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Abstract 
Despite the fact that the gene responsible for Huntington’s disease (HD) is known, we still do not 

understand the underlying mechanisms leading to neurodegeneration and death. Identifying and 

understanding the mechanisms controlling mutant huntingtin (mHtt) aggregation and inclusion formation 

using different cellular and animal models is crucial to elucidate the molecular mechanisms underpinning 

the disease and to develop effective treatments to prevent or slow the progression of HD.  

At the mechanistic level, our work shows that mHtt aggregation and inclusion formation in the cytosol 

and nucleus occur via different mechanisms and lead to the formation of inclusions with distinct 

biochemical and ultrastructural properties. We show that mHtt cytoplasmic inclusion formation occurs 

via two phases: 1) a first phase involves the rapid formation of a dense fibrillar core and is driven 

predominantly by intermolecular interactions involving the polyQ domain via phase separation-like 

mechanisms; 2) a second phase is associated with the recruitment of soluble mHtt, fibril growth, and 

the active recruitment and sequestration of lipids, proteins, and membranous organelles. Our work 

points to this second phase as an important contributor to mHtt toxicity and suggests that targeting 

inclusion growth and maturation represent a promising therapeutic strategy. These observations 

suggest that the two types of inclusions may exert their toxicity via different mechanisms and may require 

different strategies to interfere with their formation, maturation and toxicity. Using primary neurons, we 

demonstrated that neuronal intranuclear inclusions evolve over time from small aggregates to large 

granulo-filamentous inclusions associated with cellular toxicity. In addition, our work underscores the 

failure of the cellular degradation machineries to clear mHtt inclusions, as well as the sequestration of 

other proteins, lipids and organelles.  

Finally, we would like to emphasize that our comparative analysis of tag-free and GFP-tagged mutant 

mHtt aggregation and inclusions formation will inform future efforts to develop models that reproduce 

HD pathology more faithfully and underscore the need for developing label-free techniques to investigate 

disease-relevant mechanisms that underpin inclusion formation. 

Keywords 
Huntington’s Disease, Huntingtin protein, mHtt, Httex1, aggregation, cellular inclusions, polyglutamine, 

confocal microscopy, correlative light electron microscopy, proteomic, HEK cells, primary neurons.  
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Résumé 
Bien que le gène responsable de la maladie de Huntington soit connu, nous ne comprenons toujours 

pas les mécanismes sous-jacents conduisant à la mort des neurones et à la neurodégénérescence. 

L'identification et la compréhension des mécanismes contrôlant l'agrégation et la formation d'inclusions 

de la protéine huntingtine mutante (mHtt) –à l'aide de différents modèles cellulaires et animaux— est 

cruciale pour élucider les mécanismes moléculaires à la base de la maladie et pour développer des 

traitements efficaces afin de prévenir ou ralentir la progression de la maladie de Huntington. 

Nos travaux montrent que l'agrégation de mHtt dans le cytosol et le noyau se produisent via différents 

mécanismes et conduisent à la formation d'inclusions avec des propriétés biochimiques et ultra-

structurales distinctes. Nous montrons que la formation d'inclusions cytoplasmiques mHtt se produit en 

deux phases: 1) une première phase implique la formation rapide d'un dense noyau fibrillaire, 

principalement entraînée par des interactions intermoléculaires impliquant le domaine polyQ via des 

mécanismes de type « séparation de phases »; 2) une deuxième phase est associée au recrutement 

de mHtt soluble, à la croissance des fibrilles, ainsi qu’au recrutement et à la séquestration active des 

lipides, des protéines et des organites membranaires. Nos études indiquent que cette seconde phase 

contribue fortement à la toxicité de mHtt et suggèrent que cibler la croissance et la maturation des 

inclusions représente une stratégie thérapeutique prometteuse. Ces observations suggèrent que les 

deux types d'inclusions peuvent exercer leur toxicité via des mécanismes différents et peuvent 

nécessiter des stratégies différentes pour interférer avec leur formation, leur maturation et leur toxicité. 

En utilisant des cultures primaires de neurones, nous démontrons que les inclusions intranucléaires 

neuronales évoluent à partir de petits agrégats pour devenir de larges inclusions granulo-filamenteuses, 

associées à une toxicité cellulaire. De plus, nos travaux soulignent l'incapacité des mécanismes de 

dégradation cellulaire à éliminer les inclusions de mHtt, ainsi que la séquestration d'autres protéines, 

lipides et organites. 

Enfin, nous tenons à souligner que notre analyse comparative d'agrégation et de formation d’inclusions 

de mHtt avec et sans marqueur fluorescents, éclairera les efforts futurs pour développer des modèles 

qui reproduisent plus fidèlement la maladie de Huntington. De ce fait, nous mettons en avant le besoin 

de développer des techniques sans marqueurs afin de comprendre les mécanismes intrinsèques de la 

maladie qui régulent la formation des inclusions. 
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Maladie de Huntington, protéine huntingtine, mHtt, Httex1, agrégation, inclusions cellulaires, 

polyglutamine, microscopie confocale, microscopie corrélative, protéomique, cellules de HEK, 

neurones primaires.  
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Chapter I:  Introduction 
 

1. Huntington’s disease 

Huntington’s disease (HD) is a genetic and progressive neurodegenerative disease 

characterized by a triad of motor, cognitive, and psychiatric symptoms1–4. It is a rare disorder 

with a predominant prevalence in Caucasian populations (5 to 10 per 100,000 individuals) and 

a rate of occurrence of less than 1 per 100,000 individuals in Asia and Africa, but with an 

increasing worldwide trend throughout the preceding decades5–8. Chorea is one of the clinical 

hallmarks of HD, appearing early in the progression of the disease, also characterized by motor 

impairments such as bradykinesia, incoordination, and rigidity appearing at later stages9. 

Consistent with the disease progression, chorea seems to reflect the neuronal dysfunction and 

motor impairment resulting from neuronal death10. Cognitive symptoms gradually manifest and 

can be detected several years before diagnosis11. Pathologically, the HD brain is characterized 

by brain atrophy due to neuronal death altering mainly striatal and cortico-striatal neurons. The 

highest neuronal loss is observed in the striatal part of the basal ganglia, affecting 

predominantly striatal medium spiny neurons (MSN) involved in motor coordination12. MSN are 

GABAergic neurons and constitute 95% of striatal neurons, with the remaining being 

interneurons. The specific vulnerability of MSN remains unclear; however, it can arise from 

cell-autonomous defects such as impairments in protein quality machinery13,14, 

transcription15,16, mitochondrial homeostasis17,18, and excitotoxicity19, as well as from non-cell-

autonomous mechanisms with the dependence of brain-derived neurotrophic factor (BDNF) 

from the cortex20,21. Different levels of neuronal loss and atrophy are also observed in other 

brain regions such as the amygdala, hippocampus, globus pallidus, substantia nigra, thalamus, 

and cerebellum at different stages of disease progression22–24. Brain atrophy results in 

approximately 30 % brain weight reduction, associated with a volumetric loss of 20-30 % in 

cortical areas, ≈ 60 % in the striatum and ≈ 30 % in the thalamus25 (Figure 1). Vonsattel and 

colleagues defined a grading system based on the macroscopic and microscopic analysis of 
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postmortem brain tissues from the striatum26. The system is divided into five grades ranging 

from grade 0, with no detection of neuropathological abnormalities, to grade 4, affiliated with 

severe striatal atrophy, and intermediate grades ranging from 1 to 3. 

Figure 1. Coronal slice comparison between a grade 4 HD brain (left) and a normal brain 
(right).  
The cortex and caudate (dorsal striatum) are strongly reduced in the HD brain, causing 

ventricular expansion. Image courtesy of the Harvard Brain Tissue Resource Center. 

 

HD is an autosomal dominant disorder identified by a mutation in the huntingtin gene (htt) 

mapped on chromosome 427. The gene discovery was first referred to as the “interesting 

transcript 15” (IT-15) by the Huntington's Disease Collaborative Research Group in 199328. 

The mutation results in an abnormal expansion of the CAG repeats coding for an expanded 

polyglutamine (polyQ) tract at the amino-terminal (N-ter) part of the huntingtin protein (Htt)9,28. 

The polyQ domain has a median of 18-19 repeats for a non-HD population and becomes 

pathogenic above 35Q, rendering Htt more prone to aggregate29,30. Expanded polyQ domains 

are associated with eight other neurodegenerative disorders, including six spinocerebellar 

ataxias, dentatorubral-pallidoluysian atrophy, and spinobullar muscular atrophy31–33. In HD, 

both affected and unaffected individuals were reported to have repeats from 36 to 39, indicating 

a potentially reduced penetrance of the disease34 or a role for other disease-modifying genes 

and mechanisms. Although the majority of cases arise from affected parents, it is estimated 

that 10 to 15 % are de novo mutations resulting from parents with a polyQ length below the 

pathogenic threshold, i.e., between 27 and 35Q35.  
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The length of the polyQ domain is inversely correlated with the age of onset, with the juvenile 

forms of HD associated with a polyQ repeat length of 75 or more36,37. Nevertheless, there is 

large variability in the age of onset for patients with the same polyQ repeat length, indicating 

that other factors such as the uninterrupted CAG repeat, gene polymorphisms, and 

environmental factors modulate the age of onset38,39. Indeed, investigations based on human 

studies have shown that expansion of the CAG repeat is the causative mutation of HD but not 

the only contributor to disease onset, duration, and severity37,40,41. Interestingly, one early study 

by Wexler et al. did not show great differences between homo- and heterozygotes for the 

mutant allele in terms of clinical expression42, though a more recent study by Squitieri and 

colleagues demonstrated that homozygotes had faster disease progression and a different 

phenotype43. 

Wild type (WT) and mutant huntingtin proteins are ubiquitously expressed in the body44,45. 

However, mRNA and protein expressions vary according to different tissues and organs, with 

the highest expression levels found in the brain46 (Figure 2A). Brain mRNA expression levels 

are also region-specific. For example, Htt is detected at higher levels in the cerebral cortex and 

the cerebellum compared to the basal ganglia. Therefore, Htt levels do not correlate with the 

pattern of neurodegeneration observed in HD patients’ brains (Figure 2B-C). In addition to 

brain atrophy, HD affects peripheral tissues, leading to different secondary effects such as 

weight loss, cardiac failure, skeletal muscle atrophy, testicular atrophy, and impaired glucose 

tolerance44. Those peripheral abnormalities were shown to be directly related to mutant Htt 

expression in peripheral tissues and not only as a consequence of the neuropathology47–49. 

Interestingly, studies in mice revealed that Htt homozygous knock-out was lethal at the 

embryonic stage, implying that Htt is indispensable to the early development of several tissue 

types50,51.  

The major causes of death in HD patients are respiratory complications (predominantly 

pneumonia) and heart disease (myocardial infarction, heart failure, coronary disease)52. 
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Recent studies suggest that HD should be considered as a global and systemic disorder 

affecting many tissues44.   

 

Figure 2. mRNA and protein expression in the human body and brain areas. 
A. Normalized RNA and protein expression of Htt in the different tissues. B. Consensus 

normalized RNA levels (NX) of Htt according to brain areas depicted in the bottom (color-

match). The figure was adapted from proteinatlas.org 

(https://www.proteinatlas.org/ENSG00000197386-HTT)53. 

 

 

 

2. Huntingtin protein  

2.1 Sequence and structure 

Htt is a well-conserved 348 kDa protein composed of 3,144 amino acids (a.a.). The huntingtin 

gene contains 67 exons, but Htt variants can be generated by alternative splicing and can lack 

https://www.proteinatlas.org/ENSG00000197386-HTT
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exons 10, 12, 29 and 4654,55. Htt is mostly cytoplasmic but is also found in the nucleus and 

other organelles such as the endoplasmic reticulum (ER)56. Htt translocation between the 

cytoplasm and the nucleus is directed by Nuclear Export Signal (NES) sequences at the N- 

and C-termini, which also regulate its normal functions57,58. Additionally, Htt contains several 

HEAT (Huntingtin, Elongation factor 3, protein phosphatase 2A, and TOR1) domains known 

to regulate protein-protein interactions (Figure 3). The highly dynamic conformation of Htt 

precluded efforts to solve its 3D structure for decades. To address these challenges, Guo et 

al. relied on the fact that the protein becomes more compact and stable once it is bound to one 

of its substrates and determined, for the first time, the 3D structure of Htt complexed with the 

Htt-associated protein 40 (HAP40) using cryo-electron microscopy (cryo-EM), at a resolution 

of 4 Å (Figure 3B)59. The segment corresponding to exon 1 could not be resolved due to its 

high flexibility. In addition, a large portion from residues 403 to 660 and other disordered short 

sequences at the C-terminal of the protein were not resolved. However, the cryo-EM analyses 

revealed a rich alpha-helical structure of Htt, with three major domains consisting of HEAT 

repeats at the N- and C- terminal part of the protein connected by a smaller flexible bridge. 

The N-terminal 21 HEAT repeat forms a typical α-solenoid and comprise membrane-binding 

regions as well as a large disordered insertion, whereas the C-terminal 12 HEAT repeats form 

an elliptical ring composed of helical and unstructured domains. These HEAT repeats are 

formed by anti-parallel alpha-helices leading to intra- and inter-molecular interactions, 

consistent with a cellular scaffolding function of Htt56. Htt partners such as HAP40 bind within 

the cleft defined by the two HEAT domains and the small linker through hydrophobic and 

electrostatic interactions. Htt can adopt various 3D conformations based on intramolecular 

interactions, such as the interaction of the N-terminal domain with the C-terminus of the protein 

to give the Htt protein a solenoidal shape and form an internal cavity56. Recent work by Harding 

and colleagues characterized the Htt structure in its apo form (not ligand-bound) and could 

reach a resolution of  only 12 Å, indicating that Htt itself is very flexible60,61. These structural 

features emphasize the role of Htt as a protein-protein interaction hub. 
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Figure 3. Schematic representation of human huntingtin protein. 
A. Full-length Htt (23Q) contains an Nt17 region (red), an expanded polyQ tract (blue), a 

Proline-Rich Domain (PRD, green), and several alpha-helical HEAT (Huntingtin, Elongation 

factor 3, protein phosphatase 2A, and TOR1) repeats (orange). Three major HEAT domains 

are indicated. Blue arrows represent the amino acid positions of protease cleavage sites. Cp1 

and Cp2: unknown protease; CTZ: cathepsin Z; BLMH: bleomycin hydrolase; MMP10: 

metalloproteinase 10; Calpain and several caspases. 469: calpain, 513: caspase 3, 552: 

caspase 2, 586: caspase 6.  An NES was identified at positions 2,397–2,40657. B. Cryo-

electron microscopy of Htt and HAP40 complex. The figure was produced from Guo et al.59 

(panel B) with permission.   
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2.2 Signaling pathways, functions, and partners 

Htt interacts, directly or indirectly, with many partners (e.g., HAP1, HIP1, CBP, NUMA, HAP40), 

supporting the scaffolding function of Htt62–64, and has been implicated in various cellular 

pathways, including vesicular transport65, cell division66, cilliogenesis67, and transcriptional 

regulation58 (Figure 4).  

