling with ReAsH 24 hours after transfection to identify the HBRi 

and PBRi status of mHttex1 aggregation. The cells were then subjected to live cell 

imaging under the JuLi stage (NanoEntek) microscope with images captured at 

15-minute intervals.  

The image at the initial timepoint was processed in Fiji software to detect 

inclusion subtypes by the following method. The inclusions were first visually 

identified as punctate structures in both the ReAsH and Cerulean channels. Each 

visually identified inclusion was assessed with the 3x3 pixel circle ROI in the 

centre of the structure (Figure 5.4.4, A). Then, the mean fluorescent intensity in 

both ReAsH and Cerulean channels was captured for all the ROIs. The 

ReAsH/Cerulean ratio was plotted for the Httex1No TC sample (negative control for 

biarsenical reactivity, mHttex1 construct without the tetracysteine biosensor); 

Httex1TC1 sample (positive control for biarsenical reactivity, the position of the TC 
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tag allows full binding of the dye in an aggregated state (262)); the Httex1TC9 as an 

actual sample for HBRi and PBRi detection (detailed description is given in (262)). 

The HBRi population was defined as having a ReAsH/Cerulean ratio 10% higher 

than the minimum of ReAsH/Cerulean ratio for the TC1 positive control. The PBRi 

population was defined as having a ReAsH/Cerulean ratio 10% lower than the 

minimum of the TC1 positive control (Figure 5.4.4, B).  

For the live cell experiments studying the survival of the cells, the HEK293 

cells were cotransfected with Httex1TC9 (97Q)-Cerulean and Cerulean itself as a 

tracer for cellular integrity. Since the assembly of mHttex1 inclusion rapidly 

sequesters most of the cytoplasmic mHttex1 into its structure and would not 

Figure 5.4.4. A strategy to identify the early- and late-formed inclusion categories 

under live cell microscope. A. An overlay of Brightfield, Cerulean and ReAsH channels 

obtained under JuLi stage live microscope system with 3x3 pixel round ROIs assigned 

inside the inclusions (marked in blue labels). B. ReAsH/Cerulean reactivity ratio 

allows detecting the distinct populations of HBRi and PBRi. No TC, negative control. 

TC1, positive control for biarsenical reactivity. TC9, actual sample. C. Histogram of 

Red/Blue ratio of cells expressing Httex1TC9(97Q)-FT allows to detect the Young and 

Old cell populations. Blue and Red fluorescence were assessed by applying a 3x3 ROI 

inside of the inclusion. 
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include the Cerulean tracer construct (228), we concluded most of the Cerulean 

cytoplasmic signal is coming from the Cerulean construct and would serve as a 

good indication of overall cell expression level. Additionally, the inclusion 

Cerulean level is indicating the expression level of only the mHttex1 in the system. 

 

 Identification of the Young and Old inclusion categories by using the 

fluorescent timer method in live cell regime 

To identify the Young and Old inclusion category by the fluorescent timer 

method, we applied the same principle as above, yet detected the fluorescence at 

the initial timepoint in the Blue and Red fluorescent channels by applying a 3x3 

ROIs to the centre of inclusions. The Red/Blue ratio distribution was plotted as a 

histogram. The cells with Young inclusion population were defined as having a 

Red/Blue ratio 10% lower than the median of the distribution; the cells with Old 

inclusions population were defined as having a Red/Blue ratio 10% higher than 

the median of the distribution (Figure 5.4.4, C). 

 

 Mechanism of cell death determination in live cell regime 

For the experiments on the mechanism of cell death, HEK293 cells were 

cotransfected with Httex1TC9(97Q)-mCherry and mCherry as a tracer of cellular 

integrity. 24 hours after transfection, the media was replaced with the one 

containing the caspase-3/7 (Life Technologies) reagent that yields green 

fluorescence upon the activation of apoptosis in cell system and hence acts as an 

apoptotic marker. The activation of caspase was tracked in the Green channel. The 

criterion for signal detection was that it exceeds the background signal (of non-

caspase reactive cells) at least two-fold.  
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 Chapter II results 

 Inclusion formation impacts the cellular mechanism of death 

The discovery of HBRi and PBRi inclusion statuses enabled us to study the 

changes in cellular health and metabolism as an inclusion developed. To address 

these questions, we used longitudinal imaging system where we monitor cells 

manually until the 

event death has 

occurred. The 

HBRi and PBRi 

populations of 

cells were 

determined by 

taking out the 

extreme ranges of 

ReAsH/Cerulean 

ratios as described 

in the specialized 

methods section.  

We made a 

crucial 

observation in our 

cell model by 

correlating the 

mHttex1 cell population with type of death occurring. The cells with soluble 

mHttex1 (non-inclusion population) died exclusively via apoptosis (Figure 5.5.1, 

A). The cells with early-formed HBRi inclusions died mostly via apoptosis and 

were not significantly different from the cells with non-inclusions (by Student’s t-

test). The cells with late-formed PBRi inclusions died significantly more 

commonly by necrosis (non-apoptosis, the caspase-3 activity not detected in a 

cell), displaying about 50% of necrosis (Figure 5.5.1, A). The addition of a broad-

range caspase inhibitor QVD (330) turned all of the populations studied into a 

necrotic death.  

We also aimed to examine how the cellular mechanism of death is 

correlated with how long the cell survives. To achieve that, we transfected the cells 

with Httex1TC9(97Q)-Cerulean, and 24 hours after transfection we started imaging 

these in the live cell regime. The timepoint of inclusion formation was captured 
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Figure 5.5.1. Inclusion formation impacts mechanism of cell death. 

The type of cell death in the system was assessed by the caspase-

3 assay. A. Assessment of cell death in the cells with no inclusions, 

HBRi and PBRi cells. Fisher’s exact 2-tailed test was used as a 

statistical method. QVD, broad-spectrum caspase inhibitor that 

blocks apoptosis. B. Mechanism of cell death versus time between 

inclusion formation and cell death. Student’s 2-tailed t-test was 

used as a statistical method. 
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manually. Then, each cell was followed until the event of death, and the resulting 

time between the event of inclusion formation and cell9 death (time after 

inclusion formation) was plotted against the mechanism of death. As a result, 

there is an increased probability for a cell to die by necrosis over time after an 

inclusion has formed (Figure 5.5.1, B).  

 

 A determination of the effect of biarsenical dye on cellular survival 

 Next aim was to control for the effect of a biarsenical dye addition into the 

sample and assess if the platform utilised in the study may introduce any artefacts 

in the cell death data interpretation. To achieve that, we compared how the cells 

survive and which mechanism of cell death these display with and without ReAsH 

(mock treatment, DMSO) in the sample media. HEK293 cells were transfected with 

Httex1TC9(97Q)-

Cerulean and 

subjected to ReAsH 

staining 24 h after 

transfection. The 

imaging was then 

started and 

performed as 

described above.  

There was no 

significant 

difference in cell 

survival with and 

without ReAsH 

(p=0.4887 by 

Gehan-Breslow-

Wilcoxon survival statistical test, Figure 5.5.2, A), as well as in the mechanism of 

death (p=0.7425, ns by Student’s t-test, Figure 5.5.2, B). We concluded the 

biarsenical staining has no effect on cell mechanism of death and is not the reason 

for cells to change their mechanism of death upon the inclusion formation. 

This altogether signifies the inclusion formation impacts a mechanism of 

cell death and drives a gradual switch from apoptosis into necrosis over time. How 

is the mechanism of death related to the toxicity of the soluble mHttex1 or the 

HBRi and PBRi inclusions effect in a cell? 
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Figure 5.5.2. Does ReAsH cause apoptosis? A. Survival analysis 

of HEK293 cells expressing Httex1TC9(97Q)-Cerulean in the 

absence and presence of ReAsH. Statistical analysis was 

performed by the Gehan-Breslow-Wilcoxon Test, p=0.4887, ns. 

B. Assessment of cellular mechanism of death in the same setup. 

+R, the presence of ReAsH. –R (DMSO), the absence of ReAsH, 

mock treatment. Statistical analysis was performed with 

Student’s 2-tailed t-test, p=0.7425, ns. 
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 Inclusion formation leads to a prolonged necrosis 

To examine the effect of inclusion formation on cell health directly, we 

performed a series of survival analyses and compared the survival propensity of 

the cells that do not form inclusions with the cells that do form inclusions. The 

cells with inclusions survived longer than cells which did not form an inclusion 

(Figure 5.5.3, A, solid lines, p=0.0498, * by Mantel-Cox survival test) – as in 

agreement with the literature (204). To test how reproducible is the survival data 

with different cell culture conditions, three survival curves of cells with inclusions 

from the experiments with different cell passage numbers were compared. As a 

result, the survival curves were not significantly different (p=0.7490, ns, by 

Mantel-Cox survival test). This signifies that cell culture conditions are unlikely to 

contribute into the reproducibility of the cell survival data.  

To understand if the survival benefit after the inclusion formation is caused 

by the changes in the mechanism of cell death the inclusion formation leads to, the 

survival curves were also assessed when apoptosis was blocked by the apoptotic 

inhibitor QVD. Surprisingly, the addition of the QVD into the system has greatly 

prolonged the survival of both cells with soluble mHttex1 and cells with inclusions 

(Figure 5.5.3, A, dotted lines). The difference between these survival curves in the 

presence of QVD was no longer significant (p=0.6626 by Mantel-Cox survival test). 

We thus conclude the enhanced survival after inclusion formation is reasoned by 

Figure 5.5.3. Survival analyses of cells with and without mHttex1 inclusion. A. Survival of 

cells with inclusions compared to the cells with diffuse mHttex1. QVD, broad-spectrum 

caspase inhibitor that blocks apoptosis. B. Survival of cells with HBRi and PBRi inclusion 

subtypes. C. Survival of cells with Young and Old inclusions, as designated by the 

fluorescent timer method. Differences in survival were assessed by survival curve 

analysis and Mantel-Cox test. 
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the switch in the mechanism of death from apoptosis to necrosis in the cells, which 

form inclusions.  

We next examined the survival of cells designated as belonging to either 

HBRi and PBRi categories. The cells with HBRi inclusions lived longer than the 

cells with PBRi inclusions (Figure 5.5.3, B, p=0.0038, ** by Mantel-Cox test). Due 

to the transient detection of HBRi and PBRi categories at 24 h timepoint, the HBRi 

cells are likely to be less mature, as the HBRi is an earlier-formed inclusion as 

compared to the PBRi. Thus, HBRi cells are earlier on the aggregation pathway 

than the PBRi cells, which explains their enhanced survival.  

To strengthen our findings and exclude possible experimental artefacts 

due to the biarsenical labelling method application, we also assessed the survival 

curves for the inclusions designated as Young and Old with the Httex1TC9(97Q)-FT 

construct. The cells with Young inclusions survived longer than the cells with Old 

inclusions – which is in a good agreement with the HBRi and PBRi survival data 

(Figure 5.5.3, A, C, p=0.0036, ** by the Mantel-Cox survival test). Thus, the timer 

method was concluded to provide an independent assessment of early- and late-

formed inclusions of mHttex1 in a cell. This observation also strengthens the 

conclusions obtained with the biarsenical method. 
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 The effect of mHttex1 expression level on cellular survival and mechanism of 

death 

The expression level of mHttex1 in a cell is a known parameter that affects 

the cellular survival (204). Indeed, more mHttex1 present in the cell would result 

in accumulation of more toxic material in either soluble or aggregated 

conformation, and this would possibly enhance and speed up neurodegeneration 

and cell death. Moreover, the HBRi and PBRi-categorised cells appeared at 

different expression levels (section 4.5.2). To control the expression level and 

study whether it impacts the survival of the cells, we performed a survival analysis 

for the HBRi and PBRi cells with matched expression window. The expression 

level window was selected the way it has an overlap between both HBRi and PBRi 

cells by finding a minimum of PBRi population expression and a maximum of HBRi 

expression, and calculating the expression range 10% below HBRi maximum and 

10% above PBRi minimum (Figure 5.5.4, A). We then studied the survival curves 

of only the HBRi and PBRi cells that fall within the selected expression window 

and hence have matched expression. We discovered that the trend between HBRi 

and PBRi survival is maintained similarly to the survival observed in the 

unmatched expression regime, as the cells with matched HBRi expression also 

survived longer than the cells with PBRi matched expression (Figure 5.5.4, C, 

p=0.0186, * by the Mantel-Cox test).  

We next studied whether the mechanism of cell death is dependent on 

mHttex1 cell expression level. The expression level of apoptotic and necrotic cells 

Figure 5.5.4. The effect of cellular expression level on the HBRi and PBRi mechanism of 

cell death and survival. mHttex1 expression level of the cells was assessed by analysing 

the Cerulean tracer cytoplasmic expression level (details are provided in the methods 

section 3). A. The selection of expression window that matches to both HBRi and PBRi 

cells. B. The assessment of the mechanism of cell death depending on expression level for 

HBRi and PBRi cells. C. Survival curve analysis with PBRi and HBRi cells with matched 

expression based on the window designated in A.  
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was assessed within the HBRi and PBRi categories. Since the cells dying by 

apoptosis and necrosis displayed similar expression levels both in HBRi and PBRi 

status (Figure 5.5.4, B), we concluded the cellular mechanism of death did not 

correlate with the mHttex1 expression level.  