Vesicular transport: One of the major functions of Htt is related to the control of vesicles and 

organelles’ transport and internalization through its interaction with Huntingtin-Associated 

Protein 1 (HAP1) or dynein directly68,69. Htt can form a complex through HAP1 with the dynactin 

and kinesin proteins, involved in the microtubule-mediated anterograde and retrograde 

transport of diverse vesicles and organelles such as endosomes, lysosomes and 

autophagosomes66,70–72. Moreover, Htt mediates the transport of Brain-Derived Neurotrophic 

Factor (BDNF) along the cortico-striatal pathway65,72. Htt’s role in vesicular transport is even 

more important considering that the striatum is dependent on the cortico-striatal BDNF 

transport as it is not locally produced, making it very sensitive to a BDNF diminution73. 

Therefore, a decrease in BDNF production or transport might contribute to HD pathogenesis 

by the specific death of MSN12.  

Cell division: Htt also coordinates cell division by mediating spindle orientation through 

additional interactions with dynein66. It was demonstrated that Htt is essential for mitotic spindle 

positioning on astral microtubules via the recruitment of the nuclear mitotic apparatus protein 

(NuMA) and the G-protein-signaling modulator 2 (LGN)66,74. 

Cilliogenesis: Htt is also required for cilliogenesis regulation in photoreceptor cells, ependymal 

cells, and neurons67,75. Htt mediates the transport of the pericentriolar material 1 protein 

(PCM1) via the HAP1/dynein/dynactin complex, needed for cilliogenesis76. Defects in cilia 

formation impede protein trafficking and cell-type-specific structural and functional features. 

Transcriptional regulation: Htt was shown to bind many transcription factors such as TrkB, 

NeuroD77, NF-κB78, p5379, and the C-AMP Response Element-binding protein (CREB-binding 
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protein: CBP)79. Moreover, Htt interacts with transcriptional activators and repressors, in 

particular with the repressor element-1 transcription factor/neuron restrictive silencer factor 

(REST/NRSF)80. The sequestration of REST/NRSF in the cytoplasm by Htt prevents its binding 

to the neuron restrictive silencer element (RE1/NRSE) acting on the BDNF promoter II. 

Therefore, Htt act as a positive transcriptional regulator for genes regulated by NRSF-RE1 like 

BDNF. Overall, Htt acts as a transcriptional regulator in the cell cycle, DNA repair, cellular 

development and survival, inflammatory responses, and cellular stress56.  

 

Figure 4. Biological functions of huntingtin. 
Huntingtin is a scaffold protein and forms a Dynein/Dynactin/HAP1 complex involved in 

microtubule-mediated transport and playing a role in various cellular functions (non-exhaustive 

list): vesicular transport, cell division, cilliogenesis, and transcription. The figure is adapted 

from Saudou and Humbert56, with permission.  
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2.3 Proteolytic cleavage and aberrant splicing generate Htt variants in HD 

Post-mortem analyses of HD patients’ brains and cellular studies have consistently shown the 

existence of several N-terminal fragments containing the aggregation-prone expanded polyQ 

domain81–88.  Studies reporting on the detection of Htt fragments by immunohistochemistry 

(IHC) in human HD brain tissues are summarized in table 1.  

Antibodies and epitopes Intranuclear 
immunoreactivity 

Cytoplasmic or 
neuritic 

immunoreactivity 
References 

Ab1 (1-17) ✓ ✓ DiFiglia et al. 199781 

AP78, AP194, Htt1-17 (1-17) ✓  Becher et al. 199889 
Schilling et al. 200790 

N-Del (1-23 and 69-92) ✓  Schilling et al. 200790 

Ab1259 and 2B4 (50-64) ✓  Lunkes et al. 200284 

Htt55-65 (55-65) ✓  
Schilling et al. 200790 

Htt81-90 (81-90) ✓  

1C2 (polyQ) ✓ ✓ 
Gourfinkel-An et al. 199891 

Sieradzan et al. 199982 
Maat-Schieman et al. 200792 

Herndon et al. 200993 

EM48/MAB5374  
(aggregates from Htt 1-256) ✓ ✓ Gutekunst et al. 199994 

Van Roon-Mom et al. 200695 

CAG53b (1-118, expanded polyQ) ✓  
Sieradzan et al. 199982 

HP1 (80-113) ✓  

1H6 (115-129)  ✓ Lunkes et al. 200284 

HD1 (1-173)  ✓ Sieradzan et al. 199982 

214 (214-229)  ✓ Lunkes et al. 200284 

4C8 (414-503)  ✓ Gourfinkel-An et al. 199891 

AP81 (650-663)  ✓ Becher et al. 199889 

Ab585 (585-725)  ✓ DiFiglia et al. 199781 

Table 1. Htt fragments detected by IHC in HD patients’ brains.  
The great majority of extreme N-terminal Htt antibodies are preferentially detected in the nuclei 
of neurons in human HD brain tissues. 
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Furthermore, an increase in proteolytic activity has been detected in HD patients’ brains, which 

correlates with the production and accumulation of these small N-terminal fragments, including 

the first exon fragment of Htt (Httex1), from 1 to 90 a.a.96. Interestingly, the pattern of N-terminal 

Htt fragments in the human post-mortem HD striatum differs from that of the healthy control 

striatum97. Biochemistry analyses of human HD brain samples by gel-based protein separation 

and Western blot (WB) reported the detection of several Htt fragments ranging from 180 to 200 

kDa, predominantly with antibodies targeting the N-terminal parts of the Htt protein (< 503 

a.a.)87,88,97–101. These observations suggest that Htt fragmentation could be a potential modifier 

of the HD pathology. Consistent with this hypothesis, there is clear evidence from animal 

models that smaller N-terminal fragments of mutant Htt are more toxic102–104 and induce a more 

severe phenotype105–107.  

Various cellular models and in vitro experiments have reported that Htt is cleaved by several 

proteases such as caspases, calpain, cathepsin, and metalloproteinase MMP10, leading to 

the production of N-terminal fragments of different lengths. Moreover, Htt contains proteolysis-

sensitive regions called PEST (Figure 3), sequences enriched in proline, glutamic acid, serine, 

and threonine108 that are more susceptible to targeting for proteolysis cleavage. These 

proteolytic sites of interest are common for both WT and mHtt proteins56. Importantly, 

observations in HD mice suggested that some proteolytic cleavages are more toxic than 

others, independent of the difference in the lengths of the resulting fragments109.  

In addition, several in vivo and human studies have reported aberrant Htt mRNA splicing that 

leads to the production of smaller Htt variants such as Httex196,110 or Htt proteins lacking exons 

10, 12, 29, and 4656. Incomplete splicing of Htt leading to Httex1 protein expression has been 

shown to occur in HD patients' brains110 and Httex1 protein was previously described as a key 

component of intracellular protein inclusions found in HD post-mortem brains85,90,110.  

Htt is also subjected to sense and antisense repeat-associated non-ATG (RAN) translation 

that generates novel expansion proteins (poly-Alanine, poly-Serine, poly-Leucine, and poly-
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Cysteine). The accumulation of HD-RAN proteins was observed in HD patients’ brains and to 

aggregate depending on the CAG length, causing toxicity in neuronal cells111.  

Altogether, the generation of N-terminal Htt fragments, and especially Httex1, results in their 

accumulation in neurons and potentially drives toxicity. 

 

 

3. Htt protein aggregation and Httex1 pathology  

The accumulation of Htt-positive intraneuronal aggregates in the cortex and striatum of post-

mortem brains  of HD patients has led to the hypothesis that Htt aggregation plays a central 

role in the pathogenesis of HD81,82,94,112,113. Htt aggregates are found in both the neuronal nuclei 

(neuronal intranuclear inclusions, NII) and cytoplasm or neurites of HD brain tissues81,94,95. 

Neuronal inclusions were characterized predominantly by IHC using mHtt antibodies (Table 1) 

and co-stained for ubiquitin, indicating insufficient protein degradation82,93. In parallel, a limited 

number and relatively old biochemical analyses of HD brains were performed, revealing the 

presence of insoluble Htt aggregates and oligomers86,88,98. Additionally, EM analyses 

conducted in post-mortem HD brains demonstrated the presence of intranuclear and 

cytoplasmic inclusions with the detection of granules and filaments81,113.  

The heterogeneity of Htt inclusions may explain why aggregates containing the polyglutamine 

region could be either toxic or neuroprotective114. Early neuropathological studies suggested 

that the pathogenic HD gain of function could be related to the formation of ubiquitinated 

aggregates formed by N-terminal mHtt fragments generated due to the enhanced cleavage 

and aggregation of the expanded polyglutamine stretch81,82,94,112. The formation of cellular 

inclusions composed of misfolded mHtt supports the gain of the toxic function hypothesis. 

However, the loss of the normal Htt protein function and discrepancies in the correlation 

between the extent of inclusion formation and neuronal loss suggest the involvement of more 

complex mechanisms with a differential contribution of loss- and gain- of toxic functions115–117.  



Chapter I:  Introduction 

12 
 

The formation of intracellular inclusions composed of misfolded mutant Htt (mHtt) was also 

reported in animal and cellular models of HD and is considered one of the hallmarks of HD 

neuropathology9,102,118,119. In vivo, mHtt forms fibrillar aggregates, which were shown to be 

composed of Htt and other proteins associated with HD120, including proteins involved in 

degradation, transcription regulator factors, and different chaperons sequestered by 

mHtt121,122. mHtt inclusions were also detected in the peripheral tissues of HD patients123,124 

and HD transgenic mice125–127, such as in skeletal muscles, the pancreas, the liver, the adrenal 

gland, and the kidney. The length of the polyQ stretch, as well as the flanking regions, also 

contribute to the regulation of mHtt proteostasis, aggregation, and toxicity128. 

Together, these findings suggest that the process of Htt aggregation plays a central role in the 

pathogenesis of HD and that understanding the sequence and molecular and structural 

determinants of this process is crucial to advancing and enabling new insights into novel 

strategies to treat HD. 

 

3.1 Httex1 is a pathophysiological fragment in HD 

Httex1 is composed of three main domains: the first 17 a.a. (Nt17), the polyQ domain, and a 

Proline-Rich Domain (PRD) (Figure 5). The presence of Httex1 in the post-mortem brains of 

HD patients suggested a potential role of this fragment in the pathogenesis of HD81,82,94,112. 

Therefore, several animal and cell culture models have been developed to test this hypothesis. 

In addition, knock-in (KI) and transgenic mice for the full-length human htt gene (e.g., YAC128) 

produce the Httex1 protein, and disease progression in KI-mice was shown to correlate with 

the level of incomplete gene splicing and appearance of protein aggregates96,129.  

Remarkably, the overexpression of Httex1 containing the polyQ repeats (from 80 to 175 

glutamine residues) is sufficient to recapitulate the key features of HD human pathology (e.g., 

N-terminal Htt aggregation, cellular toxicity) in mice102,119,130 or Drosophila85,131 and in cell 

culture models83,84,132. Furthermore, in vitro, Httex1 aggregates in a polyQ repeats and 
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concentration-dependent manner133–136. These in vitro models reproduce different aspects of 

Htt aggregation and have been instrumental in advancing our understanding of the sequence, 

molecular, and structural determinants of Htt aggregation and inclusion formation137–143. 

Therefore, the Httex1 fragment is commonly used to study in vivo and in vitro models of Htt 

aggregation, structure and toxicity. 

 

Figure 5. Httex1 protein and N-terminal Htt inclusions in HD brain. 
A. Scheme representing Httex1 39Q and Nt17 post-translational modifications (PTMS). Nt17 

domain (red), the polyQ domain (blue), and the PRD (green). The Nt17 domain is subject to 

different PTMs: P: Phosphorylation; Ac: Acetylation; Ub: Ubiquitination; and SUMO: 

Sumoylation. B. Intranuclear inclusion (INI) and cytoplasmic inclusion (CI) detection in an HD 

patient brain with the 1C2 antibody (expanded polyglutamine specific [MAB1574]). C. Electron 

microscopy of a human neuronal intranuclear inclusion (NII) in the HD cortex with 

immunoperoxidase labeling (Ab1). The figure was adapted from Ross and Poirier144 (panel B) 

and DiFiglia et al.81 (panel C), with permissions. 

 

3.2 Nt17 domain 

The toxicity and high aggregation propensity of N-terminal Htt fragments, such as Httex1, have 

been attributed to the presence of the polyQ domain, which is directly linked to the genetic 

cause of HD145. However, increasing evidence suggests that the Nt17 domain plays a critical 
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role in modulating the subcellular localization, cellular trafficking, protein-protein interaction, 

aggregation, and toxic properties of the Htt protein and its N-terminal fragments136,145,146. 

Over the past years, several biophysical studies have enabled a better understanding of the 

structure and function role of the Nt17 domain. In vitro, Nt17 forms a transient amphipathic α-

helix with a hydrophobic face and a polar face, which mediates membrane binding and 

regulates the aggregation properties of Httex1138,147 and interactions with its partners140,148. 