Thus, the effect of mHttex1 expression level can be ruled out of 

consideration for the survival analyses and mechanism of cell death assays in the 

current study. 

 

 Does inclusion formation inhibit apoptosis? 

For clues as why apoptotic death is switched into necrotic death upon 

maturation of inclusions, we aimed to test whether the formation of mHttex1 

inclusion inhibits apoptosis, and can no longer be triggered, or whether the 

apoptotic stimuli in the cell is muted but 

can be relaunched. HEK293 cells were 

transfected with Httex1TC9(97Q)-FT. 

Young and Old inclusion categories were 

assessed at the 24 h timepoint by 

applying the live cell imaging procedure 

as described in section 5.4.5. The 

mechanism of death was assessed as 

previously. Almost 80% of the cells with 

Young inclusions died via apoptosis 

(Figure 5.5.5). The cells with Old 

inclusions displayed a significant 

decrease in apoptosis compared to the 

Young ones (Figure 5.5.5), similarly to 

the results obtained with the biarsenical 

labelling method (section 5.5.1). This 

further supports the independent 

assessment of early- and late-formed 

inclusions by applying the fluorescent timer technique. 

The cells expressing Httex1TC9(97Q)-FT were treated with a range of 

apoptotic inducers including etoposide, staurosporine and ABT-737 24 h after 

transfection. These apoptotic inducers have the following mechanism of action. 

Etoposide inhibits topoisomerase II, and impairs DNA replication which activates 

apoptosis (331). ABT-737 precisely targets core apoptotic machinery, inhibits the 
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Figure 5.5.5. The apoptotic inducers 

stimulate apoptosis in the cells with Old 

inclusions. The cells were transfected 

with Httex1TC9(97Q)-FT and were 

assessed with caspase-3 kit 24 h after 

transfection as previously. Etoposide, 

staurosporine, ABT-737 apoptotic 

inducers were applied. Mock treatment 

had similar buffer conditions to the 

apoptotic inducers. Fisher’s exact 2-tailed 

test was used as a statistical test. 
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BCL family of mitochondrial membrane proteins including the Bcl-2, Bcl-xL, and 

Bcl-w, which leads to stimulation of apoptosis (332). Staurosporine is a broad 

spectrum protein kinase inhibitor. The mechanism for triggering apoptosis is not 

fully understood (333). 

Regardless of the mechanism of action of the apoptotic inducer applied, the 

amount of apoptosis was significantly elevated for the cells with both Young and 

Old inclusions, reaching up to 90% of cells (Figure 5.5.5). We thus concluded that 

the trigger for apoptosis becomes muted the more mature the inclusion gets but 

is not lost over time. 

 

 Soluble Huntingtin is the trigger for apoptosis in the system 

To understand the nature of the loss of apoptosis in our system and 

attempt to discover the apoptotic stimuli, we hypothesised that soluble mHttex1 

might serve as a trigger for apoptosis. We hence tested the difference in soluble 

mHttex1 levels in cells with different populations of inclusions. We transfected the 

cells with Httex1TC9(97Q)-Cerulean and imaged these under the confocal 

microscope 24 hours after transfection. We separated HBRi and PBRi as 

previously and then analysed the absolute levels of Cerulean fluorescence in the 

cytoplasm of cells that were not transfected; cells that were transfected but did 

not form an inclusion; and cells with HBRi and PBRi inclusions. The highest level 

of soluble mHttex1 was in cells with no inclusions. The HBRi cells had the second 

highest level of cytoplasmic mHttex1. The PBRi cells had the lowest level of soluble 

mHttex1, although significantly higher than the background (Figure 5.5.6). We 

concluded that the levels of soluble mHttex1 directly correlated with the amount 

of apoptosis in the system for the designated populations (as depicted in Figure 

5.5.1, A). Thus, this evidence supports the hypothesis of soluble mHttex1 driving 

apoptosis in the system. 

To additionally test this hypothesis, we transfected HEK293 cells with 

Httex1TC9(97Q)-Cerulean and performed a live cell imaging caspase assay (as 

described previously). We followed each cell until the event of death has occurred. 

We then analysed the ratio between the level of cytoplasmic Cerulean 

fluorescence and the fluorescence within the inclusion for the cells dying by 

apoptosis and necrosis right before the event of cell death. The apoptotic cells 

displayed significantly higher cytoplasm/inclusion Cerulean ratio compared to 

the necrotic ones (Figure 5.5.1, B). Hence, these data suggested that the trigger for 

apoptosis in the system resides in the pool of soluble cytoplasmic mHttex1. 
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To strengthen this conclusion and put it in the context of the overall 

findings obtained in this chapter, the survival data from Figure 5.5.3, A and the 

data describing the cellular mechanism of death Figure 5.5.1, A was fitted to a 

three-state computational kinetic model in a collaboration with David Ascher, 

University of Melbourne (Figure 5.5.6, C). In this model, the diffuse mHttex1 

triggered apoptosis with kAp,1. Diffuse mHttex1 converted into the early-formed 

HBRi inclusion state with k1. The cells with early-formed inclusions triggered 

apoptosis with kAp,2 and further converted into the late-formed PBRi inclusion 

state with k2. The cells with late-formed inclusions triggered apoptosis with kAp,3. 

The experimental data was fitted to the model well with a correlation coefficient 

of 0.96. Upon performing the computational analysis, the relative possibility of 

triggering apoptosis by the cells in the diffuse state was detected as at about 6-fold 

higher than the cells in the early-formed inclusion state, and about 8-fold higher 

than the cells in the late-formed inclusion state. This observation confirmed that 

the risk of apoptosis is the highest in the cells with diffuse mHttex1 and decreases 

upon assembly and maturation of the mHttex1 inclusion.  

 

Since the level of soluble mHttex1 decreases upon the progression of the 

process of inclusion assembly, we conclude that the soluble mHttex1 is indeed the 

trigger for apoptosis in the system.  

Figure 5.5.6. Soluble Httex1 is an apoptotic stimulus in the system. A. Cytoplasmic levels 

of Httex1 in untransfected cells or in Diffuse, HBRi and PBRi cell populations 24 h after 

transfection. Mean and SEM values are plotted. B. Fluorescence ratio of cytoplasmic to 

inclusions Httex1-mCherry levels in the cells 15 minutes before death. Differences were 

studied by the 2-tailed Student’s t-test. C. A three-state model of Httex1 inclusion 

formation with fits of the mechanism of death and survival curve data. Relative rates are 

displayed with kn referring to a kinetic constant between the two states transition; kAp,n 

refers to a kinetic constant between the propensity of triggering apoptosis from the n 

state.    
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 Inclusion formation pushes a cell into metabolic quiescence  

For clues as to whether prolonged necrosis is a beneficial response for 

cellular health or leads into an unhealthy state, we performed a series of assays 

aimed to unearth the metabolic state of cells with soluble mHttex1, HBRi and PBRi 

inclusions. 

Firstly, the cells were investigated for the propensity to express a reporter 

protein – which would suggest a measure of normal cellular activity and general 

protein production. HEK293 cells were cotransfected with Httex1TC9(25Q; 97Q)-

Cherry and Emerald reporter under the Tet repressor system. 24 h after 

transfection, the expression of Emerald was triggered by the addition of 

tetracycline into the media. The cells were subjected to live cell microscopy 

imaging on a JuLi Stage platform. Each cell was designated into the population of 

cells with non-pathogenic Httex1 (25Q), cells with pathogenic mHttex1 that did 

not form inclusions (97Q ni), and cells with inclusions (97Q i). The rate of Emerald 

expression was measured by assigning a 3x3 ROI into the cell cytoplasm and 

capturing the fluorescence in the GFP channel on a JuLi Stage microscope every 10 

hours. The cells with non-pathogenic Httex1 control and the cells with pathogenic 
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Figure 5.5.7. The metabolic state of cells expressing mHttex1. A. Longitudinal imaging of 

cells coexpressing mHttex1TC9-mCherry and Emerald reporter. The expression of Emerald 

was induced by adding tetracycline 24 hours after transfection. Levels of Emerald were 

assessed every 10 hours. B. Mitochondria membrane potential probed with MitoProbe 

and assessed by flow cytometry. The cells were binned into subpopulations according to 

their Cerulean expression level. C. Relative protein turnover rates as assessed by GC-MS 

analysis. N=3 independent biological replicates were assessed. Data were compared by 

using a 2-tailed Student’s t-test. Data on panel B is embedded from (270). 
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diffuse mHttex1 had a normal propensity for expressing the reporter protein. The 

cells with inclusions, on the other hand, were no longer able to express a reporter 

protein (Figure 5.5.7, A). This signified that inclusion formation suppresses 

normal cellular activity.  

To clarify the metabolic state of cells expressing mHttex1 further, we 

examined the mitochondrial membrane potential of the cells with soluble and 

insoluble populations of mHttex1 in collaboration with Angelique Ormsby, 

University of Melbourne. The mitochondrial membrane potential was assessed by 

measuring the MitoProbe reagent reactivity under the flow cytometer, as 

described in (270). The cells with non-pathogenic Httex1 (25Q) had a normal 

mitochondrial membrane potential. The carbonyl cyanide m-chlorophenyl 

hydrazone (CCCP) reagent, a chemical inhibitor of oxidative phosphorylation that 

collapses the mitochondrial membrane potential was used as a control (334). 

Non-pathogenic 25Q with addition of CCCP (25Q + CCCP sample) was assessed to 

determine the baseline level of collapsed mitochondrial membrane potential. Both 

the cells with soluble pathogenic mHttex1 (97Q ni) and the cells with early-formed 

inclusions of HBRi displayed a normal mitochondrial membrane potential that 

became hyperpolarised in a dose-dependent fashion, depending on the expression 

level of the mHttex1. The cells with late-formed PBRi inclusions displayed a 

collapsed mitochondrial membrane potential similarly to the CCCP control (Figure 

5.5.7, B). This signifies the gradual decline in mitochondrial metabolism in the cell 

upon the formation of the late PBRi inclusion.  

To investigate the general metabolic activity of the cells with non-

pathogenic, pathogenic soluble and pathogenic aggregated mHttex1, protein 

turnover rates in these cell populations were studied by the GC-MS method in 

collaboration with Joachim Kloehn, University of Melbourne. The optimal timepoint 

of cell harvest after d2O addition into the cell media was first examined to 

understand the corresponding experimental timeframe. HEK293 cells were plated 

in T25 flask format. 24 hours after plating, the media was refreshed. 6 hours after 

the refreshment, the media was replaced with medium containing 8% of D2O. The 

cells were harvested at 0, 12, 18, 44 and 48 hours after the refreshment. The cell 

pellets were washed three times with PBS and were subjected to total protein 

extraction. The extracts were subjected to the GC-MS to study the relative percent 

of deuterium incorporation in proteins. The data were fit with nonlinear total 
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binding-saturation equation in Prism software with resulting R square value equal 

to 0.9272. Based on the fit, the T50 timepoint of protein saturation in HEK293 cells 

with D2O was determined as 244 hours (Figure 5.5.8, Mean and SEM). The T50 

timepoint of deuterium incorporation signifies a suitable timeframe to study 

metabolic changes in a cell because the metabolic processes have reached the 

steady state after the initial 

growth and are not yet 

slowed down by the 

process of saturation (328). 

Hence, the 24-hour 

timepoint after the addition 

of heavy water in the 

system was chosen to study 

the protein turnover rates 

with cells with mHttex1. 

HEK293 cells were 

transfected with Httex1TC9(25Q; 97Q)-FT. 6 hours after transfection the media 

was replaced with the one containing 8% of d2O. 24 h after media replacement, 

the cells were sorted under the flow cytometer into the Early and Late categories. 

The overall protein was extracted from the 25Q Young (non-pathogenic control), 

97Q ni (cells with pathogenic soluble mHttex1), 97Q Young (cells with pathogenic 

early-formed inclusions), and 97Q Old (cells with pathogenic late-formed 

inclusions). The protein extracts were then subjected to the GC-MS procedure to 

study the relative amounts of deuterium incorporation. The experiment was 

performed in 3 biological replicates. Both the 25Q Young and 97Q ni cells had 

normal deuterium incorporation in proteins which signifies for normal general 

metabolic activity, protein synthesis and turnover in a cell. 97Q Young and 97Q 

Old cells, on the other hand, had significantly decreased deuterium incorporation 

into proteins, p=0.0090, ** by a 2-tailed Student’s t-test – which signifies for 

reduced protein turnover rates and, in turn, reduced metabolic activity (Figure 

5.5.7, C).  