Numerous in vitro aggregation studies based on synthetic Httex1-like peptides and Httex1 

fusion proteins have shown that the Nt17 domain accelerates Httex1 aggregation149. For 

example, Httex1 aggregation is significantly slower in vitro in the absence of Nt17 or by 

substitution of the hydrophobic residues with alanines140,150. However, there is a discrepancy 

between the in vivo and in vitro findings, as Httex1 aggregation was increased in HD transgenic 

mice in the absence of the Nt17 domain151. It has been proposed that the Nt17 domain 

mediates inter- and intramolecular interactions with other Nt17 and polyQ domains, thus 

facilitating Htt oligomerization and fibril formation139,140.  

The Nt17 domain was also shown to modulate the subcellular localization of Htt between the 

nucleus and the cytosol compartments via its pseudo-Leucine-rich NES composed of four 

residues (Leucine 4, Leucine 7, Phenylalanine 11, and Leucine 14). Interestingly, the 

disruption of the Nt17 α-helical structure by substituting a methionine at position 8 by a proline 

residue (M8P) leads to an accumulation of Httex1 in the nucleus along with an increase in 

toxicity138. These findings highlight how small sequence changes in this large protein could 

significantly modulate the aggregation and toxicity of Httex1. Therefore, it is important to 

elucidate the sequence and structural factors regulating the biophysical, cellular, and functional 

properties of this domain and its role in Htt pathophysiology. 

The Nt17 domain contains several residues that can undergo PTMs, such as 

phosphorylation141,146,152–154, acetylation141,155,156, ubiquitination81,82,90,94 and SUMOylation137,157. 

Nt17 PTMs are known to influence protein structure, subcellular localization, aggregation, and 

toxicity, and are thus likely to influence Htt functions158,159. Remarkably, Nt17 PTMs were 
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shown to modulate Nt17 structural properties, Httex1 membrane binding capacities and 

subcellular localization in primary neurons136.  

More specifically, phosphorylation of threonine at position 3 (pT3) stabilizes the Nt17 alpha-

helix and decreases its propensity to aggregate135. Acetylation at lysine 6 (Ack6) can reverse 

the inhibitory effect induced by pT3 when the two modifications are introduced 

simultaneously156. On the other hand, phosphorylation of both serine 13 and serine 16 

(pS13/pS16) is induced by cellular stress and inhibits the aggregation of Httex1145.  

The IκB kinase (IKK) was shown to phosphorylate S13 and induce Htt clearance by the 

proteasome and lysosomal pathways141. Moreover, the recent discovery of the TANK-binding 

kinase 1 (TBK1) as a kinase that efficiently and specifically phosphorylates Htt at S13 enabled 

studying the role of Httex1 phosphorylation. Increased S13 phosphorylation by TBK1 induced 

an enhanced autophagy clearance of mutant Httex1 along with reduced aggregation and Htt-

induced toxicity160. The decreased levels of pT3 in HD, its inhibitory influence on Htt 

aggregation, and the beneficial effect of S13 phosphorylation on Htt clearance suggest that 

Nt17 PTMs modulation may be a promising therapeutic approach154. 

 

3.3 Proline-Rich Domain (PRD) 

The PRD in the C-terminal part of the polyQ domain (Figure 5A) consists of 2 polyproline 

domains, forming a stable polyproline helix (PPII) secondary structure161–163. The two 

polyproline repeats of 11 and 10 proline residues are separated by 17 a.a. composed 

principally of proline and glutamine residues. It was previously reported that removal of the 

PRD extends the half-life of Httex1-GFP149. Shen et al. also reported that the PRD destabilizes 

fibril formation in vitro and that its removal increased Httex1 aggregation, nuclear localization 

and toxicity in neurons149. In addition, the PRD was shown to be involved in regulating Htt 

protein-protein interactions, in particular with the SH3 and WW domains164. Qin and colleagues 

demonstrated that the PRD is essential for the formation of the core and shell structural 
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arrangement of cellular inclusions and especially for the interaction of binding partners such 

as HIP1, SH3GL, Dynamin, and FIP2165. 

 

3.4 Httex1 fibrilization 

At the molecular level, monomeric Httex1 is disordered and can assemble into a more 

energetically favorable conformational state when it transitions to oligomers or fibrils (Figure 

6). Early models of Httex1 aggregation focused mostly on the polyQ domain as the main 

initiator and driver of Httex1 aggregation and fibrilization166,167. However, subsequent studies 

demonstrated the important role of the flanking domains in regulating the early steps of Httex1 

fibrilization (Nt17 and PRD, described above). One early model by Wetzel and colleagues 

proposed that the Nt17 domain-mediated oligomerization increases the local concentration of 

the polyQ repeat domain, leading to a conformational switch toward a more structured beta-

sheet amyloid core and fibril formation168 (Figure 6A-B). Then, the elongation of the beta-sheet-

rich nucleus generates amyloid fibrils by the addition of monomers to both ends of the fibril169. 

Similar to other amyloid proteins, Httex1 was shown to self-assemble into oligomeric and 

fibrillar species of different morphologies170,171. This polymorphism is the result of the 

conformational heterogeneity of the protein and its ability to form various supramolecular 

arrangements driven by the lateral association of the fibrils, secondary nucleation, and multi-

filament fibril branching172.  

NMR studies suggested that Httex1 fibrils are arranged as a “bottle brush” with the polyQ 

domain forming the core of the fibrils, the Nt17 partially absorbed, and the PRD adopting 

flexible structures that decorate the surface of the fibrils (Figure 6C)173. Importantly, recent 

findings also suggest that the Nt17 domain in the fibrillar state is partially solvent-exposed and 

able to interact with the plasma membrane, as well as susceptible to proteolysis by trypsin in 

vitro136. Boatz et al. proposed a new structural model of the Httex1 filament based on TEM, X-

ray, and solid-state NMR172. In this model, the authors suggest that Httex1 polymorphism is 

the result of Httex1’s ability to self-assemble into fibrils which then self-associate to form 
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different supramolecular arrangements.  The Nt17 domain does not appear to be crucial for 

interactions between filaments but is important for the initiation of fibril branching.  

Recently, cryo-EM analyses of Httex1 fibrils from our group also revealed a high degree of 

polymorphism174. In this study, Nazarov et al. demonstrated that Httex1 fibrils are composed 

of multiple protofilaments, where the number of protofilaments is strongly dependent on the 

length of the polyQ repeat. Interestingly, the removal of the Nt17 domain was shown to 

increase the heterogeneity of the fibrils, alter the arrangement of the polyQ amyloid core, and 

decrease the propensity of Httex1 fibrils to laterally associate. 

 

Figure 6. A schematic model for Httex1 aggregation. 
The Nt17 domain is represented in red, the polyQ domain in blue, and the PRD in green. A. 
Httex1 aggregation is initially driven by the association of the Nt17 domain due to its alpha-

helical conformation. The Nt17 promotes aggregation by gathering Httex1 monomers into 

oligomers. Then, Httex1 undergoes a conformational switch of the polyQ into beta-sheets 

followed by fibril growth. B. Httex1 can also adopt a tadpole-like conformation in the monomeric 



Chapter I:  Introduction 

18 
 

form. The Nt17 can interact and be partially adsorbed on the polyQ, and the oligomerization 

can arise from intermolecular hydrophobic interactions between the Nt17 domains. Similar to 

the first Httex1 aggregation model, the increased concentration of polyQ leads to a 

conformational switch of the polyQ into beta-sheets and fibril growth. C. Httex1 “bottle brush” 

model with the polyQ domain forming the core of the fibril (blue); the Nt17 is partially absorbed 

and accessible on the polyQ (red) and the PRD is flexible and extruding on the outside of the 

fibril. The figure is adapted with modifications from Kolla et al.175 (panels A and B) and from 

Isas et al.173 (panel C), with permissions. 

 

 

4. How do tags influence amyloid proteins, fibrilization, and 
aggregate formation in vitro and in cellular models? 

The discovery of genetically encoded fluorescent tags such as the green fluorescent protein 

(GFP) isolated from the jellyfish Aequorea Victoria has revolutionized molecular and cell 

biology by facilitating the visualization of proteins and monitoring their expression and dynamic 

properties in cells and living organisms176–178. The structure of GFP was solved in 1996 by 

Yang and colleagues using protein crystallization and multiwavelength anomalous dispersion 

at a resolution of 1.9 Å179. They reported that the global shape of GFP is a cylinder formed by 

eleven beta-strands and one alpha-helix in the center, forming a beta-barrel with an 

approximate size of 3 nm by 4 nm. GFP absorbs blue light (488 nm) and emits green light with 

a maximum emission peak at 509 nm. The introduction of mutations close to the chromophore 

(F64L and S65T) resulted in GFP mutants with better folding and brighter emission, renamed 

enhanced GFP (eGFP)180,181. In recent studies, most of the experiments are done with eGFP 

but are often referred to as simply “GFP” compared to the original “wild type” GFP.  

The detection and visualization of amyloid proteins in living cells are crucial for understanding 

the mechanisms of aggregation, fibrilization, and inclusion formation. Despite the significant 

advantages of using GFP in cell biology, some limitations of this approach have been reported. 

For example, Swenson et al. reported variable ectopic GFP expressions among transgenic 

mouse lines and detected a loss of GFP fluorescence after the fixation of the cells182,183. GFP 
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and other GFP-like proteins such as DsRed184 also showed deleterious effects, such as 

impacting the cellular pathways, impairing cell growth and viability185–188. However, the great 

majority of the studies do not address or mention the potential influences of such tags in their 

experimental designs. 

 

4.1 The fusion of GFP influences the biophysical properties of amyloid fibrils.  

The detection and visualization of amyloid proteins in living cells are crucial for understanding 

the mechanisms of aggregation, fibrilization, and inclusion formation. However, the fusion of 

large fluorescent proteins such as GFP (27 kDa) might influence the aggregation of smaller 

amyloid proteins (Httex1: 9-17kDa; alpha-Synuclein: 14 kDa; Amyloid-beta: 4 kDa; the core of 

Tau: ~12-13 kDa). Below, I present an overview of studies illustrating the impact of protein 

tags on the biophysical, cellular, and aggregation proteins of proteins linked to 

neurodegenerative diseases.  

 

Huntingtin 

Several studies used additional sequences or tags (e.g., GST, GFP, YFP) to facilitate the 

purification or detection of Htt133,189–192. However, many studies have shown that fusing 

peptides and proteins of various sizes to Htt could alter its structural, biochemical, aggregation, 

and interactome properties193,194. Dahlgren and colleagues studied Httex1 aggregation in vitro 

with and without GFP fused to the C-terminus, together with a GST tag fused to the N-terminus 

of each construct192. They observed by EM and atomic force microscopy (AFM) that GST-

Httex1-GFP fibrils were ~3 nm thicker than GST-Httex1. They also reported that the presence 

of GFP did not alter the branched-type morphology of the aggregates but led to a decreased 

branching efficiency. This result indicates that the GFP tag was generating steric perturbations 

during fibrilization and aggregation processes and possibly altering the surface properties of 

fibrils in ways that disrupted secondary nucleation events and branching. In addition, Bäuerlein 
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and colleagues reported an increased stiffness of fibrils formed in primary neurons by Httex1 

97Q-GFP due to the presence of globular densities on the surfaces of the filaments, 

corresponding to GFP dimers (≈ 6 nm in diameter)195. Furthermore, they reported that the 

fusion of GFP to the C-terminal part of Httex1 resulted in a 50% reduction in fibril density inside 

the cytoplasmic inclusions formed in primary neurons and a 25% increase in fibril stiffness due 

to the GFP decoration along fibrils. Therefore, compiling evidence suggests that in addition to 

altering the kinetics of fibrilization of amyloid proteins and the biophysical properties of amyloid 

fibrils, the presence of large tags may alter the final structure and compositions of protein 

aggregates in cells. 

 

Alpha-Synuclein (aSyn) 

GFP or split GFP fused to aSyn is commonly used in cellular196–200 and animal201–205 models of 

Parkinson’s disease (PD). Volpicelli-Daley and colleagues developed a seeding model of PD 

based on the addition of aSyn pre-formed fibrils (PFFs) to a neuronal culture. It is thought that, 

once internalized, the PFFs recruit endogenous aSyn, corresponding to the formation of 

intracellular aggregates206. The generation of aSyn-GFP fibrils in vitro resulted in significantly 

delayed aggregation kinetics and the formation of wider fibrils204. In the study by Afitska et al., 

the authors even reported that the fusion of GFP to the C-terminus completely inhibited the 

primary nucleation of aSyn207. To follow the internalization of aSyn fibrils, Jarvela and 

colleagues developed a model based on aSyn-GFP PFFs with a TEV protease site to cleave 

the GFP tag and differentiate the internalized PFFs to PFFs outside the cells that will lose their 

GFP by TEV protease induction in the extracellular media208. In this study, electron microscopy 

(EM) characterization revealed that the presence of GFP did not prevent the fibrilization of 

aSyn in vitro. Moreover, using the thioflavin T (ThT) assay, the authors showed that the aSyn-

GFP fibrillized alone, seeded aSyn monomers and increased the PFFs’ seeding. However, the 

formation of cellular aggregates or Lewy-body (LB)-like inclusions was not assessed in this 

study. In a different study, Karpowicz et al. used aSyn-GFP PFFs and took advantage of trypan 



Chapter I:  Introduction 

21 
 

blue to quench the fluorescence outside of cells209. Unfortunately, the authors did not show 

any biochemical or EM characterization of the aSyn-GFP fibrils, preventing direct comparisons 

of the aSyn-GFP fibrils to the fibrils formed without GFP in terms of Coomassie staining, fibril 

morphology, and aggregation kinetics. The treatment of primary neuronal cultures with aSyn-

GFP PFFs resulted in the internalization of the fibrils, which were rapidly directed into the 

endolysosomal pathway. However, almost no seeding (recruitment of endogenous aSyn) or 

formation of pS129-positive aSyn inclusions was detected in the cells without pharmacological 

perturbation of lysosomes. 

In addition, the use of aSyn-GFP overexpression-based cellular models did not lead to the 

formation of LB-like inclusions but, rather, showed the formation of GFP puncta196–200. 