 

These data altogether signify a gradual decline in metabolic activity and 

health state of a cell on its way to mHttex1 inclusion assembly from the early into 

the late state.   
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Figure 5.5.8. Kinetics of saturation of total protein 

extracts from the untransfected HEK293 cells with d2O. 
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 Chapter II summary and discussion.  

In this chapter, we unlocked a novel mechanism of mHttex1 inclusion action 

in a cell. By studying how the cells with soluble and insoluble mHttex1 die, we 

demonstrated that inclusion formation impacts the mechanism of cell death by 

switching apoptosis into necrosis upon inclusion maturation. By artificially 

inhibiting apoptosis, we showed that the enhanced survival of the cells that form 

mHttex1 inclusions compared to the cells with soluble mHttex1 is governed by a 

gradual loss of apoptosis into necrosis. By studying the metabolic state of cells 

with soluble and insoluble mHttex1, we demonstrated that inclusion formation 

leads into “cellular winter” with a gradual decline in metabolism, normal cellular 

functioning and reporter protein expression. By studying the levels of cytoplasmic 

soluble mHttex1 in cells with and without inclusions both 24 hours after 

transfection and right before the event of death and by fitting our experimental 

results into a three-state kinetic computational model, we demonstrated soluble 

mHttex1 is a trigger for apoptosis in the cell system.  

We thus conclude inclusion formation during Huntington’s disease has a 

dual role. On a positive side, inclusion formation diminishes a pool of soluble 

mHttex1 that triggers apoptosis and leads to decreased cell survival – and hence 

is considered as the toxic Htt form. On a negative side, the formation of mHttex1 

inclusion switches cellular state into a prolonged metabolic quiescence and 

consequent necrosis.  

 

Our data puts the adaptive and toxic hypotheses on the role of mHttex1 

inclusion formation into an agreement. The fundamental study has demonstrated 

soluble mHttex1 being a negative predictor of cell death, and inclusion formation 

was concluded to be protective by diminishing the pool of soluble mHttex1 and 

enhancing cellular survival (135). We show that the initial process of inclusion 

assembly is consistent with this data by sequestering the toxic soluble mHttex1 in 

its structure and enhancing cellular survival. On the other hand, the formation of 

the late inclusion is more consistent with the toxic hypothesis of inclusion 

formation, as cells with late inclusions followed a more quiescent, metabolically 

inactive state. This might correlate with a general collapse of proteostasis (196). 

We provide further development of the role of late inclusions in 

neurodegeneration in the next chapter. 

The gradual decrease of soluble mHttex1 levels in the cytoplasm upon the 

HBRi inclusion transformation into the PBRi state strengthens the evidence of 
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HBRi being an early hallmark of mHttex1 inclusion assembly and is consistent 

with the published data on major recruitment of cytoplasmic mHttex1 into an 

inclusion (228).  

The observation that inclusion formation impacts on the cellular mechanism 

of death gradually as it matures, as well as that soluble mHttex1 acts as a trigger 

for apoptosis in the system, is a novel finding. Previously, the expression of 

Httex1(97Q) in the rat sympathetic neurons was shown to lead to conversion of 

apoptosis into necrosis (324). The conformational state of mHttex1 that served as 

apoptotic stimuli, however, was not described. Interestingly, in that study 

apoptosis could not be triggered with apoptotic inducers after its loss. This might 

signify that the degeneration process develops over time: firstly, by reversibly 

losing the apoptotic trigger of soluble mHttex1, then by irreversibly entering the 

progressive quiescence state with increasing cellular dysfunction, including 

apoptotic dysregulation. The expression rates and cellular activity vastly differ in 

cell systems and rat model organisms – hence, it might be possible that HEK293 

cells in our study died prior to reaching the full degeneration state with apoptosis 

being impossible to trigger.  

The successful application of the fluorescent timer methodology opens a 

broad range of possibilities in determining the age of Huntingtin (and any other 

protein) in an aggregated state in vivo. The platform allows detecting Young and 

Old protein formations in a non-invasive way and hence might serve useful for the 

research in the other fields of protein aggregation. 

 The dose-dependency of mitochondrial membrane potential polarisation 

on the levels of soluble pathogenic mHttex1 and early-formed HBRi inclusions 

suggests an active cellular response to the toxic mHttex1 material. This 

mitochondrial hyperpolarisation may be an attempt to cope with the toxicity. 

Hyperpolarised mitochondrial membrane is featured in the process of apoptosis 

activation (335) and is known to appear in the process of accumulation of reactive 

oxygen species (ROS) (336). The levels of ROS relative to mHttex1 populations 

were independently assessed in (270). The pathogenic soluble mHttex1 cells had 

the highest levels of ROS followed by the cells with early-formed inclusions; the 

cells with late inclusions had low ROS levels. The accumulation of ROS is the main 

sign of cell stress and the pathologic process occurring (337). Since the cells with 

no inclusions and the cells with HBRi had significantly more soluble mHttex1 than 

the cells with PBRi, and the soluble mHttex1 triggered apoptosis, the membrane 

potential and ROS data is consistent with the soluble mHttex1 form was the most 

harmful to a cell and triggers apoptosis. The collapsed mitochondrial membrane 
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potential for the late-formed PBRi inclusions is consistent with pathology and 

dysfunction of mitochondria widely observed in HD (206,207). 
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 Chapter III. Mechanism of Htt inclusion formation and 

maturation 

 Introduction 

The findings reported in the previous chapter resonate well with the 

current problems in the HD research field and allow understanding the effect of 

inclusion formation on cell health better. The data also points to how this process 

relates to pathogenesis in the early and the late stages of mHttex1 aggregation. We 

demonstrated that the formation of early inclusions is beneficial for a cell by 

sequestering the soluble toxic mHttex1, a trigger for apoptosis in the system. The 

late-formed inclusions drove a cell into a state of metabolic quiescence, and thus 

served harmful. 

It is yet unclear which mechanisms govern the formation of mHttex1 

inclusions and the progression from the early to the late inclusion state. It is also 

not clear how the inclusion assembles at the molecular level, and which cellular 

machinery interacts with it in the early and late stages of aggregation.  

A recent study focused on studying the interacting partners of soluble 

oligomers of mHttex1 and the interacting partners of mHttex1 inclusions (195). 

The authors have reported that soluble mHttex1 interacts with a highly complex 

range of proteins including the RNA binding machinery, ribosomes and proteins 

with low-complexity sequences, transcription and translation apparatus and 

vesicle transport proteins. The insoluble inclusions are much less interactive and 

associate with the protein quality control system. The proposed conclusion is that 

because soluble mHttex1 oligomers may disrupt the basic cellular functions such 

as ribosome biogenesis, transcription and translation, these may cause toxicity 

(195). We hence present a review on how translation may be deregulated during 

neurodegenerative disorders and quality control systems working towards 

translation maintenance. 
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 Translation quality control systems 

 Stress granule network 

In addition to quality control machinery systems that aim to process the 

mature product of protein aggregation, a cell implements a way to regulate 

translation of proteins prone to aggregation (338,339). Under stress conditions 

that promote aggregation (i.e. heat shock, oxidative conditions, ultraviolet 

irradiation), translational silencing of disease-specific mRNAs is observed 

(340,341). A cell implements a special stress response pathway to dispose of these 

problematic mRNAs and further inhibit the translation of aggregation-prone 

proteins. The translationally repressed mRNAs are organised into cellular 

deposits named stress granules for further processing and utilisation (342). Stress 

granules are formed under diverse conditions, but in most cases stress granule 

formation is interconnected with the impairment of translation under stress 

conditions and mRNAs stabilisation (343). Stress granule response is widely 

detected in neurodegenerative diseases and under ER stress conditions (340). 

Stress granules contain and interact with RNA binding proteins (mRNPs), 

such as 40S ribosomal subunits, eIF4A, eIF4B, eIF4E, eIF4G, eIF3, Pabp (344,345). 

Recent studies show that approximately one hundred proteins involved in mRNA 

processing, signalling and apoptosis are recruited to stress granules (343). 

The main proposed function of stress granules is a generation of a transient 

response to stress conditions. Another function is isolation and disposal of stress 

causative agents, including problematic mRNAs (341). Thus, stress granules act to 

regulate translation downstream of these events. Translational silencing, which 

precedes stress granule formation, may be regulated by the eIF2 kinase family 

in vertebrates, which is also a component of stress granules (346,347). The 

assembly and disassembly of stress granules are actively directed by molecular 

machinery interconnected with the cytoskeleton. Stress granule formation is 

started with a rapid assembly of small mRNA aggregates, which are then 

transported together into a single deposit (340). 

Complete knowledge of stress granule function remains to be determined. 

The molecular principles for disease-specific mRNAs to diverge into stress 

granules are clear, though. During the formation of stress granules, small mRNA 

aggregates are transported into a separate structure with different physical and 

chemical properties (341). Therefore, the interactions between mRNAs and 

cellular proteins might be suppressed, as well as mRNA toxicity. It may also be 
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more efficient to process and remodel disease-prone mRNAs and mRNPs in a 

single deposit for a cell (343).  

On the other hand, mutations in RNA binding and processing proteins 

(TDP43, FUS, SMN1, ATX2, OPT, ANG, TIA1) are known to cause the motor neuron 

diseases (338). Mutations in these mRNPs promote and enhance the formation of 

stress granules (348,349). Htt aggregates are known to interact with TIA1 (230), 

a core seed of stress granule nucleation (341). Mutant Htt was also shown to 

localise in the structure of stress granules and abruptly participate in the process 

of mRNA transport (350). A possible hypothesis is that the mRNA machinery 

dysfunction may lead to neurodegeneration, and mHttex1 may cause or greatly 

enhance this dysfunction (351). 

This evidence might suggest an unrevealed link between stress granules, 

mRNA machinery and neurodegenerative diseases. 

 

 Ribosomal quality control network 

A very recently emerged field suggests the stress granule network is not 

the only mechanism that takes into account problems with translation. The 

Ribosomal Quality Control Network (RQC) is a newly discovered pathway that 

monitors the process of translation for possible errors, processes damaged or 

aberrant RNAs and ribosomal subunits, and works downstream of the chaperone 

system to control the nascent polypeptide folding (352).  

Clues point towards ribosomal stalling being the main feature of 

problematic translation (353). Ribosomal stalling is a signal for initiation of the 

RQC network to monitor the nascent protein chain, ribosomal subunits and the 

mRNA for errors and further utilisation (352). The RQC forms a stable complex 

with 60S ribosomal subunits and triggers degradation of stalled nascent protein 

products by ubiquitinylation that did not reach the stop codon (354). The 

ribosomal stalling is sensed by the Heat Shock Factor 1 (Hsf1) – a transmitter of 

translational stress and HSP40, HSP70 and HSP90 coordinator (355). The RQC 

action is initiated by detecting the stress signal through the Hsf1 (354). 

In case of ribosomal stalling forced experimentally by mutating a CNS-

specific tRNA in mice models, it leads to a disrupted activity of RQC member Pelota 

responsible for ribosomal recycling, and consequent neurodegeneration (356). 

Deletion of a key yeast member Ltn1p (E3 ubiquitin ligase) of the RQC also leads 

to proteotoxic stress and accumulation of stalled protein products into inclusion 
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bodies (357). This signifies that the RQC complex is a crucial checkpoint in early 

translation steps. 

The proposed mechanism of the RQC action includes the following 

sequence of events. Firstly, members of the RQC recognise and split the stalled 

ribosome. Then, the full RQC complex is formed around the 60S subunit. The 

nascent chain is labelled with ubiquitin, extracted from the 60S subunit and sent 

for degradation by the proteasome. The components of the RQC and ribosome are 

then recycled (Figure 6.2.1) (352).  

Most of the previous RQC research was conducted in yeast cell systems. We 

thus present the known members of the RQC in yeast; the mammalian analogues 

are listed in brackets. The Asc1 and Hel2 (RACK1 and ZNF598) are hypothesised 

to facilitate ribosomal stalling. The Dom34, Hbs1, Ril1 (Pelota, Hbs1, ABCE1) are 

known to be responsible for ribosomal splitting. The Rqc2 and Ltn1 (NEMF and 

Listerin) are the key RQC components that ubiquitinate the nascent amino-acid 

chain. The Rqc1 and Cdc48-Ufd1-Npl4 complex (TCF25 and VCP complex) are 

proposed to extract the nascent chain from the 60S subunit (352). 

Multiple questions remain to be addressed in the field of RQC research. 

How does the RQC work in neurodegenerative disorders? Is the RQC action altered 

by polyglutamine-containing/aggregating proteins? Which role does translation 

deregulation play in neurodegenerative pathology? What are the other members 

of the RQC present in mammals? Are there any extra defensive mechanisms 

involved? How do the members of the RQC impact and interact with the disease-

prone protein? 