Unfortunately, the vast majority of these GFP puncta lack comprehensive biochemical 

characterization, such as insolubility, and the presence of high molecular weight protein 

species and fibrils, and therefore could not be accurately defined as aggregates. Comparably, 

animal models of PD expressing aSyn-GFP could not faithfully reproduce LB-like inclusions. 

Transgenic aSyn-GFP mice models led to the accumulation of GFP or pS129 staining in the 

neurons, but no other LB-like features such as morphology, the presence of fibrils, and specific 

markers (e.g., ubiquitin, p62) were detected201–204. In the study by Schaser et al., A53T mutant 

aSyn-GFP mice were injected with PFFs, which resulted in the formation of amyloid, pS129, 

and ubiquitin-positive filaments but did not form the LB-like round inclusions205. Similarly, 

Trinkaus and colleagues performed cryo-electron tomography (cryo-ET) from neurons 

expressing A53T aSyn-GFP and treated with recombinant or brain-derived PFFs210. In both 

cases, the detected aSyn neuronal aggregates were composed predominantly of aSyn fibrils 

in the middle of cellular organelles and membranes, but never formed LB-like spherical 

inclusions. 

Overall, the results from these previous studies showed that the presence of GFP on aSyn did 

not prevent the formation of fibrils or seeding in vitro208,209, but there is no clear evidence that 

they could effectively seed endogenous aSyn, or form LB-like inclusions in cells, compared to 
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native (tag-free) aSyn PFFs206,211. In addition, no direct comparison of fibrillar features –

morphology (width, size, branching) or kinetics – was performed or reported to compare aSyn 

and aSyn-GFP PFFs. 

 

Amyloid-beta (Aβ) 

Ochiishi and colleagues showed that the linker length between Aβ and GFP was influencing 

the fluorescence capacities of GFP in aggregating conditions212. They observed that a linker 

of 14 a.a. allowed GFP to fluoresce in aggregating conditions, compared to a linker of 12 a.a 

previously used213,214 and only 2 a.a. in their study, resulting in the quenching of GFP 

fluorescence. Despite the impact of GFP on the detection of Aβ aggregates, no precise 

evidence revealed the alteration of GFP on the structural arrangement of amyloid proteins. 

Additional discrepancies were observed in the aggregation of Aβ when fused to GFP compared 

to Aβ alone215. In this study by Hussein and colleagues215, they observed that Aβ42-GFP was 

not seeded by Aβ42 labeled with a small fluorophore Aβ42-ATTO (ATTO size: 0.3-1.2 kDa) in 

HEK cells and did not form SDS-insoluble aggregates. Therefore, the authors concluded that 

GFP was altering the physical and biochemical features of Aβ42, thus changing its 

conformational properties and propensities to fold and aggregate. Based on these results, 

even if the presence of GFP did not alter the fibrilization capacity of Aβ42 in vitro, it was altering 

its seeding capacity and its capacity to form aggregates in cells. In addition, Azizyan et al. 

studied the effect of the fusion of globular domains representing large fluorescent tags on the 

formation of amyloid fibrils216. They modeled Aβ-GFP fibril formation and revealed that a short 

linker leads to the steric repulsion of the globular domains (GFP) and perturbed the stacking 

of the amyloid core of the aggregating proteins. The authors underscored the importance of 

using the right tools, especially the correct linker size, to study the fibrilization of cross-β 

amyloid fibrils when fused to a large fluorescent tag. 
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Tau 

Aggregation of Tau is commonly monitored using the aggregation-prone Tau repeat domains 

(TauRD) or full-length Tau (TauFL) fused to fluorescent tags by Fluorescence Resonance 

Energy Transfer (FRET) assays217,218. A FRET signal occurs when the donor and acceptor 

fluorophores are in close proximity (> 10nm). However, the distance between two beta-strands 

in the amyloid formation is ~ 0.47 nm219 compared to the large size of the GFP tag (~ 3 nm by 

4 nm). Therefore, the high propensity of Tau to generate a β-sheet-containing structure cannot 

be efficiently evaluated using this technique, and may also alter the correct formation of Tau 

amyloid packing to form paired helical filaments (PHF). Recently, Kaniyappan and colleagues 

reported experimental evidence that GFP was disturbing the β-strands packing of the 

amyloidogenic protein Tau220. The authors fused GFP to full-length Tau (TauFL-GFP) or the 

short repeat domain Tau containing a pro-aggregating mutation (TauRDΔK-GFP), separated by 

a 13-14 a.a linker. Using light scattering and EM, they revealed that the addition of GFP to Tau 

proteins led to a three-fold aggregation reduction for TauRDΔK-GFP and almost complete 

inhibition when GFP was added to the N-terminal part of the peptide (GFP-TauRDΔK). In 

addition, AFM showed that the fibrils formed by TauFL-GFP were enlarged with the presence 

of an additional halo of height corresponding to GFP (≈ 3 nm). Similarly, TauRDΔK-GFP 

oligomers were detected as being almost two times wider than non-GFP fibers. Moreover, 

mass per length analysis by scanning transmission electron microscopy (STEM) demonstrated 

a different subunit packing of GFP-tagged Tau fibers compared to non-GFP Tau, incompatible 

with the paired helical filament (PHF) model. Overall, the authors demonstrated that the fusion 

of GFP to Tau directly modified the fibrilization of monomers into fibrils in vitro, and did not 

represent naturally occurring fibers in diseased brains.  
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4.2 The fusion of GFP reduces the surface accessibility of amyloid fibrils  

The presence of large tags could also reduce the surface accessibility of the fibrils. Even if an 

amyloid protein is fused to a fluorescent reporter with a recommended linker size by Azizyan 

and colleagues216, the decoration of the fibril with the globular tags might decrease its surface 

accessibility and prevent interactions with proteins or other molecules. Secondary nucleation, 

which occurs on the surfaces of fibrils, represents another mechanism for oligomer formation, 

seeding, and fibrilization and, thus, could be affected by the lack or disruption of surface 

accessibility221. In addition, surface occlusion could alter post-aggregation post-translational 

modification of the fibrils, which were recently shown to play key roles in the regulation of 

inclusion formation and maturation and pathological diversity in several neurodegenerative 

diseases154,158–160,211,222. Surface accessibility alterations were supported by the change in 

width and morphology observed in fibrils that present an additional tag192,220. Moreover, the 

reduced branching observed in GST-Httex1-GFP compared to GST-Httex1 indicates a lack of 

surface accessibility due to GFP, thus preventing secondary nucleation events192. Recently, 

coarse-grained simulations from our group showed that the use of fluorescent tags such as 

GFP induced a size-dependent surface occlusion of amyloid fibrils and impacted their 

interactome221. 

The biophysical and cellular influence of GFP on amyloid fibrilization and inclusion formation 

in vitro and in cells is summarized in Figure 7. 
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Figure 7. Schematic depiction illustrating the effects of GFP on the various stages of 
protein aggregation and inclusion formation based on published studies and from our 
work221.  
The depicted mechanisms illustrate the various stages associated with the mechanisms of 

amyloid protein oligomerization, fibrilization, and inclusion formation211,223. 

 

Altogether, even if the addition of fluorescent tags on aggregation-prone amyloid proteins does 

not appear to prevent fibril formation, it could still affect the fibrilization processes and the 

formation of pathological aggregates. Therefore, it is important to underscore that the use of 

large tags in cellular and animal models of HD might interfere with the reproducibility of the 

disease and should be considered in the interpretation of the results. 
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5. Animal models of HD 

Animal models of HD have been instrumental in advancing our understanding of the biology 

of Htt, its aggregation mechanisms and its role in the pathogenesis of HD. Over the past 

decades, several animal models have been generated from different species and using various 

Htt fragments224–226. 

Early animal models of HD, which preceded the discovery of the htt gene, used neurotoxins 

such as ibotenic acid, kainic acid, and quinolinic acid, to mimic the specific loss of GABAergic 

striatal neurons in rodents and non-human primates227–232. In addition, to reproduce HD-linked 

energy metabolism defects, mitochondrial toxins like 3-nitropropionic acid (3-NPA) and 

malonate were directly injected into the mouse striatum233,234. Although these models were 

characterized by local neuronal loss and mitochondrial defects, they did not reproduce the 

progressive and neuropathological features of HD in all brain regions. 

Since the discovery of the htt gene, genetic models of HD became the golden standard for 

investigating Htt pathophysiology. Several transgenic models have been generated based on 

different expressions of the Htt protein, including the full-length or truncated fragments, varying 

size of polyQ repeats, transgenic or knock-in (KI) Htt expression, and the use of different gene 

promoters224–226. 

 

5.1 Rodent models of HD 

Rodents, especially mice, are the most commonly used animal model in HD. The main 

transgenic models expressing human FL-Htt employ either a yeast artificial chromosome 

(YAC) or a bacterial artificial chromosome (BAC), with a polyQ tract ranging from 48 to 128, 

under the human htt promoter115,235–237. HD48 and HD89 mice also express human FL-Htt but 

under a CMV promoter238. Unlike these mice, the YAC and BAC HD models express the 

genomic Htt including the introns, as well as upstream and downstream regulatory elements, 

representing a more natural expression of Htt with intronic features and alternative splicing of 
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Htt. The majority of these transgenic mice displayed behavioral and motor abnormalities along 

with brain atrophy and the presence of intranuclear inclusions, although the severity and 

pathological burden at the cellular level varied among the different models. In contrast, KI FL-

Htt mice express an endogenous chimeric mouse Htt with a humanized exon 1 specifically 

inserted in the Htt gene, such as the HdhQ111239, CAG140240, HdhQ150241,242, and Q175 

models243. These models use mutated Htt with a polyQ stretch ranging from 72 to 200Q, far 

beyond the pathogenic threshold in humans. KI mice have also been shown to develop 

neurological and neurodegenerative phenotypes, including cytoplasmic and nuclear striatal 

inclusions, and neuronal defects. Overall, the behavioral and neuropathological phenotypes, 

as well as disease progression, were more severe in transgenic FL-Htt compared to KI FL-Htt, 

though both approaches tend to reproduce many features of HD. 

Interestingly, the use of Htt N-terminal fragments was sufficient to reproduce HD pathology, 

which was often more severe than that of FL-Htt animal models. Among these, mice 

expressing Htt586, Htt171, and Httex1, are the most commonly used. The R6/2 mouse model 

was generated, along with three other lines (R6/0, R6/1 and R6/5), which expressed Httex1 

under the human promoter. R6/2 expresses human Httex1 with around 150 CAG repeats and 

is one of the most commonly used and extensively studied mice models due to its severe and 

early phenotype130. R6/2 mice exhibit intranuclear and neuropil aggregates, brain atrophy, and 

cognitive and motor defects, along with a reduced lifespan130. 

Globally, neuronal inclusions were largely observed in all rodent models of HD, but the spatial 

and temporal distribution varied depending on the model, with early appearance correlating 

with the shortening of the N-terminal Htt fragment expressed224. 

 

5.2 Non-rodent genetic animal models of HD 

Most of the non-rodent animal models of HD express truncated N-terminal fragments of mHtt. 

Caenorhabditis elegans. C. elegans models express Htt fragments with the first 57, 79, or 171 
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a.a. with an expanded polyQ from 88 to 150Q244–246. Mutant Htt expression was targeted to a 

specific subset of neurons and resulted in Htt aggregate formation, neuronal dysfunction, 

neurodegeneration, mechanosensory defects and reduced lifespan244–246. 

Drosophila (Drosophila melanogaster). Several lines were generated using Drosophila by 

expressing the first 58 to 548 a.a. of Htt, as well as one FL-Htt model247–250. The vast majority 

expressed the complementary DNA (cDNA) – thus, without introns – of human Htt fragments 

in photoreceptor neurons and other targeted specific cellular populations (UAS-GAL4 

system)251. HD fly models showed Htt neuronal aggregation, degeneration, motor defects, and 

reduced lifespan. 

Zebrafish (Danio rerio). A zebrafish HD model was developed by injecting embryos with Httex1. 

This resulted in the formation of perinuclear aggregates and increased cellular apoptosis, 

making this model useful for the screening of protein aggregation inhibitors252. 

Sheep, along with pigs and non-human primates, are considered large-animal models of HD. 

Sheep (Ovis aries). The sheep model of HD expresses human FL-Htt with 73Q253,254. Early 

IHC analyses in 7-month-old sheep showed a reduction in the MSN marker DARP-32; 

however, no protein aggregation and no detectable neuronal loss were observed253. Further 

characterization of the model revealed the presence of S830-positive cortical neuropil 

aggregates (mHttex1 targeted antibody) at 18-months and additional neuronal intranuclear 

inclusions in the piriform cortex at 36-months255.  

Pigs (Sus scrofa). The first Tibetan miniature pig model of HD expressed by nuclear transfer 

the N-terminal 208 a.a. of Htt with a polyQ of 105 glutamines, but led to an early postnatal 

death with increased apoptotic markers256. More recently, Yan and colleagues used 

CRISPR/Cas9 and somatic nuclear transfer to generate a KI pig model of HD expressing a 

humanized exon 1 with 150 CAG repeats257. The KI pig model resulted in the specific 

neurodegeneration of MSN with the detection of some small mHtt-positive nuclear and neuropil 

aggregates, as well as motor and respiratory dysfunctions. 
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Non-human primates (Macaca mulatta or fascicularis). Finally, non-human primate models of 

HD were developed, first by employing toxin-based methods258,259 and, later, genetically 

expressing Htt171-82Q260 or Httex1261 via lentiviral overexpression. The Httex1 model with 

around 84Q displayed a severe HD phenotype with extensive inclusion formation, although the 

great majority of non-human primates did not survive after six months. 

 

Overall, numerous animal models of HD were generated and are important to answering 

specific questions on the pathogenesis of HD, despite some limitations and discrepancies 

among the literature. Interestingly, animal models expressing truncated N-terminal fragments 

of Htt, and especially Httex1, brought strong evidence that they are relevant models and could 

recapitulate many features of HD pathology. 