 

 RQC, translation deregulation and mHtt 

Very little research has been previously performed on the involvement of 

RQC mechanisms in Huntington’s disease. A recent study performed in yeast 

Figure 6.2.1. Schematic representation of the RQC action. Adapted from (352). 
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systems reveals that mHtt inclusion body formation depends on the activity of the 

Ltn1, a core component of the RQC (358). The activity of Hsf1 (main stress signal 

transmitter to the RQC complex) was shown to correlate with aggregate formation 

inversely. The spatial sequestration of mHttex1 into inclusions bodies, but not the 

ubiquitinylation and subsequent degradation, is concluded to diminish the 

toxicity of mHttex1 (358).  

A follow-up publication examines the interactome of soluble mHttex1 

oligomers and insoluble inclusions. The study shows that the soluble oligomers, 

but not the inclusions, interact with RNA-binding proteins, ribosome subunits and 

components of transcription and translation machinery (195). These two pieces 

of evidence might point towards soluble Htt causing problems with the translation 

process. The components of the RQC may regulate the inclusion body formation, 

then.  

Some publications suggest transcription and translation deregulation is a 

core feature of HD (195,238,358). Mutant Htt is proposed to interact with the 

transcription and translation machinery aberrantly. Htt inclusions are known to 

sequestrate away core components of the proteostasis network and progressively 

overload cellular proteostasis (192,193). This leads to an attractive hypothesis of 

mHttex1 somehow perturbing the process of its translation. The partially 

translated mHttex1 products with exposed polyQ regions may coaggregate – 

which then leads to a gradual collapse of proteostasis network upon maturation 

of the formed inclusion.  

One hypothesis of translational alteration suggests it may be stipulated by 

the difference between the translation rate of an expanded polyglutamine tract in 

mHttex1 vs the wild-type Htt (351). Translation of the polyglutamine tract region 

of mutant Huntingtin happens 2-6 fold faster than the same region of wild-type 

Htt, which is slowed down by the presence of prolines in the sequence. The 

increased translation rate would restrict the binding of a hypothetic 

cotranslationally acting factor (CAF) to the N17 region of mHttex1. Hence, the N17 

region will quickly become less accessible to the CAF. The overall pool of Htt 

molecules with expanded polyglutamine chains will grow over time, and this will 

likely lead to aggregation (351). 

 

An intriguing idea suggests that proteins with intrinsically disordered 

regions can participate in the process of phase separation. mHtt is known to form 

two distinct phases in aqueous solution: a liquid droplet state and an amyloid 

assembly (359). Oligomeric mHtt has been demonstrated to interact with proteins 
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comprising the IDRs and RNA-binding domains (195). These are known to 

promote the phase separation process (360). The field hence has emerged on a 

very appealing hypothesis that Htt inclusion formation happens through the 

process of phase transition.  

 

 A phase separation hypothesis of Htt inclusion formation 

mHttex1 is known to self-assemble into amyloid fibrils in a test tube 

without external interactions (139). An interesting observation signifies Htt forms 

two distinct phase states upon increasing the concentration of monomers: a 

liquid-like droplet and an amyloid fibril (359). A liquid droplet structure in a cell 

allows organising non-membrane-bound compartments the way their 

components are not mixed, are isolated and are less prone to diffusion. This allows 

regulation of the spatiotemporal cellular interactions effectively (361). The phase-

separated liquid compartments isolate their contents into a distinct state with 

physical properties that differ from the cytoplasm. It allows concentrating 

targeted biomolecules and bypasses the association with membrane (191). The 

properties of liquid-like droplets have been discovered in various cell 

compartments: nuclear bodies, granules, paraspeckles, membraneless organelles, 

aggregates, membrane puncta, assemblages (191). Phase separation is the basis 

for immiscible interactions in crucial cellular compartments including nucleoli. It 

thus drives the proper cellular organisation (360). The protein IDRs and RNA 

binding domains promote the formation of phase-separated compartments; the 

immiscibility is ensured by the surface tension of a droplet (360). 

This evidence may point towards support for the mechanism of Htt 

inclusion formation, in which a nucleation seed of Htt aggregation is first formed 

as a liquid droplet and then performs a phase transition into amyloid fibrils (359). 

The area, however, has emerged just recently. Further research is required to test 

this hypothesis and clarify the following questions: do Htt inclusions and 

oligomers phase separate? Does the polyQ tract promote phase transition? Do the 

proteins that interact with Htt impact phase separation? 

 

The RQC, phase separation and stress granule network evidence provide 

an intriguing insight into a possible mechanism of mHttex1 inclusion formation, 

yet are incomplete and separate. An appealing aim is to try connecting these 

pieces of the puzzle and summarise the mechanism of mHttex1 inclusion 

formation, development and impact on a cell health in a holistic way.  
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 Chapter III aims 

In this chapter, we aimed to study the process of mHttex1 inclusion 

formation in detail on the HBRi and PBRi stages and put these data into the context 

of a broader aggregation pathway. To understand which cellular proteins are 

involved in the process of Huntingtin inclusion formation, we performed a mass-

spectrometry analysis of HBRi and PBRi interacting partners.  

The properties of the proteins that interacted with HBRi and PBRi were 

studied by performing computational analysis, which allowed us to classify these 

interactors based on the general cell biological processes these are involved in. It 

also allowed us to understand why mHttex1 inclusions trigger metabolic 

quiescence, and whether the quiescence is a consequence of cellular response on 

toxic soluble Htt or an active harmful effect of inclusion itself.  

A few attempts to test whether Huntingtin mRNA is involved in the process 

of aggregation were also made. 

To understand if mHttex1 inclusions interact with classical markers of 

neurodegeneration and stress response pathways known in the disease 

pathology, we performed confocal live cell imaging experiments. In these, we 

coexpressed the fluorescently-labelled markers of stress granules and 

neurodegeneration with mHttex1 and tracked their colocalization.  
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 Chapter III specialized methods 

 Proteomic experimental procedures 

The goal was to perform the proteomic analysis of the interacting partners 

of HBRi early-formed and PBRi late-formed inclusions. To achieve that, the 

HEK293 cells were transfected with Httex1TC9(97Q)-Cerulean in three biological 

replicates. 24 hours after transfection, the cells were labelled with FlAsH and 

lysed. The lysates were subjected to flow cytometry sorting with the combined 

PulSA and the biarsenical labelling method as described previously (section 4.1) 

to sort the HBRi and PBRi inclusions as cells.  

The purity of the HBRi and PBRi inclusions sorting procedure was 

examined by imaging the sorted inclusions and non-purified lysate controls on the 

confocal microscope. No contaminants of microscopic size were detected (Figure 

S2 in (270)). Additionally, any possible sub-microscopic contaminants in the 

experimental samples were accounted for during the analysis of the resulting 

proteomic data by applying the strict threshold for the peptides and proteins 

identified (section 6.4.3). 

The purified inclusions were washed three times with PBS by pelleting and 

were dissolved in 100% formic acid to release the proteins embedded into their 

structures (184). The matched 200 µg of total protein from each replicate were 

prepared for proteomic analysis by applying a Filter Aided Sample Preparation 

(FASP) Protein Digestion Kit (Expedeon) with further overnight trypsin digestion 

and solid-phase extraction procedure. The digested peptide mixtures were 

subjected to dimethyl labelling: HBRi – medium, PBRi – light. The labelled samples 

were mixed, matched for total protein by the bicinchoninic acid assay with bovine 

serum albumin as mass standard, and analysed by nanoESI-LC-MS/MS. For 

further experimental details, refer to the methods section 3.1.16. 

 

 Principles of proteomic data processing 

The resulting spectra were analysed in Proteome Discoverer (v. 2.1.0.81, 

Thermo Scientific) software. The quantitative proteomic analysis involves four 

consecutive levels of data processing (362).  

The first level of analysis comprises peptide identification of the initial MS-

MS spectrum by computational comparison of the peptide retention time and 

mass obtained in the experiment to the selected peptide database, by using a 

search engine (such as MASCOT (363)). The sensitivity threshold, search 
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database, post-translation peptide modifications, number of missed cleavages and 

search precision varies across different analytical setups, depending on the 

experimental design and the research question. The resulting peptide list is then 

searched against the special decoy database to estimate the false discovery rate 

(FDR) of the identified peptides (364). The FDR method allows effectively 

excluding the false-positive peptide-spectrum matches (PSMs) by applying the 

advanced statistical analysis. The FDR is a global measure of confidence in 

proteomic data assessment, and its application allows to stringently filter the 

dataset by setting the FDR threshold according to the experimental needs (364).  

On the second level of analysis, the identified peptides are assembled into 

proteins (protein identification) based on sequence analysis. The stringent 

criterion is to use only the peptides that are identified uniquely (unique peptides) 

for protein identification. Otherwise, non-unique peptides might contribute to the 

sequences of different proteins and hence would not allow a precise protein 

identification (365). The number of unique peptides used in protein identification 

and the number of biological replicates these peptides were detected in may vary, 

depending on the research question and the result confidence required. The false 

discovery analysis is also applied to the protein level to exclude false-positive 

protein identifications. 

On the third level of analysis, the abundance ratio between the identified 

peptides and proteins in Medium and Light-labelled samples is taken into account 

to give the protein quantification results. On this stage, the discrepancy between 

peptide abundances between the biological replicates may be limited by a certain 

selected threshold to exclude biologically inconsistent results and possible 

outliers. 

On the fourth level of analysis, the calculated abundance ratios for each 

protein in each replicate are normalised to a common value derived by a selected 

normalisation method (normalisation by average peptide ratio in each replicate, 

normalisation by a selected protein level, etc.), if required. 

The key parameters on each of the four levels of the proteomic analysis are 

greatly varied across the scientific publications because these ultimately allow 

addressing different research questions. For example, in (366), researchers have 

purified Htt structures by using the iTRAQ procedure with consequent 

chromatography procedure – which ensures specific purification of the target 

construct. Hence, the MS data analysis parameters were chosen not strictly 

(protein and peptide FDR levels being of 5%), as the specificity has been ensured 

on the experimental level. Conversely, in (367), the aim was to compare the whole 
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interactome of different cancer samples. Therefore, the background signal in the 

resulting MS spectra would be much higher rather than in a specifically purified 

sample. Hence, the data analysis was performed with a very high stringency 

(peptide FDR levels were chosen as 0.1%). This ensures an appropriate sensitivity 

and minimal detection of false-positive hits even with increased background 

levels.  

 

 Mass-spectrometry data analysis applied in this study 

The principles of proteomic analysis applied in this study are based on the 

work in which authors aimed to obtain the initial range of peptides with mild 

filtering to collect a larger base of the initial hits (367,368). To achieve that, all of 

the experimentally feasible post-translational modifications were included in the 

search, and up to 2 missed peptide cleavages were allowed. Missed cleavages 

stand for a partial digestion of a selected peptide in the initial trypsinised mixture 

– which is a common phenomenon in case of mass spectrometry research of 

densely-packed proteins or proteins in non-native, aggregated conformation 

(183,369). Then, the list of identified peptides was stringently filtered against the 

decoy database to end up with the FDR being 1% or less. By increasing the size of 

the initial database and therefore empowering the statistics on the initial stage, 

one can assure the higher effectiveness of the FDR method, proper exclusion of 

false-positive results and hence maximum sensitivity of the mass-spectrometry 

analysis (370). The FDR method is the dominant way to control for proteomic 

results stringency (371). 

The goal of proteomic analysis in this thesis was to compare the interacting 

partners of the early-formed and mature mHttex1 inclusions. On the biological 

level, the low stringency was required to allow all of the possible protein 

interactions with mHttex1 to get initially collected. Then, all of the peptide hits 

were to filter very stringently, leaving only the confident interactions included. 

The peptide search was conducted against the Uniprot homo sapiens protein 

database. A strict peptide FDR threshold of 0.5% was applied. 

The FDR-filtered list of peptides was used for protein identification. Two 

or more unique peptides in at least 2 out of 3 replicates were considered as a 

minimum criterion for protein identification. The protein list was also searched 

against the decoy database to ensure the protein FDR of 1%.  

For the quantification, only the unique peptides were used. The peptides 

with missing abundances in any channels or peptides being obvious outliers (with 
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abundance ratio greatly varying across the channels) were manually checked 

against the raw data. The XCalibur software (version 2.1.0, Thermo Fisher) was 

used to follow the mass and retention time of the designated peptides and 

calculate the abundance manually. In case of abundance value missing from the 

raw data or greatly differing from the value calculated by the Proteome Discoverer 

and being an obvious outlier (with discrepancy exceeding 200%), the peptide was 

excluded from the consideration. Otherwise, the corrected abundance was taken 

into account and was manually recalculated into the peptide abundance ratio.  

Protein abundance ratios (medium versus light) were first individually 

calculated for each replicate. The resulting abundance ratios in each replicate 

were normalised by the median abundance ratios of all the peptides used for 

quantification in that replicate. The normalised abundance ratios were then 

processed to give average abundance ratio and standard deviation by following a 

procedure described in (275). Data processing and reporting procedure fully met 

the requirements of the molecular and cellular proteomics (MCP) guidelines, a 

golden standard in the field of proteomic research and data processing for 

proteomic publication. The requirements are available online: 

http://www.mcponline.org/site/misc/ParisReport_Final.xhtml and 

http://www.mcponline.org/site/misc/ms_guidelines.xhtml (372). 

For the complete list of the parameters used in the analysis, refer to the 

methods sections 3.1.16, 3.1.17.  

http://www.mcponline.org/site/misc/ParisReport_Final.xhtml
http://www.mcponline.org/site/misc/ms_guidelines.xhtml
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 Chapter III results 

 Mass-spectrometry procedure reveals interacting partners of the HBRi and 

PBRi inclusions 

HBRi and PBRi inclusion interacting partners were studied by performing 

mass spectrometry analysis of the purified and sorted HBRi and PBRi inclusions 

by the method described above. The resulting list of interacting partners after 

filtering and post-processing were subjected to STRING bioinformatics analysis 

(277) to put the interacting partners in the context of key cellular pathways 

(Figure 6.5.1).  

The total number of stringently identified interacting partners of HBRi and 

PBRi inclusions comprised of 67 proteins. 30 proteins were common between the 

HBRi and PBRi; 17 proteins with more than 1.5-fold enrichment comprised the 

HBRi interactome; 20 proteins with more than 1.5-fold enrichment comprised the 

PBRi interactome. The proteins were arranged by average abundance ratio 

between the HBRi and the PBRi categories. The simplified list of these proteins is 

presented in Table 3. The complete mass-spectrometry analysis including the raw 

data is presented in Supplementary Table 1. 

Figure 6.5.1. Protein-protein interaction network obtained by applying STRING analysis 

to the HBRi and PBRi interactome identified by quantitative mass-spectrometry. 
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 Inclusions originate from mHttex1 bound to ribosomes  

The HBRi interacting partners mainly comprised the cluster of ribosomal 

proteins, proteins involved in the process of translation and other 

ribonucleoproteins. The PBRi interacting partners comprised the cluster of mRNA 

splicing machinery, proteins involved in stress granule biology (including PCBP1 

and HSPB1) and RNA processing biology (including FUS and HNRNP family 

proteins), chaperones of quality control machinery and the Htt protein itself. 

The gene ontology analysis (described in detail in (373)) allowed us to 

connect the identified interacting partners with the biological processes these are 

involved in. The analysis suggests mRNA splicing (GO:0000398, P < 6.57E-06), 

mRNA processing GO:0006397, P < 6.05E-05) and translation (GO:0006412; P < 

1.28E-06) are the most prominent biological processes the HBRi and PBRi 

interacting partners participate in (Figure 6.5.1). The gene ontology analysis is 

provided in Supplementary Table 1. 

These data suggest the formation of the initial mHttex1 inclusion may 

happen around the ribosomes and the translation machinery. The mature 

inclusion attracts chaperones, stress granule response network and may impact 

the process of mRNA splicing.  
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Accession Gene I D Σ Coverage, %
Σ#  Unique 

Peptides
#  AAs MW [kDa]

Normalised 

Abundance Ratio, 

Replicate I

Normalised 

Abundance Ratio, 

Replicate I I

Normalised 

Abundance Ratio, 

Replicate I I I

Average 

Abundance 

Ratio

Abundance 

Ratio SD [%]

NH2L1_HUMAN NHP2L1; SNU13 18.8 2 128 14.2 5.472 2.742 1.559 3.258 62

RL18_HUMAN RPL18 19.7 3 188 21.6 5.013 2.180 1.641 2.945 62

HNRPC_HUMAN HNRNPC 21.6 5 306 33.7 5.753 1.215 1.664 2.877 87

RS23_HUMAN RPS23 16.1 2 143 15.8 5.321 1.074 1.067 2.487 99

RL14_HUMAN RPL14 10.7 2 215 23.4 3.879 1.495 1.789 2.388 54

NUCL_HUMAN NCL 5.1 2 710 76.6 - 1.123 3.222 2.172 75

DDX5_HUMAN DDX5 19.2 5 614 69.1 4.167 1.423 0.836 2.142 83

NOP58_HUMAN NOP58 4.3 2 529 59.5 3.430 1.771 1.210 2.137 54

RL4_HUMAN RPL4 11.2 4 427 47.7 2.860 1.860 1.402 2.041 37

TOP1_HUMAN TOP1 2.7 2 765 90.7 2.913 1.492 1.185 1.863 49

NOP2_HUMAN NOP2 6.4 4 812 89.2 3.140 1.507 0.899 1.849 63

RS5_HUMAN RPS5 13.7 2 204 22.9 1.125 1.985 2.177 1.762 32

PARP1_HUMAN PARP1 3.8 3 1014 113 2.609 1.523 1.153 1.762 43

RSSA_HUMAN RPSA 11.2 2 295 32.8 0.708 2.750 1.787 1.748 58

RL7A_HUMAN RPL7A 22.6 4 266 30 2.833 1.365 0.779 1.659 64

DDX3X_HUMAN DDX3X 5.6 4 662 73.2 2.612 1.331 0.777 1.574 60

RL23_HUMAN RPL23 21.4 2 140 14.9 1.750 1.508 1.383 1.547 12

GSTP1_HUMAN GSTP1 12.4 2 210 23.3 2.189 1.261 0.967 1.472 43

RL22_HUMAN RPL22 21.9 2 128 14.8 1.767 1.420 1.195 1.461 20

HNRPU_HUMAN HNRNPU 3.0 2 825 90.5 1.697 1.425 1.243 1.455 16

RL30_HUMAN RPL30 53.9 4 115 12.8 1.864 1.248 1.197 1.436 26

H4_HUMAN

HIST1H4A; 

HIST1H4F; 

HIST1H4D; 

HIST1H4J; 

HIST2H4A; 

HIST2H4B; 

HIST1H4H; 

56.3 8 103 11.4 1.951 1.199 1.128 1.426 32

RS2_HUMAN RPS2 11.3 3 293 31.3 1.118 1.828 1.229 1.392 27

RS8_HUMAN RPS8 13.5 2 208 24.2 1.667 1.050 1.447 1.388 23

LMNB1_HUMAN LMNB1 7.2 4 586 66.4 1.395 1.416 1.175 1.329 10

RS14_HUMAN RPS14 29.1 5 151 16.3 1.530 1.346 1.093 1.323 17

FBRL_HUMAN FBL 24.0 6 321 33.8 1.453 0.971 1.395 1.273 21

RL11_HUMAN RPL11 14.6 2 178 20.2 1.346 0.944 1.205 1.165 17

RL8_HUMAN RPL8 10.5 2 257 28 - 1.143 1.171 1.157 58

RL12_HUMAN RPL12 18.8 2 165 17.8 0.653 1.279 1.532 1.155 39

IMB1_HUMAN KPNB1 3.4 2 876 97.1 1.114 1.331 1.018 1.155 14

ROA2_HUMAN HNRNPA2B1 21.5 6 353 37.4 1.164 1.100 0.989 1.085 8

RL24_HUMAN RPL24 14.0 2 157 17.8 1.277 0.788 1.084 1.050 23

CENPV_HUMAN CENPV 15.3 3 275 29.9 0.741 0.916 1.479 1.045 37

LMNA_HUMAN LMNA 13.6 7 664 74.1 1.147 1.090 0.848 1.028 15

IF6_HUMAN EIF6 20.0 3 245 26.6 0.507 1.538 1.010 1.018 51

DDX21_HUMAN DDX21 11.4 7 783 87.3 1.032 0.986 1.008 1.008 2

CLH1_HUMAN CLTC 2.5 3 1675 191.5 0.858 0.859 1.174 0.964 19

VIME_HUMAN VIM 7.9 3 466 53.6 0.398 1.163 1.270 0.944 50

P53_HUMAN TP53 10.7 3 393 43.6 0.805 0.996 0.950 0.917 11

HNRPM_HUMAN HNRNPM 16.8 8 730 77.5 0.511 0.977 1.167 0.885 38

RS7_HUMAN RPS7 13.9 2 194 22.1 0.388 0.877 1.207 0.824 50

DNJA1_HUMAN DNAJA1 9.3 3 397 44.8 1.710 0.438 0.137 0.762 110

TADBP_HUMAN TARDBP 13.0 5 414 44.7 0.918 0.628 0.329 0.625 47

YTHD2_HUMAN YTHDReplicate II 4.0 2 579 62.3 0.974 0.531 0.309 0.605 56

TAGL2_HUMAN TAGLN2 38.2 6 199 22.4 1.274 0.297 0.240 0.604 96

KPYM_HUMAN PKM 6.6 2 531 57.9 0.376 0.539 0.716 0.544 31

PCBP2_HUMAN PCBP2 23.3 4 365 38.6 0.882 0.444 0.156 0.494 74

HS71B_HUMAN HSPA1B 29.2 14 641 70 0.424 0.651 0.345 0.474 34

DDX17_HUMAN DDX17 15.6 7 729 80.2 0.234 0.651 0.449 0.445 47

RBM14_HUMAN RBM14 7.8 4 669 69.4 0.246 0.540 0.449 0.411 36

PCBP1_HUMAN PCBP1 31.2 6 356 37.5 0.703 0.337 0.163 0.401 69

HNRH1_HUMAN HNRNPH1 22.5 7 449 49.2 0.423 0.427 0.340 0.397 12

HSP7C_HUMAN HSPA8 24.3 10 646 70.9 0.334 0.467 0.355 0.385 19

PRC2C_HUMAN PRRC2C 0.8 2 2896 316.7 0.357 0.409 0.340 0.369 10

RENT1_HUMAN RENT1 3.2 3 1129 124.3 0.251 0.435 0.304 0.330 29

FUS_HUMAN FUS 11.2 3 526 53.4 0.298 0.243 0.402 0.314 26

HNRPF_HUMAN HNRNPF 19.5 5 415 45.6 0.329 0.316 0.297 0.314 5

DNJC7_HUMAN DNAJC7 15.6 7 494 56.4 0.354 0.321 0.234 0.303 21

DNJB1_HUMAN DNAJB1 8.8 3 340 38 0.305 0.320 0.233 0.286 16

DNJA2_HUMAN DNAJA2 9.2 2 412 45.7 0.606 0.109 0.104 0.273 106

HNRH2_HUMAN HNRNPH2 14.0 2 449 49.2 0.257 0.420 0.131 0.269 54

HD_HUMAN HTT 0.4 2 3142 347.4 0.007 0.468 0.128 0.201 119

CNN3_HUMAN CNN3 11.9 3 329 36.4 0.168 0.219 0.205 0.197 13

SEPT2_HUMAN SEPT2 8.6 2 361 41.5 0.240 0.218 0.072 0.177 52

SGTA_HUMAN SGTA 25.2 6 313 34 0.184 0.198 0.107 0.163 30

HSPB1_HUMAN HSPB1 13.2 2 205 22.8 0.113 0.155 0.141 0.136 16

Table 3. A simplified list of HBRi and PBRi interacting partners identified by mass-spectrometry 

analysis. Proteins enriched in HBRi category are presented in red, the common proteins are in 

black and proteins enriched in PBRi category are presented in blue. 
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 Super-resolution imaging confirms the enrichment of ribosomes in the 

inclusions 

To support the hypothesis that the inclusion formation happens around the 

ribosomal machinery, we investigated whether the ribosomes might be visible 

under super-resolution microscopy inside the structure of the inclusion. We 

performed a super-resolution imaging of purified early-formed inclusions 

similarly to the experiment conducted in section 4.5.5 by using a 1:100 dilution of 
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Figure 6.5.2. Super-resolution analysis of the presence of ribosomes in the early-formed 

Httex1 inclusions. A, B. Confocal images displaying an overlay of FlAsH channel (cyan 

colour) and Alexa Fluor 647 (red colour). A. Httex1TC9(97Q)-Cerulean with the anti-

RPL18 antibody. B. Httex1TC9(97Q)-Cerulean with rabbit IgG isotype control antibody. 

Scale bar reflects 10 m. C. Quantification of differences in antibody reactivity for 

Httex1TC9(97Q)-Cerulean with anti-RPL18 antibody (Sample), Httex1TC9(97Q)-Cerulean 

with rabbit IgG isotype control antibody(Isotype Control) and background. Differences 

were assessed by paired 2-tailed Student’s t-test. **, p=0.0042; ns, p=0.1070. Sample: 

N=56, Isotype Control: N=37, Background: N=10. D. Super-resolution structures of 

RPL18 reactivity in the early-formed Httex1 inclusion. Arrows depict possible amyloid 

fibril formation. Scale bar reflects 5 m. 
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primary rabbit anti-RPL18 antibody. The RPL18 ribosomal protein is one of the 

ribosomal proteins of highest enrichment in the HBRi inclusion category (Table 

3). The secondary antibody used was goat anti-rabbit Alexa-Fluor 647. The late 

inclusions were not tested due to lack of antibody penetration inside of their 

structure and hence impossibility to detect ribosomes in the core of the late 

inclusion (as shown in section 4.5.5 for Huntingtin protein itself). For the negative 

control, the fluorescent signal of the anti-RPL18 antibody in the early inclusions 

was compared to the signal in the sample stained with rabbit IgG isotype antibody 

control (also diluted 1:100) under the confocal microscopy regime. The 

background levels were also assessed. 