 

 

6. Cellular models of HD 

Cellular models of HD are complementary to animal models in order to better dissect Htt 

aggregation and inclusion formation properties in a controlled environment. The use of cellular 

models allows for the genetic modulation and expression of various Htt constructs in selected 

cell types as well as a robust characterization in a relatively short time. Moreover, the modeling 

of the HD pathology in cells can be monitored at the subcellular level and provides a good 

resolution to decipher molecular pathways and toxicity events. 

 

6.1 First cellular models of HD and detection of aggregates  

Since the discovery of the htt gene in 1993, very few studies have shown evidence of inclusion 

formation in cells expressing FL-Htt119,262,263. Most of the studies on FL-Htt were based only on 

fluorescence microscopy and rarely exhibited inclusion formation. Furthermore, even if 

inclusions were detected, it was not clear whether they were formed by FL-Htt or N-terminal 
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Htt fragments. Moreover, the formation of Htt aggregates was not validated and characterized 

at the biochemical level. For example, Cooper et al. reported only 1% of cells containing 

aggregates using FL-Htt with 18 or 82Q in N2a cells compared to 82% in Htt171 with 82Q 

based on fluorescence microscopy264. In order to study Htt aggregate formation in cellular 

models, smaller N-terminal fragments of Htt were also generated (Httex1, Htt171, Htt586).  

Studies in cellular models have consistently shown that Httex1 is associated with more robust 

inclusions formation compared to Htt171 or longer caspase fragments (Htt500-600)103,119,262,264. 

Similar to animal studies, early models of Htt inclusion formation showed an increased 

aggregate formation in N-terminal fragments of Htt, associated with increased nuclear 

relocalization in neuronal cell types, as well as increased toxicity. 

Although different types of techniques, based primarily on imaging, have been used to identify 

the accumulation of Htt proteins, the criteria for defining protein aggregates or pathological 

inclusions are not always clear. Most of the early studies classified Htt inclusions/aggregates 

based on the detection of puncta by fluorescent imaging. Indeed, early models of cellular Htt 

aggregation relied mostly on antibody-based detections or the use of a short tag (e.g., Flag) 

before the fusion of fluorescence proteins such as GFP was used262–264. Fluorescent 

microscopy is very useful for subcellular localization and colocalization studies, but the 

detection of puncta or accumulation of fluorescence should be combined with specific markers 

or techniques to be precisely defined as aggregates. EM analysis can give a stronger indication 

of the presence of protein aggregates and fibrils, as found in post-mortem HD brains81,113. 

However, EM-based techniques are more challenging, require heavy processing of the 

samples, and do not allow for multiplexing. Also, Htt inclusions are more robustly defined based 

on their biochemical properties and considered to be insoluble protein aggregates when 

resistant to detergent or protease-resistant. Biochemical techniques are very diverse and can 

be adjusted depending on the desired detergent fractionation and to isolate aggregates. 

Moreover, isolated fractions can be coupled to additional analytic techniques such as mass 

spectrometry and proteomic analysis for in-depth and quantitative characterization265. 
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Altogether, previous studies indicate that it is crucial to rely on an integrative approach for the 

robust investigation of protein aggregation and inclusion formation in cells. 

 

6.2 Htt fragments used to model HD in cells 

Httex1 is the most commonly used N-terminal fragment to investigate Htt aggregation in 

cells120,136,143,149,160,195,266–270. However, other longer N-terminal fragments containing the Httex1 

sequence with the polyQ stretch are also employed (e.g., Htt171271,272 and Htt586273,274, Figure 

8), in line with the detection of Htt epitopes outside exon 1 in the human brain (Table 1). 

Investigating the aggregation of longer N-terminal fragments containing Httex1 is important for 

assessing the influence of sequences outside exon 1 on Htt aggregation and cellular 

properties, as well as for assessing modulators of Httex1 cleavage. It has recently been shown 

that Htt171 aggregation occurs via distinct mechanisms compared to Httex1175. Although 

polyQ-mediated processes initially drive Httex1 aggregation, the aggregation of Htt171 is 

driven by phase separation events mediated by a complex interplay between the helical 

domain comprising residues 104-171 and the polyQ domain. Moreover, site-specific 

phosphorylations of Htt outside exon 1 (e.g., T107 and S116) have been shown to modulate 

Htt aggregation. Other N-terminal fragments of Htt that are naturally occurring by proteolysis 

in the brain, in vivo, and in cells are also used in cellular models of HD81–87, such as Htt167 

(mediated by calpain 2)274,275 and Htt586 (mediated by caspase 6) (Figure 3A). However, 

though the Htt586 fragment is naturally produced by caspase 6 cleavage of the Htt 

protein85,104,131,276, almost no studies have reported robust aggregation and inclusion formation 

in cells expressing this fragment273,274. Other, less frequently used N-terminal fragments such 

as Htt287277, Htt511275, Htt96914,165,263, and other mutated or partially truncated variants138,149,278 

are also expressed in cells to assess their aggregation of cellular properties. 
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Figure 8. Comparison of literature mining depending on the size of Htt fragments 
A. PubMed search provides many much more articles with the keywords “Huntingtin exon 1” 
(589) compared to “Huntingtin 171” (46) and “Huntingtin 586” (24). B. Google Scholar search 
is less stringent than PubMed, resulting in 20 500 articles for “Huntingtin exon 1”, relatively 
similar to “Huntingtin 171” with 19 600 articles, and only 4 380 articles for “Huntingtin 586”. 

 

6.3 Influence of non-natural sequences on cellular models of HD 

Similar to animal models of HD, many cellular studies often use a polyQ length greater than 

75 repeats, associated mostly with rare juvenile forms of the disease, to induce aggregate 

formation90,195,279–283. Some models use Htt constructs of 100-130 polyQ repeats281,284–286, 

which are far from human mutations predominantly around 40 to 50 polyQ29,36. In addition, 

most studies rely on the use of large fluorescent proteins fused to Htt to investigate the cellular 

properties and dynamics of Htt inclusion in cells117,149,270,279,287. As discussed earlier in the 

introduction, “How do tags influence amyloid proteins, fibrilization, and aggregate formation in 

vitro and in cellular models”, the presence of these large proteins can influence the aggregation 

mechanism and the final structure and biochemical properties of the inclusions, as well as Htt 

cellular interactors. 
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6.4 Cell types used to model Htt expression and aggregation  

In the past decades, a plethora of cell types has been used to express the Htt fragments from 

diverse lengths, with or without the presence of tags. Non-differentiating mammalian cells such 

as HEK, HeLa, COS-7, M17, and CHO can easily be manipulated in lab cell culture and 

transfected to overexpress Htt. As an example, Httex1 expression in HEK cells results in the 

formation of abundant and predominantly cytosolic Htt aggregates/inclusions. This remains 

one of the most commonly used cellular models of Htt aggregation and inclusion 

formation90,143,268,275,288–296. Neuronal cell lines like N2a, SH-SY5Y, and PC12 will also grow in 

vitro by cell division if non-differentiated and have features similar to those of the previous non-

neuronal dividing cell types. Cell lines can be engineered to endogenously express Htt but take 

more resources to develop and do not allow for modifications of the protein sequence 

afterward. For example, the STHdh mouse striatal cell line expressing a humanized exon 1 

(Q111/Q111) must follow a strict differentiation protocol to correctly differentiate and display 

neuronal features. Although the level of Htt inclusion formation in these cells is very low, 

STHdhQ111/Q111 cells displayed calcium homeostasis impairments and increased 

vulnerability297–299. 

While Htt dysfunctions are also present in peripheral tissues, it is essential to conduct studies 

in differentiated neuronal cells, heavily affected in HD. Primary cultures of neurons are 

commonly used and originate mostly from mice and rats. One challenge with primary neuronal 

cultures is that they are more resistant to transfection; therefore, viral-based methods are often 

required120,143,155,160. The differentiation of primary cells requires around seven days in vitro to 

obtain a neuronal network, and the presence of glial cells as supporting cells can be maintained 

in the culture if no specific treatments are employed. Interestingly, cytoplasmic inclusions seem 

to occur more frequently in dividing and non-differentiating mammalian cells, whereas nuclear 

inclusions are found predominantly in differentiated neuronal cell types. 

Neuronal and non-neuronal models of HD have been instrumental in deciphering specific 

mechanisms linked to Htt expressions such as subcellular localization, inclusion formation, and 



Chapter I:  Introduction 

34 
 

cellular impairments90,120,141,143,160,268,288,293–295. However, these studies focused mainly on the 

polyQ domain, often lack a detailed characterization of the inclusions at both the biochemical 

and structural levels, and rely mostly on the use of additional sequences or tags. The 

employment of a multitude of cell types, Htt sequences, polyQ lengths, additional mutations, 

and tags makes it challenging to compare and reconcile cellular results. In addition, most of 

the studies did not combine multiple techniques for an integrative characterization of Htt 

aggregation, inclusion formation, and their impacts on cells. 

Increasingly, publications reported the use of animal- or human/patient-derived embryonic 

stem cells (ESCs) and induced pluripotent stem cells (iPSCs) to monitor Htt cellular 

expression300. In these models, HD-related cellular defects such as transcriptional, 

metabolism, and electrophysiology dysfunctions, as well as oxidative stress, were observed301–

303. Recently, Victor and colleagues used the microRNA-based conversion of HD patient 

fibroblasts to generate MSN and could observe small nuclear and cytoplasmic puncta, 

mitochondrial dysfunction, DNA damage, and toxicity304. However, no robust Htt aggregation 

was observed, and the challenging reproducibility makes it difficult for these models to 

investigate Htt inclusion formation in cells. Remarkably, stem cells do not serve solely as 

cellular models of HD but can be engineered for cell replacement therapy305.  

 

6.5 Cellular toxicity of Htt aggregation and inclusion formation 

Despite decades of work dissecting the molecular mechanisms and signaling pathways 

underlying Htt inclusion formation and maturation, the direct link between Htt aggregation, 

neuronal cell death, and HD pathogenesis and clinical symptom progression is still missing. In 

HD brains, a significant increase in neuronal loss in the striatal and cortical areas and 

longitudinal brain atrophy occurs during disease progression12,26,306 and are associated with 

the deposition and accumulation of intraneuronal aggregates of mHtt, making these inclusions 

the pathological hallmark of HD81,89,94. However, the pattern of neurodegeneration is not similar 



Chapter I:  Introduction 

35 
 

to the presence of inclusions with more aggregates detected in the cortex, despite stronger 

brain atrophy observed in the striatum and the specific loss of MSN94. Thus, the question of 

whether Htt inclusions are harmful and directly cause neuronal cell death307 or whether they 

have protective effects117,308,309 is still under debate310. Several in vivo and cellular models have 

been developed to evaluate the potential correlation between Htt aggregation level and 

neurodegeneration. 

 

First, it has been shown that the formation and accumulation of Htt aggregates together with 

neurodegeneration were observed concomitantly in most of the HD transgenic mice models 

expressing N-terminal fragments of Htt102,115,225,239–241,243, suggesting that the increased burden 

of Htt inclusions is toxic. Although nuclear and cytoplasmic or neuropil Htt aggregates are 

considered a hallmark of HD, no direct link was demonstrated between inclusion formation and 

toxicity. 

In addition to animal models of HD, several Htt overexpressing cell-based models have been 

developed to provide more insight into how Htt aggregation and inclusion formation could be 

cytotoxic. Using these cellular models, several mammalian cell types (e.g., HeLa311, N2a312,313, 

HEK 293 cells314, SH-S5Y5315, and striatal cell lines316), including rodent primary striatal 

neurons317,318, have been shown to be more prone to death when mHtt is overexpressed with 

an expanded polyQ stretch310. Furthermore, some of these studies demonstrated that Httex1-

overexpressing cells are sensitive to aggregates in a dose- and time-dependent manner136,314. 

The cytotoxicity effects of overexpressing Htt in cells have been linked to several pathways, 

including mitochondrial dysfunction and oxidative stress311, transcriptional dysregulation319, 

inhibition of neuritic out-growth312, and neuritic degeneration320. Recent studies have also 

suggested that the sequestration inside the Htt inclusions of key proteins such as 

chaperones321,322, transcription factors323, and proteins involved in regulating proteostasis 

overload or dysfunction324 could cause the loss of protein functions (including Htt). Such a wide 

range of functional changes might render the cells more susceptible to death. Additional 
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evidence of a correlation between Htt inclusions burden and neuronal toxicity came from 

studies showing that lowering the Htt aggregation level is protective. Yamamoto and 

colleagues demonstrated that halting the expression of mHtt in mice led to protein inclusions 

clearance and improved behavioral features325. Moreover, the inhibition of mHtt 

oligomerization by Congo red promotes inclusion clearance and survival in HeLa cells and 

R6/2 mice326. Similarly, Hedge et al. recently showed that preventing Htt aggregation and 

inclusion formation suppresses toxicity in primary neurons and Caenorhabditis elegans HD 

models160. These results reinforce the potentially toxic role of inclusion formation and 

accumulation in the pathogenesis of HD.  However, the nature of the aggregate species 

(soluble oligomeric form vs. fibrillar aggregates) and their protein composition, size, subcellular 

localization (nuclear vs. cytoplasmic), and brain location of the Htt aggregates greatly vary. 

Therefore, our difficulty in establishing a causal link between aggregate formation deposition 

and neuronal loss during pathogenesis and the progression of HD may also be due to our lack 

of knowledge about the nature of the toxic species.  

Due to the diversity of Htt inclusions formed, it is also possible that not all types of Htt 

aggregates are pathogenic but that some may have beneficial effects. In line with this 

hypothesis, several animal327 and cellular studies have shown that the presence of Htt 

inclusions does not necessarily correlate with cell death263,308,328. Arrasate et al. have shown 

that in primary neuronal culture overexpressing Httex1 47Q, neurons able to form inclusion 

survived and had an increased lifespan while those expressing Httex1 47Q as diffuse 

intracellular proteins rapidly died117. Additional work from Finkbeiner’s group confirmed that the 

formation of Htt inclusion bodies in neurons reduce the risk of neuronal cell death329. Moreover, 

it has been shown that preventing the formation of Htt inclusions significantly increased 

neuronal cell death308 while promoting inclusion formation is neuroprotective330. All these 

studies have suggested that neurons promote Htt inclusion formation as a protective response 

to either reduce the level of the toxic Htt proteins and/or to sequester more toxic Htt species 

(e.g., small soluble oligomeric or aggregated forms) that may otherwise impair cellular 
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functions due to aberrant interactions and/or direct damage to cellular compartments and 

machineries. Despite the difficulties involved in clearly identifying and quantitatively assessing 

soluble oligomer formation, several studies demonstrated that soluble oligomers were more 

toxic than larger inclusions, and therefore their sequestration should be protective331–334.  

Thus, the formation of Htt inclusions could start as a beneficial neuronal response, but 

ultimately, their maturation into large inclusions in which many proteins, organelles, 

membranes, and lipids are eventually sequestered over time has become a cause of cellular 

dysfunction and neuronal cell death. The toxicity of these inclusions may also depend on the 

stage of disease progression. 

 

6.6 Challenges of modeling HD in cells 

The introduction of non-natural sequence modifications, combined with the lack of biochemical 

and structural assessment of Htt inclusions, has led to the generation of several models with 

limited characterization and, therefore, that are less efficient for deciphering such a complex 

process. Moreover, the great majority of the models allow for detailed investigation of only the 

final step of inclusion formation without assessing the mechanisms responsible for initiating 

and regulating Htt misfolding, oligomerization, fibrillization and inclusion formation. The 

mechanisms of intracellular Htt aggregation and toxicity can be fully understood only if the 

models reproduce features of the human pathology and allow for a thorough characterization 

at the different steps of the aggregation pathways with the appropriate tools. A better 

understanding of the cellular and molecular mechanisms of Htt aggregation will pave the way 

to potential therapeutic interventions. 
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7. Therapeutic approaches 

Although there is currently no cure for HD, recent advancements in understanding the biology 

of Htt have paved the way for the development of disease-modifying strategies, many of which 

are currently under clinical assessment. These include lowering Htt levels, modulating 

neuroinflammation, synaptic transmission and protein homeostasis324,335–337. Unlike other 

neurodegenerative diseases, HD is monogenic and can be diagnosed by genetic testing prior 

to symptomatic manifestations9,338. Despite the availability of genetic testing, biomarkers and 

symptomatic grading are needed to assess disease progression and the efficacy of novel 

therapies. For example, the Unified Huntington’s Disease Rating Scale (UHDRS) is commonly 

used to measure and rate the clinical outcomes of HD patients based primarily on motor, 

cognitive, behavioral, and functional capacities339.  

 

7.1 Symptomatic drug treatment 

Initial therapies for HD focused on targeting the symptoms rather than the underlying causes 

of HD. On the other hand, targeting symptoms is fundamental to improving the quality of life of 

HD patients, even if it does not influence the progression of the disease. These included anti-

chorea drugs tetrabenazine (Xenazine)340,341 and deutetrabenazine (Austedo)342, as well as 

other neuroleptics and antidepressants343 approved by the FDA. Most of the clinical trials did 

not lead to clinical benefits, except the controlled trial of deutetrabenazine, which resulted in  

significantly improved motor signs of HD patients but did not prevent or slow disease 

progression342. Recently, the Huntington study group has been working on a phase III clinical 

trial (KINEC-HD) to assess the efficacy of valbenazine on dyskinesia by inhibiting dopamine 

release344. In parallel, Sage Therapeutics is conducting a phase I/II clinical trial on a drug 

(SAGE-718) aimed at improving the cognitive symptoms of HD patients by modulating NMDA 

receptors. 
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7.2 Htt lowering strategies 

Due to the significant aggregation of mHtt in HD and the beneficial and reversible effects of 

mHtt suppression in mice325, considerable efforts were focused on reducing Htt and mHtt levels 

(Figure 9). The consequences of Htt lowering are controversial because lowering Htt levels 

also leads to a loss of its physiological functions, especially in the absence of therapeutic 

approaches that selectively target the mutated form of Htt. Animal studies in which Htt has 

been inactivated yielded contrasting results, reporting both no defects345 and severe 

abnormalities346. However, a decrease in Htt levels in humans and other animal models seems 

to be well tolerated and without detectable phenotypes, although long-term assessment is still 

required347–350.  

 

Figure 9. Htt lowering strategies. 

Htt expression can be targeted at different steps from DNA to translation: CRISPR-Cas9, zinc-
finger protein (ZFP), transcription activator-like effector nuclease (TALEN), DNA repair 
modulators, antisense oligonucleotide (ASO), small molecules, and RNA interference (RNAi). 
The CAG and polyQ repeats represented in red are mutated forms of Htt (< 36 repeats). RNA-
induced silencing complex: RISC. Ribonuclease: RISC. The figure is adapted from Tabrizi et 
al.337, with permission. 
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Allele-specific therapies are direct and probably safer and can be achieved by targeting 

extended CAG repeats351,352, specifically identified mHtt single nucleotide polymorphisms 

(SNPs)353,354 or nucleotide insertions and deletions (INDELs)355,356. However, even allele-

specific agents can have off-target effects, such as targeting other CAG repeat-containing 

regions357. The subsequently described Htt-lowering strategies can target either both alleles or 

the aberrant isoform only. 

RNA interference (RNAi): Small interfering RNAs (siRNAs), artificial microRNAs (miRNAs) and 

short hairpin RNAs (shRNAs) are part of the RNA machinery and induce the degradation of 

mature mRNA via the RNA-induced silencing complex (RISC)358,359. Synthetic interfering RNA 

does not cross the blood-brain barrier and is hardly internalized in neuronal cells; thus, it needs 

delivery strategies. The viral-based delivery of RNAi effectors resulted in Htt lowering in cells360 

and in vivo361,362. As an example, adeno-associated virus (AAV) delivery of shRNA via striatal 

injection in Htt171 82Q mice led to a reduction in the mHtt mRNA level and inclusion formation 

and resulted in improved motor performance361. Moreover, Htt mRNA was reduced by 45% in 

WT Rhesus Macaques using AAV delivery of miRNA via injection in the putamen350. The 

normal Htt reduction in the putamen was safe and did not induce neurodegeneration or the 

presence of symptoms. In addition, the first gene therapy for HD currently in phase I/II uses 

the drug AMT-130 from uniQure (rAAV5 miRNA) to reduce both WT and mHtt, based on brain 

delivery of recombinant adeno-associated virus363,364. 

Antisense oligonucleotide (ASO): ASOs are synthetic single-stranded DNA molecules with 

sequences complementary to mRNA. ASOs can bind pre-mRNA and induce their degradation 

via RNase H359,365. One major drawback of ASOs is the need for repeated spinal injection for 

the delivery of the drug. Recently, the clinical trial using an ASO directed to both WT and 

mutant Htt from Roche (Tominersen, GENERATION-HD1)364 was halted because it did not 

prevent or reduce HD symptomatology, although it was safe and well-tolerated. In parallel, the 

clinical trial using the ASO candidate from Wave targeting only mHtt was discontinued because 
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it did not lower mHtt levels, although an improved form of the drug is currently under 

development. 

Zinc-finger nucleases (ZFNs): At the DNA level, transcription can be inhibited by ZFN 

repressors via nucleotide-binding. ZFNs can bind to DNA and target specific nucleotides 

through an array of zinc-finger proteins (ZFP), each capable of binding three to five 

nucleotides366. The binding of ZFP alone can reduce gene expression levels or be associated 

with a transcriptional repressor or nuclease. ZFP targeting pathogenic CAG repeats was 

shown to reduce the Htt protein level by 95%  in cells and up to 60% in R6/2 mice367. mHtt 

reduction in R6/2 mice was beneficial with a decrease in aggregate load and improved motor 

behavior. 

Transcription activator-like effector nucleases (TALENs): Similar to ZFNs, TALENs can 

specifically bind DNA nucleotides but at higher efficiency and specificity and suppress the 

transcription of Htt368,369. 

CRISPR–Cas9: Recently, the discovery of CRISPR-Cas9 opened new ways of lowering Htt 

levels and selectively targeting CAG repeats or associated SNPs370–374. Unlike ZFNs or 

TALENs, the CRISPR-Cas9 technique is based on a guide RNA to target DNA sequences. 

mHtt expression was shown to be permanently inactivated using CRISPR-Cas9 in BACHD 

mice372 and HD patient-derived cells373 by targeting SNPs correlated with pathogenic CAG 

repeats. 

Small molecules: The great advantages of small molecules are their ability to cross the blood-

brain barrier and act throughout the whole body, as well as their oral bioavailability. Small 

molecules aimed at lowering Htt levels are splice modulators targeting the splicing of pre-

mRNA into RNA. Novartis is planning a human trial with the Branaplam drug (originally 

developed for spinal muscular atrophy) to alter Htt splicing375. In addition, the splice modulator 

from PTC Therapeutics (PTC518) is under safety assessment in a phase I clinical trial after 

successfully lowering Htt levels in BACHD mice.   
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Overall, RNA or DNA targeted approaches could lead to long-term treatments of HD, but the 

difficult delivery and potential off-target effects are problematic to ensuring safe and efficient 

treatments. 

 

7.3 Other therapeutic strategies 

Neuroinflammation has been shown to play a role in the pathogenesis of neurodegenerative 

diseases and especially in HD with the detection of reactive microglia and astrocytes in the 

brains of HD patients376,377. The overactivation of immune cells in HD induces the production 

of pro-inflammatory cytokines, quinolinic acid, and ROS, contributing to neurotoxicity378,379. 

Neuroinflammation is a complex process that is not fully understood, but the development of 

anti-inflammatory drugs is already being tested in HD380–382. For example, Laquinimod was 

tested in a phase II clinical trial and showed reduced secretion of pro-inflammatory factors as 

well as a significant reduction in caudate atrophy382–385. However, the primary outcome was 

not successfully reached, as the UHDRS total motor score (TMS) did not significantly differ 

from the baseline364,386.  

In addition, thanks to the evolvement of cell replacement therapies in regenerative medicine, 

the use of pluripotent stem cells is under investigation for HD305,387. Patient-derived iPSCs are 

potentially safer and more ethical for transplantation, but they will still carry the HD mutation 

unless they are also edited with CRISPR/CAS-9 before transplantation. Even in this case, the 

environment might still lead to cytotoxicity and neurodegeneration in a non-cell-autonomous 

way. Thus, this therapy would need complementary approaches. 

Other strategies are explored at the protein level, such as the modulation of Htt PTMs142,388, 

N-terminal cleavage inhibition389,390, anti-aggregation agents391 (Congo red392, trehalose 

derivatives393, C2-8 small molecule394, and QBP1 peptide inhibitor395), chaperone induction396–

398, and enhancing mHtt clearance via the proteasome and autophagy324,388. However, the 
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impact of such modulations and their influence on normal Htt functions is still not fully 

understood. 

Another interesting therapeutic approach is to modulate synaptic function to prevent 

excitotoxicity, impaired Ca2+ metabolism, and MSN pathway dysfunctions observed in HD336. 

Neuroprotective effects were observed by the inhibition of 1) the extra-synaptic N-methyl-d-

aspartate (NMDA) receptor399,400; 2) the sigma 1 receptor (SIG1R) resulting in BDNF increase 

and reactive oxygen species (ROS) reduction401,402; 3) Monoamine oxidase (MAO) inducing 

monoamine neurotransmitter increase (dopamine, noradrenaline, and serotonin)403,404; and 4) 

Phosphodiesterase 10A (PDE10A), shown to restore cellular signaling405. 

 

Altogether, even if Htt lowering approaches are promising by targeting the upstream causes 

of the pathology, efficient treatment of HD might require combined therapies acting on 

neuroinflammation, synaptic function, and protein homeostasis at an early stage. 
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8. Objectives of the thesis 

 

The primary objective of this thesis was to develop cellular models of HD that enable 

investigating the mechanisms of Htt cytoplasmic and nuclear inclusion formation and to 

recapitulate some of the key features of human pathology. The generation of such cellular 

models is an essential first step toward elucidating the molecular, structural and cellular 

determinants of Htt aggregation and inclusion formation and how different cell types regulate 

and respond to these processes.   

To achieve this goal, we first assessed the importance of the polyQ length, the Nt17 domain 

and the PRD in the mechanisms of inclusion formation and maturation in mammalian cells. 

Ultrastructural and protein content characterization of cytoplasmic and nuclear inclusions 

allowed us to unravel specific processes and pathways that regulate Htt aggregation and 

inclusion formation depending on the cellular milieu (Chapter II). We then conducted a time-

dependent study on nuclear Htt inclusions formed in primary neurons to investigate the level 

and kinetics of aggregation, as well as the morphology of neuronal inclusions. We also 

characterized the biochemical and ultrastructural features of neuronal Httex1 inclusions, as 

well as their toxic properties (Chapter III). Finally, we discussed our results in the context of 

the generation of cellular models of HD that are phenotypically, biochemically, and structurally 

closer to the human pathology and the perspective on label-free methods needed to monitor 

inclusion formation (Chapter IV). 
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Chapter II:  Disentangling the cellular, molecular and 
ultrastructural determinants of Huntingtin inclusion 
formation in mammalian cells 
 

Abstract  

Despite the strong evidence linking the aggregation of the Huntingtin protein (Htt) to the 

pathogenesis of Huntington’s disease (HD), the mechanisms underlying Htt aggregation and 

neurodegeneration remain poorly understood. Herein, we investigated the ultrastructural 

properties and protein composition of Htt cytoplasmic and nuclear inclusions in mammalian 

cells overexpressing mutant exon1 of the Htt protein. Our findings provide novel insight into 

the ultrastructural properties of cytoplasmic and nuclear Htt inclusions and their mechanisms 

of formation. We show that Htt inclusion formation and maturation are complex processes that, 

although initially driven by polyQ-dependent Htt aggregation, also involve 1) polyQ and PRD 

domain-dependent sequestration of lipids and cytoplasmic and cytoskeletal proteins related to 

HD dysregulated pathways; 2) recruitment and accumulation of remodeled or dysfunctional 

membranous organelles, and 3) impairment of the protein quality control and degradation 

machinery. We also show that nuclear and cytoplasmic Htt inclusions exhibit distinct 

biochemical compositions and ultrastructural properties, suggesting different mechanisms of 

aggregation and toxicity. 
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1. Introduction 

Although several studies have investigated specific cellular mechanisms linked to Htt 

aggregation, the current models often lack detailed characterization of the inclusions at both 

the biochemical and structural levels. Furthermore, while some of the previous studies 

explored the effect of polyQ repeat length on the ultrastructure properties of mutant Htt, there 

are no reports on the role of the first N-terminal 17 amino acids (Nt17) of Htt – which regulates 

many aspects of the aggregation and cellular properties of Htt proteins141,145,147,149 – on the 

organization and ultrastructure properties of cytoplasmic and nuclear Htt inclusions. Finally, 

the vast majority of the previous studies used mutant Htt constructs fused to either peptide-

based tags or large fluorescent proteins like GFP that could interfere with the cellular and 

aggregation properties of Htt195,266,268,406.  