To control for unspecific binding, we first compared the confocal images of 

the actual sample (Figure 6.5.2, A) with the images of the control sample with the 

isotype antibody (Figure 6.5.2, B). Visually, the antibody binding in the negative 

control sample is less prominent than in the actual sample. Upon quantification 

(as described in methods section 3.1.8), the fluorescence of secondary antibody in 

the isotype antibody control sample displays a significantly lower signal than in 

the actual sample (p=0.0042, **), and is not significantly different from the 

background level (p=0.1070, ns). This signifies the amount of unspecific antibody 

binding in the system is acceptable (Figure 6.5.2, C).  

The obtained pattern of ribosomal antibody binding suggested it might 

bind to individual ribosomal complexes inside of the inclusion, as the majority of 

the signal was coming from scattered dots inside of the inclusion visually looking 

close to a ribosome in size (Figure 6.5.2, D). To test this hypothesis, 25 random 

dots were estimated in size in FIJI by plotting a line from a side of the dot towards 

another side through its centre and estimating the average length of the line. The 

dots resulted being of 66  14 m in size, N=25, Mean and SD. The size of both 

ribosomal subunits is around 25 to 30 nm (374). The size of primary and 

secondary antibody conjugates is 20 nm maximum in case of a linear alignment 

(375). Therefore, the theoretically calculated size of a ribosome bound to the 

primary and secondary antibody conjugates from both sides in a linear fashion is 

65 to 70 nm – which correlates very well with the experimentally calculated size 

of a dot detected. Hence, it is worth concluding the images display an additional 

evidence of presence of the ribosomes in the early inclusions. Of note, the images 

display a few structures visually similar to amyloid fibrils (denoted with arrows 

in Figure 6.5.2, D). This might signify for an initial seed of amyloid fibrillation 

happening on the early-intermediate stages of mHttex1 inclusion assembly. 
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 Bioinformatic analysis reveals the enrichment of proteins with intrinsically 

disordered regions in the PBRi inclusion category 

To describe the interacting partners of HBRi and PBRi further, we 

performed series of bioinformatic analyses that aimed to characterise each 

protein in the HBRi and PBRi interacting list and reflect its glutamine content, as 

well as the presence of intrinsically disordered regions and domains that have 

properties of prions in their sequence. The glutamine content was analysed by 

examining the protein sequence statistics with the SAPS tool (EMBL-EBI). The 

IDRs and prion properties were analysed by applying the PLAAC algorithm (276). 

The random set of 60 proteins out of Uniprot was used as a negative control 

(presented in Supplementary Table 1). As a result, the proteins interacting with 

the HBRi category do not have any significant difference from the negative control 

on both prion-like or IDR properties, as well as on the glutamine content. On the 

other hand, PBRi category interacting proteins have significantly elevated 

glutamine content in their sequences (p=0.0003, ***) and have a significantly 

higher propensity to contain the intrinsically disordered regions (p=0.0097, **). 

PBRi interacting partners that have significantly elevated glutamine content are 

presented in Supplementary Table 1.  

Figure 6.5.3. The PBRi interactome is aggregation-prone. A. A PLAAC analysis of prion-

like domains and intrinsically disordered regions in the sequences of HBRi and PBRi 

interacting partners. The Log-Likelihood Ratios (LLR) score is proportional to the 

presence of IDRs. B. A glutamine content analysis of the HBRi and PBRi interacting 

partners. 60 random human proteome proteins were used as a control for both 

experiments. Data were compared by using a 2-tailed ANOVA test. 
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 Live cell confocal microscopy analysis of mHttex1 colocalization with 

classical markers of neurodegeneration 

To additionally test for the recruitment of proteins involved in stress 

granule biology, neurodegeneration and intrinsically disordered proteins into the 

mHttex1 inclusion, we performed a live cell confocal assay in which we 

coexpressed Httex1TC9(97Q)-mCherry with TIA-1-GFP, FUS-GFP and TDP-43-GFP. 

TIA-1 is a classical marker for stress granule systems (341). TIA-1 also has 

high glutamine content of 9.1% and prominent prion-like properties with PLAAC 

score of 22.2, based on the additional analysis performed similarly to the above-

described method. TIA-1 is present in RNA biology and is known for its possible 

dysfunction during neurodegenerative diseases (376). 

FUS is a widely distributed neurodegeneration marker (a known 

component of inclusions in HD and some forms of ALS), the exact role of which 

Figure 6.5.4. Confocal live cell microscopy analysis of mHttex1 inclusion colocalization 

with classical markers of neurodegeneration. The cells were cotransfected with 

Httex1TC9(97Q)-mCherry and A, TIA-1-GFP; B, FUS-GFP; C, TDP-43-GFP. Images were 

taken every 10 minutes.   
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during the neurodegeneration is not fully understood (377). FUS is known to 

phase separate with its IDRs and be present in stress granule biology (349). 

TDP-43 is another major neurodegenerative disease protein and a 

component of stress granules (341). TDP-43 is known to interact with FUS and be 

involved in the RNA biology. The exact connection between the pathogenic 

process and TDP-43 is also not clearly understood (377).  

By capturing images every 10 minutes 24 hours after transfection and 

studying the colocalisation of Httex1TC9(97Q)-Cerulean with TIA-1, FUS and TDP-

43, we were able to demonstrate that TIA-1 colocalises with the core of mHttex1 

inclusion immediately after it has formed (Figure 6.5.4, A). FUS and TDP-43 

colocalized with the outer surface of mHttex1 inclusion. These proteins did not get 

into the centre of the inclusion but formed a distinct ring around its structure 

(Figure 6.5.4, B, C). This evidence might suggest a different recruitment template 

for TIA-1 and FUS, TDP-43 proteins into a mHttex1 inclusion. TIA-1 may colocalise 

with the early-formed mHttex1 inclusion structure, whereas FUS and TDP-43 

possibly colocalise with mHtex1 on a later inclusion assembly stage. 
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 An attempt to test for the presence of the Htt mRNA in the 

mHttex1 inclusions 

Our findings raise a hypothesis that the formation of mHttex1 inclusions is 

interconnected with the process of translation, which may then result in 

aggregation. In case this hypothesis is correct, one is likely to expect Huntingtin 

mRNA to be present in the mHttex1 inclusions, as it would be associated with 

ribosomes during the process of translation. In case aggregation starts early 

enough in this process, mRNA of mHtt is likely to still be in association with the 

ribosomes and hence stay inside of the structure of the inclusion – which contains 

the ribosomal subunits as according to the proteomic analysis.  

The detection of mHtt mRNA inside the structure of the inclusion is an 

appealing hypothesis, and attempts in the literature has been made to clarify the 

situation. However, detection of mRNA inside of the inclusions is complicated by 

the fact that the inclusions are very dense in structure (as shown in chapter 4.5.5). 

It is challenging to probe for Htt mRNA in the existing inclusion, as the biochemical 

treatments focussed on relaxing the structure of the inclusion (for example, 

treatment with formic acid applied in this study) are likely to degrade the fragile 

structure of the Htt mRNA (378). Similarly, the use of antibodies that would bind 

to mRNA and yield a fluorescent signal, a classical technique in the field of mRNA 

imaging studies (379), is also complicated by the fact that the inclusions are very 

dense in structure. This may prevent antibody penetration and binding to the 

mRNA inside of the inclusion. 

 

 MS2 stem loops approach for mRNA detection in mHttex1 inclusions 

An appealing method to detect mRNA in living cells applies the MS2 

bacteriophage protein that binds to a RNA stem-loop, comprising of a specific 19 

nucleotides sequence entitled a “stem-loop motif” (265). If the DNA sequence of 

the stem-loop motif is encoded into the gene of interest, upon transcription, the 

resulting mRNA will gain the sequence the MS2 protein binds to. MS2 protein is 

fused to a GFP, which allows detecting the position of the mRNA of interest.  

A recent study applied the MS2 approach to determine whether mHtt binds 

to its mRNA in intact cells (380). While the RNA-sequencing and 

immunopurification assay results provide solid support for mHtt’s own mRNA to 

associate with it, the MS2 approach in the study lacks a control in which the MS2-

GFP protein is coexpressed with mHtt – but without the MS2 stem-loop in mHtt 
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sequence. In this negative control experiment, the MS2-GFP would be expected 

not to yield any colocalization with mHtt. The MS2 system is also expected to have 

moderately high sensitivity and lack of unspecific binding (265,381).  

We aimed to address this concern and performed a confocal microscopy 

experiment where the HEK293 cells were cotransfected with mHttex1TC9(25Q; 

97Q with no MS2 stem loops; 97Q with MS2 stem loops)-mCherry and MS2-GFP. 

24 h after transfection, the cells were subjected to imaging (Figure 6.6.1). As a 

result, there is a significant colocalization of MS2-GFP with mHttex1 inclusions 

Figure 6.6.1. Confocal images of mHttex1TC9(25Q; 97Q)-mCherry coexpressed with 

MS2-GFP. A, 25Q. B, 97Q without the MS2 stem-loop. C, 97Q with MS2 stem-loop. The 

arrows denote colocalization of MS2-GFP protein with mHttex1 inclusion; the GFP 

channel is marked for better MS2 protein visibility. 

A.                         B.                         C. 
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both in case of mHttex1 fused to the MS2 stem loops and when the MS2 stem loops 

are absent from mHttex1 sequence (Figure 6.6.1, B, C). The likely explanation for 

this result is that MS2-GFP may coaggregate with inclusions due to overall 

proteome stress, or the unspecific background binding of the MS2 protein is 

higher than reported previously.  

 

 Fluorescent in situ hybridisation (FISH) method  

To complement the MS2 results and investigate whether the mHttex1 

mRNA can be detected in our living cell system, we have performed an additional 

fluorescent in situ hybridisation experiment (FISH). FISH is a widely used mRNA 

detection technology suitable for imaging target mRNA in fixed cell sample (382). 

The principle of FISH lays within hybridisation of a fixed sample with a specifically 

designed probe fused to a selected fluorophore (383). This allows sample 

visualisation under a regular confocal microscope.  

To perform mRNA detection experiment in cells expressing mHttex1 with 

proper controls, we have designed the FISH probe (Stellaris, USA) against the 

Cerulean sequence. The probe was designed to bind to Cerulean mRNA and hence 

to mRNA of mHttex1-Cerulean. The probe was not designed to bind to the mRNA 

of another fluorescent protein, ps-CFP2 and hence not to bind to mRNA of 

mHttex1 fused to ps-CFP2. We first tested the background binding of FISH by 

probing the sample with mHttex1TC9(46Q)-ps-CFP2 coexpressed with ps-CFP2 

and mHttex1TC9(46Q)-ps-CFP2 alone, Figure 6.6.2, A, B. The background binding 

appeared to be low. In the control experiment, we coexpressed mHttex1TC9(46Q)-

ps-CFP2 with Cerulean and probed it with a FISH dye. The expected result was 

that the FISH probe binds to the deposits of Cerulean mRNA, but not to Htt mRNA. 

We then compared the images with the actual sample, in which mHttex1TC9(46Q)-

Cerulean was coexpressed with ps-CFP2. The anticipated result was that FISH 

probe would bind to Htt mRNA, but not to the mRNA of ps-CFP2.  

The data display no difference in FISH probe binding between the control 

experiment and actual sample (Figure 6.6.2 C, D). Interestingly, FISH probe seems 

to form rings around the mHttex1 inclusions (denoted with arrows on the figure). 

However, the ring formation was detected in both control and actual sample. We 

hence conclude that FISH method is also not sensitive enough to allow resolving 

the question of mHtt mRNA presence in mHttex1 inclusions.  
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 Detection of mRNA in Htt inclusions by using click chemistry approach 

The next aim was to test if mRNA in general is present in Htt inclusions. 

The click chemistry approach was applied. HEK293 cells were transfected with 

Httex1TC9(97Q)-Cerulean and 101xGA-GFP construct as a control. The abnormal 

expansion of poly-GA repeats (originally detected in C9ORF72 protein) leads to 

aggregation and neurodegeneration in ALS and FTD diseases (384). The 101xGA 

control was hence used as an independent aggregation model in a different 

disease. 6 hours after transfection, cell media was replaced with the one 

containing 5-ethynyl uridine (EU). 24 hours after media replacement, the cells 

Figure 6.6.2. FISH confocal images of mHttex1 constructs. A, B, negative controls. A. 

mHttex1(46Q)-ps-CFP2 coexpressed with ps-CFP2 and probed with FISH against 

Cerulean. B. mHttex1(46Q)-ps-CFP2 probed with FISH against Cerulean. C. 

mHttex1(46Q)-ps-CFP2 coexpressed with Cerulean and probed with FISH against 

Cerulean. A negative control. D. mHttex1(46Q)-Cerulean coexpressed with ps-CFP2 

and probed with FISH against Cerulean. An actual sample. Arrows represent ring 

formation of FISH probe around the inclusion. Scale bar represents 10 m. 
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were lysed, and the HBRi and PBRi inclusions were sorted as previously. The GA 

inclusions were sorted by applying the PulSA method to the GFP channel. mRNA 

recruited into inclusions was detected by staining the EU with Alexa Fluor 594 dye 

via the click chemistry commercial method.  

The reactivity of poly-GA inclusions to Alexa 594 was not significantly 

higher than in background (p=0.2454, ns). The reactivity of HBRi inclusions to 

Alexa 594 was moderately higher than in background (p=0.0315, *). The reactivity 

of PBRi inclusions to Alexa 594 was higher than in background (p=0.0010, **), 

Figure 6.6.3. The comparison was made by applying Student’s t-test.  

This signifies that Huntingtin inclusions gradually recruit mRNA in general, 

whereas the poly-GA inclusions of different disease model do not.  

  

Figure 6.6.3. Click chemistry detection of RNA in aggregates. Cer, Cerulean. Alexa, 

Alexa Fluor 594. A. An example of HBRi inclusion reactivity. B. An example of PBRi 

inclusion reactivity. C. An example of poly-GA inclusion reactivity. D. Quantification of 

inclusion reactivity. The statistical test used was Student’s t-test. Scale bar represents 

10 m. 
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 Chapter III summary and discussion 

In this chapter, we examined the cellular proteins which interact with 

mHttex1 inclusions on the early assembly stage and after maturation into the 

amyloid state. These data point towards the formation of mHttex1 inclusions 

happening around the ribosome and protein translation machinery. The 

recruitment of ribosomes into the early-formed inclusion has been confirmed by 

performing the super-resolution analysis. The mature inclusions interacted with 

mRNA splicing and processing machinery, proteins involved in stress granule 

biology and proteins known to be involved in the process of neurodegeneration. 

The late inclusions also preferentially attracted chaperones and contained more 

Htt protein itself.  

 

 The described interactome of the inclusions 

The interaction of mHtt with ribosomal subunits has been described before 

(195,385) and may explain the translation defects observed in HD pathology 

(242). The increased interactions between the ribosomes and the early-formed 

inclusions but not the late-formed inclusions are consistent with the idea of 

inclusion formation happening on the ribosome. It also echoes to the findings that 

soluble oligomers of mHttex1 interact with ribosomes (195). The enrichment of 

translation regulation machinery in the inclusions may also support the 

hypothesis that translation dysregulation is an early event in HD pathology (156). 

The ribosomes have also recently been visualised in mHttex1 inclusions as 

followed by cryo-EM analysis (386). 

Huntingtin fragments were previously reported to interact with Nucleolin, 

a crucial ribosome biogenesis participant. The researchers demonstrated this 

interaction leads to a nucleolar stress, a central stress response network node in 

neurodegenerative diseases (387). The consequences of the nucleolar stress 

include the arrest of ribosomal biogenesis, cell cycle arrest, senescence and death 

by apoptosis via the p53 pathway (388). This mechanism may be consistent with 

our experimental observations.  

Huntingtin was also demonstrated to interact with Poly (ADP-ribose) 

polymerase 1 PARP-1, a protein involved in DNA maintenance and activation of 

apoptosis (389). In mouse HD models, the inhibition of PARP-1 increased mouse 

survival, which may be consistent with the delayed survival in a different cell 

death state that we observed (389). 
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The preferential recruitment of chaperones into the structure of late 

inclusions may signify a delayed cellular attempt to process a completely formed 

inclusion by the quality control mechanisms, consistently with the published data 

(192,193). 

The enrichment of late PBRi inclusions with the Htt protein itself is 

consistent with the data obtained in sections 4.5.3, 4.5.5, 5.5.6 pointing towards a 

gradual and cooperative recruitment of soluble mHttex1 into the inclusion 

structure, and with published studies (194). This explains why the early-formed 

HBRi inclusion is roughly 2-fold smaller than the PBRi inclusion, it confirms PBRi 

being denser than HBRi and supports the idea of gradual loss of cytoplasmic 

mHttex1 that serves as building blocks for the mature inclusion – as also described 

in the literature (390). The presence of the endogenous Htt in PBRi inclusions may 

account for its sequestration into the inclusions in a possibly inactive or 

inaccessible state. This sequestration is likely to be mediated through the polyQ 

tract interaction between the mutant and endogenous Huntingtin (194). This 

correlates with progressive proteome coaggregation with the mature Huntingtin 

inclusion and the gradual loss of Huntingtin function on the late HD stage (72). 

The late inclusions, but not the early ones, interacted with proteins 

displaying significant prion-domain proteins and having more glutamines in their 

sequence, as well as more disordered regions. This observation is consistent with 

the idea of aggregation-prone less stable proteins coaggregating with mHttex1 

under the overall diminished proteostatic capacity (196). 

 

 mHtt mRNA imaging attempts 

Our data demonstrate that the MS2 system may have some flaws in its 

specificity and sensitivity. Clues to reasons of background binding of the MS2 

protein may be gained from the evidence that mHtt mRNA forms distinct hairpins 

enriched with ANCA motifs in vivo (391). The MS2 protein has been previously 

reported to bind to ANCA motifs as well (392). Although the matter of MS2 

specificity requires a careful investigation, we conclude the MS2 system is not fully 

suitable for in vivo Huntingtin mRNA detection.  

In the FISH experiment, the pattern of FISH probe binding displayed ring-

shaped structures around the inclusions of mHttex1. However, there was no 

difference in FISH probe binding and ring formation propensity in both actual 

sample and control. It is possible that mHtt aggregation is highly cooperative and 

sequestrates ribosomes with mRNA unspecifically in the structure of inclusions – 



 140 

which then explains the unspecific binding in the control sample. FISH method 

was used before for the detection of RNA foci in fibroblast cells derived from HD 

patients (382). However, the specificity of the designed FISH probe should be 

assessed carefully and may need an individual case-by-case consideration 

depending on the probe design.  

The differences between the inability of poly-GA inclusions to recruit 

cellular mRNA and ability of Huntingtin inclusions to recruit cellular mRNA 

suggests that the mechanism of inclusion formation may differ in Huntingtin and 

poly-GA disease models. Additionally, as PBRi inclusions recruited more mRNA 

than HBRi inclusions, it may correlate with mRNA splicing and processing 

machinery detected in PBRi interactome coaggregate with mRNA and Huntingtin.  

On the other hand, the lack of mRNA recruitment into poly-GA inclusions is not a 

fully expected result. Poly-GA inclusions containing C9ORF72 DPRs are known to 

sequester RNA binding proteins and splicing factors (including SRSF2, hnRNP 

family, nucleolin, Pur-α, ASF/SF2, ADARB2, TDP43 and RanGAP1), and induce 

nucleolar stress (393). Hence it is very likely that poly-GA inclusions are also 

prone to recruit the mRNA. The result may signify for lack of sensitivity of the click 

chemistry method of mRNA detection. 

 

 Localization of RNA processing and stress granule proteins to the inclusions   

Our results provide evidence that mHttex1 inclusions colocalise with TIA-

1, FUS and TDP-43 RNA-binding proteins (RBPs) involved in stress granule 

biology, mRNA binding and processing. These proteins were also shown to 

function in pathogenic process in neurodegenerative diseases (376,394) and were 

able to cause the neurodegeneration if mutated (395). The formation of stress 

granules itself is also linked to neurodegeneration (338). 

The exact mechanism by which TIA-1, FUS and TDP-43 participate in 

pathogenesis is not fully known. It might involve disengagement of proper RNA 

transcription, nuclear trafficking and splicing (396).  

T-cell intracellular antigen-1 (TIA-1) is the key component of stress 

granule formation. TIA-1 binds to target mRNA that is subject to removal and then 

self-associates to serve as a seed of stress granule formation (342). The self-

association of TIA-1 may be mediated via its disordered region with consequent 

formation of a hydrogel (376). mHtt inclusions are known to serve as a seed of 

TIA-1 sequestration into insoluble deposits via the disordered Q/N-rich region of 

TIA-1 (397). This may be consistent with our live cell observations of TIA-1 
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locating to the inner core of mHttex1 inclusion. This evidence supports the cross-

seeding reaction hypothesis of Htt inclusions formation, in which an amyloid fibril 

acts as a seed to accelerate the transition of other aggregation-prone or low-

complexity region proteins into the insoluble state (398).   

Fused in sarcoma (FUS) is a member of hnRNP family with strong RNA 

binding properties via its two RNA recognition motif, zinc finger domain and a few 

arginine-glycine-rich domains (399). FUS gained attention as an aggregating RNA-

binding protein in ALS and Huntington’s Disease (400). FUS normally shuttles 

between the nucleus and the cytoplasm. In neurodegenerative diseases, FUS 

subcellular location is altered (401). FUS has a distinct role in binding mRNA and 

participating in splicing process as well regulating the process of mRNA 

translation (377). Late-formed inclusions interacted with proteins involved in 

splicing, RNA binding and translation. This is consistent with FUS being included 

in the same biological network.  

TDP-43 is a highly conserved hnRNP family member that is widely 

expressed in human cells and facilitates interactions between the other members 

of the family (402). TDP-43 was originally discovered as a disease-associated 

protein in Parkinson’s and Alzheimer’s diseases and formed inclusions in ALS 

(403). Although these pathogenic mechanisms remain to be established, TDP-43 

is demonstrated to majorly interact with the cluster of mRNA transcription, 

translation and splicing cellular machinery (404). TDP-43 is also involved in 

nuclear-cytoplasmic transport and is a component of stress granules (405). Hence, 

these data support the hypothesis of loss of normal TDP-43 function as a result of 

the neurodegeneration and further lack of propensity to properly mediate mRNA 

transcription and translation (404,405). 

TDP-43 and FUS were shown to colocalise with TIA-1 in a core of stress 

granule formation, which links neurodegeneration with defects in mRNA 

processing (338). The process of stress granule formation has recently been 

linked to the formation of distinct phases in a cell. Moreover, the formation of 

stress granules during ALS pathology was demonstrated to be abnormal, and the 

problem in this process was linked to aberrant phase transition (406). A novel 

paper suggested the process of phase separation driven by low complexity regions 

might connect the formation of stress granules with pathological protein 

fibrillization (407). Hence, the stress granule response in neurodegenerative 

disorders may be a consequence of activation of a major biological pathway with 

phase separation process lying in its basis. 
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 Phase transition and inclusion assembly 

The interacting partners of the late-formed inclusions were demonstrated 

to have a significantly elevated levels of intrinsically disordered regions in their 

structure. Proteins with IDR (such as mRNA processing proteins) are known to 

phase separate (408). The RBPs TIA-1, FUS and TDP-43 which interacted with the 

mHttex1 inclusions are particularly well-studied in the phase separation process. 

The stress granule protein TIA-1 and the RNA-binding protein FUS formed liquid-

liquid phase-separated droplets in vitro under the coverslip. The addition of RNA 

into the mixture enhanced the phase-separating properties. The phase-separated 

structures were able to recruit other proteins with the IDRs into the assemblies 

through protein interactions via the IDRs or another type of interaction, possibly 

through the RNA binding (408). Additionally, FUS was shown to form liquid 

compartments as a response to DNA damage and cytoplasmic stress. These liquid 

compartments converted into the aggregated state over time in vitro in a 

concentration-dependent manner (409). The aggregates of FUS had properties of 

amyloid fibrils and were demonstrated to behave as hydrogels after the formation 

of the fibrils (410). TDP-43 was shown to form liquid-liquid phase separated 

structures via its IDRs. The mutant TDP-43 observed in ALS lost this propensity, 

which may have led to its toxicity (411). 

Additionally, polyQ-containing peptides display two separate phase states 

depending on the concentration: liquid-like assemblies and amyloid fibrils (359). 

This might lead to an idea of phase transition being driven by the elongated polyQ 

tract.  

This evidence altogether suggests that the process of phase transition is 

tightly interconnected with dysfunction in mRNA processing and protein 

synthesis and is central in neurodegenerative pathology. Recently, mechanisms of 

aggregate formation via phase transition have been proposed in a range of 

neurodegenerative disorders including ALS, TSEs, FTD, cancers (412). It is hence 

worth to hypothesise that the phase transition mechanisms apply to HD. Htt might 

first fold into a liquid droplet compartment (represented by the early inclusion in 

our study) through the interactions of its polyQ tract and/or IDRs of proteins of 

transcription, translation machinery and RNA-binding proteins. Upon 

accumulation of the material in this liquid droplet state, the structures may 

translate into hydrogels to form a nucleus for further amyloid growth, possibly via 

the IDRs of proteins that get additionally attracted into the inclusion (366).  
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Although this hypothesis is very appealing, the data obtained in this thesis 

along with the published phase transition studies only focuses on Huntingtin Exon 

1 or its N-terminal fragments. To date, it is not known whether full-length 

Huntingtin or its mutant version contributes to the process of phase separation. 