Here, we employed a cellular model of Htt aggregation and inclusion formation to gain insight 

into how sequence modifications influence the final ultrastructural and biochemical properties 

of cytoplasmic and nuclear Htt inclusions and their impact on cellular organelles and functions. 

The cellular models used in this study are based on the overexpression of N-terminal 

fragments of mutant Htt comprising the Exon 1 region (Httex1), which contains the polyQ 

expansion. Incomplete splicing of HTT leading to Httex1 protein expression has been shown 

to occur in HD patients' brains110, and Httex1 protein was previously described as a key 

component of the intracellular inclusions found in HD post-mortem brains85,90,110. Moreover, the 

expression of pathogenic Httex1 (polyQ tract > 43Q) is sufficient to induce HD-like features, 

including aggregates formation and toxicity in mice102,119,130, Drosophila131, C. elegans407 and 

cell culture models132,137–139,143,149,195,268,270,408,409. In vitro and cellular studies also showed that 

Httex1 aggregates in a polyQ repeat length and concentration-dependent manner133–135. 

Therefore the mutant Httex1-based models are useful to study the pathogenesis of HD as they 

reproduce different aspects of Htt aggregation and have been instrumental in advancing our 
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understanding of the sequence, molecular, and structural determinants of Htt aggregation and 

inclusion formation137–143.  

We applied Correlative Light and Electron Microscopy (CLEM) and proteomics-based 

approaches to investigate the structural and biochemical properties of the cytoplasmic and 

nuclear Httex1 inclusions in HEK 293 cells. We also investigated the role of the Nt17 domain 

and the polyQ tract length in modulating the composition and the structural properties of mutant 

Httex1 inclusions. Finally, given that a large body of published cellular studies on the 

mechanisms of Httex1 aggregation and inclusion formation is based on constructs in which 

Httex1 is fused to the GFP58,147,149,195,410–412, we also compared, for the first time, the 

composition, ultrastructural properties, and toxicity of inclusions formed by native (tag-free) 

and GFP-tagged mutant Httex1.  
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2. Results 

2.1 Httex1 cytoplasmic inclusions exhibit a distinctive core and shell 
morphology and are composed of highly organized fibrils, cytoplasmic proteins 
and membranous structures 

To investigate the ultrastructural properties of Htt inclusions, we first used a mammalian cell 

model system of HD, in which overexpression of mutant Httex1 with polyQ repeats > 39 has 

been shown to result in a robust and reproducible formation of cytoplasmic Htt inclusions143,268. 

In this model, nuclear inclusions are also observed in ~ 15% of transfected cells by Httex1 

72Q292, thus providing an opportunity to investigate and compare the ultrastructural features 

of cytoplasmic and nuclear Htt inclusions under identical conditions. This model system is 

widely used to investigate molecular, cellular, and pharmacological modulators of Htt 

aggregation and inclusion formation132,137,287,408,409,138,139,143,149,195,268,270,279, though very often 

using Htt constructs with extra non-natural sequences such as Myc, FLAG and GFP tags. 

Previous studies have shown that the presence of such tags significantly alters the aggregation 

properties of N-terminal fragments of mutant Htt193,216,413. Therefore, in this work, we opted to 

maintain the native sequence of the protein and investigated mutant Httex1 aggregation and 

inclusion formation in the absence of additional sequences or tags. Tag-free Httex1 72Q was 

overexpressed in HEK 293 cells (HEK cells), and the morphology and structural properties of 

Httex1 inclusions were assessed. Despite the formation and abundance of inclusions formed 

by Httex1 72Q, we did not observe overt toxicity in HEK cells. The initiation of apoptotic events 

was apparent only after 96 h, as indicated by Caspase 3 activation without loss of plasma 

membrane integrity292. 

Next, we assessed the morphology of Httex1 72Q inclusions by immunocytochemistry (ICC) 

using nine antibodies against different epitopes along the sequence of Httex1 (Figures 1A and 

S1). Interestingly, all the antibodies presented a strong immunoreactivity to the periphery of 

the Httex1 72Q inclusions, and none of these antibodies labeled the core of these inclusions 

(Figures 1B and S2A). This observation suggests either an absence of Htt in the center of the 
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inclusions or poor accessibility of the used antibodies to the core of the inclusions, possibly 

due to the high compactness of the Htt aggregates in the core compared to the periphery of 

the inclusions. In addition, we observed high colocalization of the filamentous actin (visualized 

by phalloidin) with Httex1 inclusions (Figure 1B, white arrowheads), indicating a possible 

involvement of the cytoskeleton proteins in Htt inclusion formation.  

 

2.2 CLEM of the cytoplasmic Httex1 inclusion reveals a complex structural 
organization of HTT aggregates and membranous structures, with a distinctive 
core and shell 

To gain more insight into the structural and organizational features of Httex1 inclusions formed 

in cells, we turned to electron microscopy (EM). We first employed a correlative approach to 

analyze the ultrastructure of the inclusions by EM and their subcellular environment seen with 

CLEM (Figure 1C-D). Httex1 72Q positive inclusions were immunostained and imaged by 

confocal microscopy (Figure 1C) and then subjected to serial sectioning for analysis by EM 

(Figure 1D). The EM micrographs of the Httex1 72Q inclusions revealed a surprisingly complex 

morphology characterized by a halo-like structure with a dense core and a heavily stained 

outer shell. The outer layer of the inclusions contained fibrillar structures that appeared to be 

tightly packed and radiating from the core of the inclusion. EM-dense cytoplasmic structures 

were detected in both the core and the periphery and could reflect the incorporation or 

sequestration of disrupted organelles inside the inclusion165,195,414 (Figure 1D, white 

arrowheads). The halo-morphology of Httex1 inclusions was consistent across many imaged 

inclusions (Figure S3A).  

To further characterize the structural properties and distribution of Httex1 within the inclusion, 

we used cryo-fixation via high-pressure freezing, which preserves the cellular ultrastructure in 

its native state. EM imaging revealed radiating fibrils at the periphery and more tightly 

organized and stacked fibrils in the core (Figure S4A). Electron-dense membranous structures 
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were observed in the core and more to the periphery. These results suggest that both the core 

and shell contain aggregated fibrillar forms of mHtt with but a distinct structural organization.  

 

Figure 1. Confocal microscopy and CLEM revealed the ring-like structure of the Httex1 
72Q inclusions formed in HEK cells. 
A. Epitope mapping of the Httex1 antibodies. B. Httex1 72Q inclusions that formed 48 h after 
transfection in HEK cells were detected by ICC staining combined with confocal imaging. All 
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the Htt antibodies showed strong immunoreactivity to the periphery of the Httex1 inclusions. 
The nucleus was counterstained with DAPI (blue) and the F-actin with phalloidin (red). White 
arrows indicate the colocalization of the F-actin with the ring-like structure of Httex1 inclusions. 
Scale bar = 20 μm (left-hand panels) and 10 μm (middle and right-hand panels). C-D. 48 h 
post-transfection, HEK cells were fixed, and ICC against Httex1 was performed and imaged 
by confocal microscopy (C). The selected area of the cells (white square) was then examined 
by EM. Orthogonal projection (Orth. Pr.), Scale bars = 5 μm. (D). Pieces of membranes and 
vesicles are indicated by the white arrowheads. A binary image (inset) was generated from the 
electron micrograph using a median filtering and Otsu intensity threshold, allowing for a better 
distinction between the core and the shell ultrastructure of the tag-free Httex1 inclusion. Scale 
bar = 500 nm. E. Representative electron micrograph of Httex1 72Q cellular inclusion and 
higher magnification (white square) shown in the right panel. Dashed lines delimit the 
aggregate and the core of the inclusion. Internalized membranous structures and the 
mitochondria are indicated by the orange arrowheads and the green arrowheads, respectively. 
Scale bar = 1 μm (left panel) and 500 nm (right panel) F. 3D model of Httex1 72Q cellular 
inclusion and surrounding organelles (top view). The Httex1 inclusion body (IB) shell is 
represented in purple and the IB core in cyan. ER membranes are shown in green, intra-
inclusion membranous structures are displayed in white, the nucleus is shown in blue, and the 
mitochondria are shown in yellow. A red arrow highlights the formation of stacked ER cisternae. 
Scale bar = 2 μm. G. Representative electron micrograph of Httex1 39Q inclusion formed 48 
h after transfection in HEK. The white square indicates the area shown in the right panel at 
higher magnification. Dashed lines delimit the inclusion. Httex1 39Q inclusions appeared less 
dense than the Httex1 72Q inclusions. Scale bar = 1 μm (left panel) and 500 nm (right panel). 
H. 3D model of the Httex1 39Q inclusion body (IB) is shown in purple, surrounded by 
mitochondria (yellow) and ER structures (green). A red arrow highlights the formation of 
stacked ER cisternae close to the Httex1 39Q inclusion. Intra-inclusion membranous structures 
are shown in white. The nucleus is highlighted in blue. Scale bar = 2 μm. 

 

The structural organization of Httex1 72Q inclusions combined with the primary localization of 

Htt antibodies in their periphery suggests that Htt fibrils in the outer layer of these inclusions 

serve as active sites for the recruitment of soluble Htt, the growth of Htt fibrils, and the 

interaction of Htt with other proteins and cellular organelles. The ultrastructure of inclusions 

formed by the Httex1 72Q suggests that their formation is not simply the result of the 

interactions between Htt monomers but may also involve interactions and the recruitment of 

other proteins and cellular components. Consistent with this hypothesis, it has been previously 

reported that Htt intracellular inclusions interact with and/or contain cellular endomembranes, 

especially of the endoplasmic reticulum (ER)195 and the mitochondria 18,267,268,414,415, and alter 

the organization and functions of these organelles. 
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To determine whether the formation of cytoplasmic inclusions involves interactions with or 

recruitment of membranous structures such as ER and mitochondria, we imaged inclusion 

positive cells by EM under conditions that preserve the internal membranes of cellular 

organelles, i.e., in the absence of detergents commonly used in the ICC procedure. EM images 

revealed that the core and periphery of the Httex1 72Q inclusion contained many small 

membranous structures (Figure 1E, yellow arrowheads). An ER network and mitochondria 

were present at the periphery of these inclusions, suggesting that these regions might act as 

active sites for the recruitment and interaction of soluble Htt with other proteins and cellular 

compartments during inclusion formation and maturation. Most of the mitochondria 

surrounding the cytoplasmic Httex1 72Q inclusions exhibited damaged or markedly reduced 

numbers of cristae (Figure 1E, green arrowheads).  

 

Next, we sought to identify the endomembrane compartments within Httex1 72Q inclusions 

using a panel of antibodies or dyes labeling intracellular compartments. The mitochondrial 

(Tom 20 and Mitotracker) and ER (BiP/Grp78) markers were strongly detected near Httex1 

72Q cytoplasmic inclusions (Figure S5A-C). The autophagy flux marker, p62, was enriched in 

the periphery of Httex1 72Q inclusions (Figure S5D). Markers of aggresome formation, such 

as Vimentin and HDAC6, were also enriched in the periphery and in close proximity to Httex1 

72Q inclusions (Figure S5E-F). Moreover, when cytoskeletal proteins such as actin and tubulin 

were overexpressed (fused with RFP), they were observed mainly at the periphery of the 

Httex1 72Q inclusions (Figure S5G-H). This observation is consistent with the colocalization 

of F-actin (stained by phalloidin) with Httex1-72Q inclusions (Figure 1B, white arrowheads). 

None of the organelles’ markers were detected inside the core of these inclusions (Figure S5), 

although the EM images clearly showed the presence of membranous structures in the center 

(Figure 1E). This confirms the poor accessibility of antibodies and dyes to stain the core of the 

Httex1 inclusions, likely due to their compactness and highlights the importance of using EM 

to decipher the ultrastructural properties and composition of the pathological inclusions.  
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2.3 3D reconstruction of Httex1 inclusions indicate perturbation of the ER 
organization  

To further investigate the structure of Httex1 inclusions and their impact on cellular 

compartments, we generated a 3D model of the inclusions and the organelles in their vicinity. 

In cells containing Httex1 72Q inclusions, serial EM images were captured, aligned, and the 

different features segmented (Figure 1E). These segmentations were then used to create a 

3D model of the inclusion and surrounding cellular components (Figure 1F and movie 1). This 

model showed that the inclusion formed in a crowded region with the presence of ER and 

mitochondria all around it. The 3D model suggests that the electron-dense membranous 

structures recruited inside the Httex1 inclusions were mostly composed of endomembranes 

and vesicles (labeled in white), consistent with a previous report195,414. Interestingly, the ER 

adopted a specific “rosette-like” or “stacked cisternae” morphology (highlighted by a red 

arrowhead) in the periphery of some Httex1 72Q inclusions. Finally, it is noteworthy that the 

mitochondria (labeled in yellow) were not detected inside the inclusion but rather at the 

periphery of the inclusions. Interestingly, despite the proximity of the cellular inclusions to the 

nucleus, the inclusion did not compromise the nuclear membrane integrity (Figure S3A).  