Particularly because full-length Huntingtin is very difficult to study due to its large 

size. However, it may be possible that regions outside of N-termini of Huntingtin 

may contribute and/or restrict the process of phase separation, or may recruit 

RNA-binding phase separating proteins which further modulate this process. 

Further research is required to clarify this in more detail.  
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 Overall conclusions and discussion 

This thesis sheds some novel insights on the problem of mHttex1 

aggregation and the role of the inclusions in the process of neurodegeneration. We 

discovered a novel mechanism that resolves seemingly problematic and 

controversial data in the field, suggesting that mHttex1 inclusions might serve 

both as a protective and toxic response. By applying unique techniques that allow 

observation of the mHttex1 aggregation route on the early and the late stages, we 

demonstrate that on the early stage of aggregation the inclusions are indeed 

protective by sequestering away the toxic soluble conformation of mHttex1. 

Soluble mHttex1 is the toxic form because it triggers apoptosis and leads to rapid 

cell death. Thus, these data are in agreement with the protective hypothesis of Htt 

inclusion formation (135). On the other hand, we also demonstrate that although 

the formation of the late inclusion improves cellular survival, it also leads to 

functional quiescence and death in necrosis by possibly overloading the broad 

cellular quality control systems. Thus, we conclude inclusion formation has a dual 

role in disease pathology. It helps a cell to cope with toxic soluble mHttex1 but also 

leads to functional paralysis upon maturation. 

 

 Interacting partners of early and late inclusions reconcile a mechanism of 

their formation 

Our proteomic findings echo with the pioneering analysis of interactome 

of soluble oligomeric mHttex1 and mHttex1 inclusions (195). Indeed, we also see 

ribosomal subunits and translation machinery associated with the early-formed 

inclusions – as compared to the oligomeric mHttex1 in the quoted study. The late-

formed inclusions interacted with chaperones, also in agreement with the 

published results, signifying a possible delayed attempt to dismantle and degrade 

the inclusion.  

Since the early-formed inclusions in our study interacted with ribosomes 

and RNA machinery – similarly to the soluble oligomers of mHttex1 (195), we 

propose it is likely that the problems with mHttex1 translation happen before the 

formation of the inclusion, and the translation stalling precedes the aggregation 

process. Hence, the mHttex1 inclusions may arise from stalled ribosomal 

complexes. 

We additionally demonstrated that the late inclusions interact with mRNA 

splicing machinery and stress granule proteins TIA-1, FUS and TDP-43. This may 
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signify a cellular stress network activated in response to problematic translation 

and/or ribosomal stalling by mHttex1 or a ribosomal quality control network 

(352,358).  

 

 Possible mechanism of inclusion maturation 

In contrast to the classical models of mHttex1 aggregation (413), we 

demonstrate that the formation of amyloid fibrils happens much later after the 

premature inclusion has formed. This is consistent with the emerging idea of 

phase separation governing the process of amyloid fibrillation. Firstly, a liquid-

liquid droplet forms via the disordered prion-like regions of the disease-specific 

protein and its interactome. Then, by following an array of unspecific interactions 

through the disordered regions, the structure converts into a more stable 

hydrogel assembly that serves as a seed for amyloid nucleation (412). 

 

 Ribosomal quality control response 

The presence of a large cluster of ribosomes in the interactome of the early 

inclusions supports the idea of inclusion forming after the initial mHttex1 

polypeptide stalling on a ribosome. This might engage the ribosomal quality 

control complex to cope with stalled translation (352). This is unlike a recent 

study which demonstrated a major component of RQC system E3 ligase Listerin 

present in Htt inclusions in yeast systems (358), we have not detected any of the 

known mammalian RQC components in the interactome of the inclusions (352). 

This may signify the event of RQC engagement to mHtt happening upstream of 

inclusion formation, or some of the RQC components remaining undiscovered, as 

the area has emerged just recently. It also remains unknown whether the RQC 

machinery pathway is connected to any particular type of cell death including 

apoptosis. 

 

 Mechanisms of apoptosis disruption – active strategy to suppress toxicity or 

by-product of quiescence 

Another aspect of mHttex1 aggregation that is revealed by this study is the 

suppression and triggering of apoptosis by the specific conformation of mHttex1. 

Our data confirm that the soluble form of mHttex1 actively launches apoptosis in 

the system, and the loss of soluble mHttex1 correlates with the loss of apoptosis. 

Inclusion formation switches apoptosis off over time – consistent with the studies 
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performed in rat models of the disease (324). The inhibition of caspase-1 also 

slows the HD progression in mice models, which relates to the delay in death after 

the formation of mHttex1 inclusion in our survival analysis (414). Concordant 

with our studies, the suppression of aggregate formation in mammalian cell 

models leads to increased apoptosis, signifying more soluble mHttex1 being 

present in the cytoplasm (415). 

Two aspects of mechanisms of apoptotic death remain unclear. Firstly, the 

origin of apoptosis triggered by soluble mHttex1 is not understood. Does soluble 

mHttex1 lose its wild-type function of apoptosis suppression, and hence the 

apoptotic pathway is not activated (416)? Could mHttex1 impact mitochondria by 

causing transcription deregulation and hence launching apoptosis via 

mitochondrial dysfunction (415)? Could the toxicity of mHtt mRNA lead to 

apoptosis (417)? The interactions between the molecular machinery/signalling 

pathways responsible for triggering apoptosis and the soluble mHttex1 remain 

unknown to date.  

Secondly, it remains to be established whether the inclusion formation 

possibly causes the progressive quiescence. In (324), the apoptosis could not be 

triggered by applying apoptotic inducers – which our data disagrees with. Due to 

the significant discrepancy between aggregation kinetics in cell models of HD and 

rat models, it is likely we have not detected the later stages of quiescence that may 

be significantly more severe. 

 

 Toxicity of soluble mHttex1 

The other mechanism yet to be established is the reason for toxicity of 

soluble mHttex1. A recently published study showed that soluble mHttex1 to 

abnormally interacts with cellular myosins and cause toxicity via the proline-rich 

domain. The aggregated form of mHttex1 is demonstrated to bury the PRD inside 

the aggregate structure and not interact with myosins (418). However, the role of 

the polyQ tract is not clear from these studies, as well as reasons for multiple other 

defects occurring in HD pathology.  

 

 Caveats and limitations of this study 

 One of the main limitations of the experimental work presented in this 

thesis is an exclusive use of mHttex1 protein, but not the full-length one. mHttex1 

is the most popular HD model system used in the literature (72,135,419). Yet, the 
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amino acid sequences flanking the exon 1 may significantly contribute to the 

aggregation propensity and rate, and the structure of formed oligomers and 

aggregates (420). Moreover, as the full-length Huntingtin may interact with an 

array of proteins that are not accessible to the exon 1 solely, it may also contribute 

to its aggregation behaviour in vivo (421). Hence, the difference between the full-

length Huntingtin and Huntingtin exon 1 should be taken into account when 

drawing conclusions and comparisons from the obtained experimental data. 

 Another important caveat of this study is an exclusive use of HEK293 cell 

line. The previous Huntingtin research performed in Hatters lab was done in 

Neuro2a cell line (271). However, HEK293 system proved itself to have a higher 

Huntingtin transfection efficiency. This provided us with an ability to obtain data 

in a much more high-throughput format, hence HEK293 cells were chosen 

explicitly for this study. Our lab colleague Nagaraj Moily worked in neuronal 

systems in parallel with this research. Although the obtained results were similar 

mechanistically to what we have obtained in this thesis, the lower expression rate 

in neurons and difficulty of their handling has put some limitations on possible 

experimental design (422). Similarly, our results correlate well with the classical 

study in the field, which was also performed in neuronal cell system (135). 

However, situation in cultured neuronal system also differs from the neurons of 

real patients in vivo. And as HEK293 cells have a highly accelerated expression 

(days in vitro model systems vs weeks in cultured neuronal systems vs decades in 

neurons of real patients in vivo), this may contribute to Huntingtin aggregation 

rate and push it to the extreme. Hence, the collapse of cellular proteostasis may be 

hypothesised to run much slower and more gradually in vivo. This should be taken 

into account when making appropriate comparisons and data interpretation. 
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 A model of mHttex1 inclusion formation and maturation – 

“Cellular Winter” 

 Our data can be summarised by the following mechanism (Figure 7.2.1). 

We propose mHttex1 causes a problem during its translation process and 

potentially stalls translation. The stalled mHttex1-ribosomal complexes comprise 

the toxic soluble population of mHttex1 in a cell, which leads to rapid cell death 

and triggers apoptosis via mechanisms that are yet to be unearthed. As a 

hypothesis, we postulate the presence of a quality control mechanism of possibly 

unknown nature that acts to resolve the problem with blocked mHttex1 

translation, and in case of successful processing, enables degradation and 

recycling of all the captured components. Upon the accumulation of the mHttex1-

ribosomal complexes, an early HBRi inclusion has formed. It is comprised of 

disordered proteins and ribosomal complexes. After the formation of the HBRi, 

RNA binding proteins and protein translation machinery coaggregate with the 

inclusion. The size of the early-formed inclusion grows as soluble mHttex1 

complexes are sequestrated into its structure. HBRi makes a transition into the 

late PBRi inclusion, possibly by following the phase separation mechanism. The 

PBRi inclusion is comprised of amyloid fibrils. It attracts a part of proteome 

vulnerable to aggregation: glutamine-enriched proteins, proteins with 

intrinsically disordered regions and those involved in neurodegenerative disease 

biology. Soluble mHttex1 is being sequestrated into the structure of the PBRi. 

Hence, the stimuli for apoptosis is gradually diminished. Cytoplasmic chaperones 

attempt to dismantle the amyloid formation, yet fail. By sequestering the 

Figure 7.2.1. A schematic summary of the experimental findings obtained in this thesis 

depicting a mechanism of Huntingtin inclusion formation and maturation.  
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proteome away and overloading the quality control mechanisms, the late 

inclusion causes functional paralysis and leads to the state of metabolic 

quiescence and necrotic death. 

 

 Future directions 

This work opens a broad range of research possibilities and questions that 

are important to address to expand the understanding of the mechanisms of HD 

neurodegeneration.  

 

 Is mHttex1 disrupting or stalling the process of translation?  

 What are the possible mechanisms of apoptosis triggering by the soluble 

mHttex1?  

 What is the mechanism of toxicity of soluble mHttex1? 

 What are the mechanisms of cellular quiescence that take order after the 

formation of the late inclusion?  

 Are the early and late inclusions possible to detect in different disease models, 

including neurons and mice organisms? 

 Is the formation of mHttex1 inclusion happening via phase transition 

mechanism?  

 

In particular, phase separation hypothesis could be very promising in 

explaining the process of mHttex1 inclusion formation and maturation. Fresh 

publications point towards improper phase separation by Tau in Alzheimer’s 

disease promoting the formation of amyloid fibrils (423); aberrant phase 

transition triggered by misfolded protein leading to neurodegeneration (406). It 

is worth testing whether mHttex1 and full-length Huntingtin phase separate in 

vitro and in vivo and whether the mobility of early and late inclusions differs. 

 

 These questions are the important next prospects to test experimentally to 

further understand the mechanisms of HD neurodegeneration. 
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 Relevance of our findings to HD pathology 

 The discovered mechanisms of mHttex1 inclusion formation and influence 

on cell health may have a positive impact on the development of therapeutic 

strategies for Huntington’s disease. By resolving a long-lasting problem of the role 

of Htt aggregation, we demonstrate the formation of Htt inclusion is not positive 

for an individual. Hence, the treatments should not aim to enhance the inclusion 

formation. We emphasise the problem with Huntingtin happens early in the 

process of its translation. Instead of aiming to develop a treatment that stimulates 

the inclusion formation or inclusion disassembly (296,424), one may be able to 

capture the problem much earlier on the toxic pathway. This may be possible by 

developing drugs that either suppress the translation of Huntingtin specifically or 

enhance the activity of ribosomal quality control complexes that control the 

process of the early stage of problematic translation (357). Such drugs may 

prevent the formation of Htt-ribosome complexes, suppress apoptosis triggered 

early in the aggregation process, negate mitochondrial dysfunction and finally 

diminish the overall neurodegeneration at least to some degree. 
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 Supplementary material 

Supplementary Table 1 (supplied separately). Expanded analysis of HBRi and PBRi 

interacting partners. The file contains a detailed summary of proteomic analysis; 

expanded proteomic data including the raw values; gene ontology analysis; list of random 

proteins used for bioinformatic analysis of HBRi and PBRi interacting partners; list of 

glutamine-rich proteins in PBRi. 
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