 

2.4 Cytoplasmic and nuclear Httex1 inclusions in HEK cells exhibit distinct 
ultrastructural properties 

Both cytoplasmic and nuclear inclusions have been observed in HD patients’ brains and 

transgenic mouse models of HD314,416,417. Therefore, we compared the structural and 

organizational properties of Httex1 72Q inclusions in the cytoplasm (~85%) and nucleus 

(~15%) of the transfected HEK cells containing inclusions292. Using immunofluorescence-

based confocal microscopy, we did not observe significant differences in the size or overall 

morphology between the Httex1 72Q inclusions in the nucleus and the perinuclear region 

(Figure 2A). However, EM clearly showed that the nuclear inclusions formed by the Httex1 

72Q were enriched in fibrillar structures (Figure 2B) but did not exhibit the classical core and 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-26684-z/MediaObjects/41467_2021_26684_MOESM5_ESM.mp4
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shell organization, nor did they contain the membranous structures trapped within the 

cytoplasmic inclusion (Figure 1D-E). This suggests that the intracellular environment is a key 

determinant of the structural and molecular complexity of the inclusions and that nuclear and 

cytoplasmic inclusion formation occurs via different mechanisms.  

 
 
Figure 2. The nuclear inclusions formed by Httex1 72Q do not exhibit the classical core 
and shell organization observed for the cytosolic inclusions. 
A. Representative confocal images of Httex1 72Q nuclear inclusions, 48 h after transfection. 
Httex1 expression (grey) was detected using a specific primary antibody against the N-terminal 
part of Htt (amino acids 1-17; 2B7 or Ab109115). The nucleus was counterstained with DAPI 
(blue), and phalloidin (red) was used to stain the actin F. Httex1 nuclear inclusions are 
indicated by the yellow arrowheads. Scale bars = 10 μm. B. Electron micrograph of a 
representative nuclear Httex1 72Q inclusion. The white square indicates the area shown at 
higher magnification in the right-hand panel. The nucleus is highlighted in blue, and the double 
arrows indicate the distance between the nuclear inclusion and the nuclear membrane. No 
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interaction between the nuclear inclusion and the nuclear membrane was observed. Scale 
bars = 2 μm (left-hand panel) and 500 nm (right-hand panel). 
 

2.5 The length of the polyQ domain is another key determinant of inclusion 
formation 

We and others have previously shown that the polyQ repeat length strongly influences the 

conformation and aggregation properties of Httex1, with higher polyQ favoring the formation 

of a more compact polyQ domain and accelerating Htt aggregation in vitro and in vivo135,193,418. 

However, the polyQ dependence on Htt inclusion formation has predominantly been assessed 

mainly by ICC and in the context of Htt fused to fluorescent proteins and polyQ repeats much 

longer than the pathogenic threshold (64Q-97Q195; 64Q-150Q409; 43Q-97Q266). Therefore, we 

next investigated whether the length of the polyQ repeat also influences the organization and 

ultrastructural properties of cytoplasmic Htt inclusions in HEK cells. Toward this goal, we 

investigated the level of aggregation and the structural organization of the Httex1 inclusions 

carrying different polyQ lengths (16Q, 39Q vs. 72Q). Consistent with previous data from our 

group, no significant cell death was observed in HEK cells overexpressing Httex1 16Q or 39Q 

constructs even after 96 h292. However, cells expressing Httex1 72Q underwent apoptosis after 

96 h. As expected, no inclusions were formed upon overexpression of Httex1 16Q even after 

72 h post-transfection (Figure S6). Httex1 39Q inclusions were detected predominantly in the 

cytoplasm of the HEK cells at all the time points examined (24-72 h), though at lower numbers 

than in the Httex1 72Q conditions: Httex1 39Q (16%) vs. Httex1 72Q (38%) of transfected 

cells292. 

Characterization of the inclusions by EM revealed that the polyQ tract length dramatically 

influences the ultrastructure properties of the Httex1 inclusions. The dark shell structure that 

delimits the core from the periphery of the Httex1 72Q inclusions (Figure 1D-E) was absent in 

the Httex1 39Q inclusions (Figure 1G). In addition, the Httex1 39Q inclusions appeared less 

dense compared to those of the Httex1 72Q. These observations were consistent for all eight 

inclusions imaged per condition (Figure S3B).  
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Similar to what we observed for Httex1 72Q, the 3D reconstruction of the Httex1 39Q inclusions 

clearly showed alteration of the ER organization, as well as the localization of mitochondria 

near the inclusions (Figure 1H and movie 2). The electron-dense membranous structures 

found inside the inclusions were identified as endomembranes and vesicles. Httex1 39Q 

expressing cells also contained specific ER-cisternae at the periphery of the inclusions (Figure 

1H, red arrowheads). Altogether, our data establish that polyQ expansion plays a critical role 

in determining the final architecture and ultrastructural properties of the Httex1 inclusions.  

 

2.6 Removal of the Nt17 domain reduces aggregation formation but does not 
influence the organization and ultrastructural properties of the inclusions 

The Nt17 domain functions as a Nuclear Export Signal (NES) and has been shown to play an 

important role in regulating the intracellular localization of Htt as well as its kinetics of 

aggregation and extent of inclusion formation142,146. Therefore, we sought to assess the role of 

Nt17 in regulating the ultrastructural properties of Htt inclusions. Towards this goal, we 

generated Httex1 39Q and 72Q mutants lacking the entire Nt17 domain (∆Nt17) and compared 

the structural properties of the inclusions formed by these mutants to those formed by Httex1 

39Q and Httex1 72Q. Quantitative confocal microscopy revealed a strong reduction in the 

number of inclusions (~50% reduction) of cells transfected by Httex1 ∆Nt17 72Q compared to 

Httex1 72Q292. Surprisingly, inclusions formed by the Httex1 ∆Nt17 72Q (Figure S7A-B) 

exhibited an architecture and organization (central core and peripheral shell) similar to those 

formed by Httex1 72Q (Figure 1D-E and Figure S8A). Furthermore, similar to Httex1 39Q, the 

Httex1 ∆Nt17 39Q cytoplasmic inclusions did not exhibit a core and shell architecture. These 

observations suggest that the Nt17 domain – while playing a crucial role in regulating the 

kinetics and early events of Htt aggregation – does not influence the morphology or structural 

organization of Htt cytoplasmic and nuclear inclusions.  

 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-26684-z/MediaObjects/41467_2021_26684_MOESM6_ESM.mp4
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2.7 Neutral lipids are incorporated into Httex1 cellular inclusions in a polyQ 
length-dependent manner 

Recent studies showed that the formation of pathological inclusions, Lewy bodies in 

Parkinson’s disease, involves the recruitment of lipids and membranous organelles211,223. 

Although several studies have shown dysfunction of cholesterol metabolism in various cellular 

and animal models of HD419,420, the role of lipids in Htt inclusion formation and the lipid 

composition of cellular huntingtin inclusions remains unknown421,422. To gain further insight into 

the role of lipids in the formation and structural organization of Httex1 inclusions, we next 

assessed their presence using fluorescent probes targeting different lipid classes. We did not 

observe the recruitment of ceramide, cholesteryl ester, or phospholipids into mutant Httex1 

inclusions (Figure S9 A-C). Interestingly, neutral lipids were not found in the center of Httex1 

39Q inclusions (Figure S9D white arrowheads) but were enriched in Httex1 72Q inclusions 

(Figure S9E). This could contribute to the polyQ length-dependent differences in the 

ultrastructural properties of the Httex1 inclusions (Figures 1E and 1G). Neutral lipids were also 

detected in nuclear inclusions (Figure S9E, yellow arrowheads). Although the Nt17 domain 

has been shown to act as a lipid- and membrane-binding domain, neutral lipids were also 

detected in the Httex1 ΔNt17 72Q inclusions, though not inside Httex1 ΔNt17 39Q inclusions 

(Figure S10A). These results demonstrate that polyQ-dependent interaction between Htt and 

neutral lipids plays an important role in Httex1 aggregation and the formation of both nuclear 

and cytoplasmic inclusions. Interestingly, these interactions are not dependent on the Nt17 

domain, which has been reported to interact with membranes and phospholipids. Whether 

mutant Httex1 interactions with lipids occur prior to aggregation and help initiate its 

oligomerization or represent late events associated with the maturation of inclusions remains 

unknown.  
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2.8 Quantitative proteomics reveals that the formation of Httex1 72Q inclusions 
involves the active recruitment and sequestration of proteins and organelles  

Our EM studies combined with 3D reconstructions showed that the formation of Httex1 72Q 

inclusions is accompanied by the sequestration of disrupted ER and vesicles inside the 

inclusion while mitochondria and membranous organelles surround its periphery. To gain 

further insight into the biochemical composition of Htt inclusions, we investigated the proteome 

of Httex1 72Q inclusions. Toward this goal, we first established a detergent fractionation 

protocol to isolate strongly insoluble proteins due to the formation of Httex1 inclusions in HEK 

cells, 48h post-transfection. Httex1 inclusions were isolated using ultracentrifugation and 

dissolved using Sarkosyl supplemented by 8M urea and sonication. Western Blot analysis of 

the Urea fraction confirmed the presence of Httex1 72Q within inclusions, while non-

pathogenic Httex1 16Q was only detected in the soluble fraction (Figure S11A). We then 

performed quantitative proteomic analysis and compared the differentially abundant proteins 

between the Urea soluble fractions of HEK cells overexpressing Httex1 72Q or Httex1 16Q 

(see experimental details, Figure S11A-C). 

The volcano plot shown in Figure 3A results from three independent experiments (FDR <0.05 

and S0 of 0.5). As expected, no proteins were significantly enriched in the insoluble fraction of 

HEK cells expressing Httex1 16Q compared to those expressing GFP (Figure S11D). This is 

in line with our previous findings showing that Httex1 16Q overexpression does not result in 

the formation of inclusions (Figure S6).  In contrast, 377 proteins were significantly enriched in 

the insoluble fraction of HEK cells overexpressing Httex1 72Q compared to cells 

overexpressing Httex1 16Q (Figure 3A). Among these proteins, we identified the endogenous 

HTT protein (Figure S11E). This suggests that the aggregation process triggered by the 

overexpression of Httex1 also leads to the recruitment of endogenous HTT protein.  
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Figure 3. Proteomic analysis of the enriched protein contents found in the insoluble 
fraction of HEK expressing Httex1 72Q reveals protein aggregation and stress response 
pathways. 
Urea soluble proteins from HEK expressing Httex1 72Q or Httex1 16Q of 3 independent 
experiments were extracted 48 h after transfection and analyzed using LC-MS/MS. A. 
Identified proteins were plotted using a volcano plot. Black lines represent the threshold of 
significance at a false discovery rate (FDR) <0.05 and an S0 of 0.5, which were used for the 
subsequent analysis. B-C. Proteins significantly enriched in Httex1 72Q (red dots in the right 
part of the volcano plot) were classified by cellular component (B) or biological processes (C) 
using Gene Ontology (GO) term and DAVID enrichment (–log10(p-value) >1) analyses. 
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The Gene Ontology (GO) term analysis combined with the database for annotation, 

visualization, and integrated discovery (DAVID) analysis was used to classify these proteins 

by cellular component (Figure 3B) and biological process (Figure 3C). Upregulated signaling 

pathways were investigated using the Ingenuity Pathway Analysis (IPA) (Figure S12). 

Classification by cellular component (CC, Figure 3B) using the Gene Ontology (GO) showed 

that 55% of the proteins enriched in the insoluble fractions of HEK cells containing Httex1 72Q 

inclusions were part of the cytoplasmic compartment, with 24% of these proteins belonging to 

the endomembrane system, including the endolysosomal apparatus (clathrin-coated 

endocytotic vesicles, early endosome, endosomes, recycling endosomes, exosomes, and 

autophagosomes), the vesicles involved in Golgi-ER transport, and membranes from the Golgi 

and trans-Golgi network. These data are in line with the EM data showing that the Httex1 72Q 

inclusions were composed of small membranous structures and vesicles. Approximately 14% 

of the proteins enriched in the insoluble fraction were classified as pertaining to the 

cytoskeleton compartment, with the actin cytoskeleton being the most predominant, consistent 

with our confocal results (Figure 1B). The absence of mitochondrial proteins in the soluble 

Urea fraction confirms that mitochondria are not sequestered inside the inclusions but, rather, 

accumulate at the periphery, as shown by our EM imaging. The rest of the cytoplasmic proteins 

sequestered in the insoluble fraction of the Httex1 72Q-transfected HEK cells were mainly from 

the perinuclear region or from macromolecular protein complexes such as the ubiquitin-

proteasome system (UPS), the mRNA processing bodies, and the stress granules. 

Interestingly, the insoluble fraction of the Httex1 72Q-transfected HEK cells was also 

significantly enriched by proteins of the nuclear compartment (~ 45%). Among the nuclear 

proteins, ~ 71.6% belonged to the nucleoplasm. Proteins from the nucleolus, the nuclear 

bodies, the nuclear envelope, and the nuclear pore were also significantly enriched. 

To better understand how the sequestration of functional proteins during the process of Httex1 

72Q inclusion formation and maturation could impact the biological functions of the cells, we 
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next classified the proteins enriched in the Httex1 72Q-transfected HEK by biological process 

(Figure 3C) and signaling pathways (Figure S12). In line with the cellular compartment 

analysis, our proteomic data showed that the most highly enriched terms for the biological 

process and the signaling pathways were related to the proteins involved in the proteasomal 

ubiquitin-dependent protein degradation. In addition, proteins related to the chaperone 

machinery (e.g., DNAJB6, DNAJB2, and other proteins from the Hsp40 and Hsp70 families) 

were enriched in the insoluble fraction of the HEK cells with Httex1 72Q inclusions. Altogether, 

our data suggest that the formation and maturation of the Httex1 72Q inclusions are 

accompanied by the sequestration of the proteins involved in the degradation machinery and 

the protein quality control pathway. This might potentially result in the failure of the protein 

degradation machinery to clear off the Httex1 72Q inclusions.  

Finally, several signaling pathways and biological processes related to toxicity, oxidative 

stress, and inflammation responses were upregulated in the HEK cells with Httex1 72Q 

inclusions (Figure 3C and Figure S12). These include Huntington’s disease signaling and 

several apoptosis processes, such as death receptor signaling and TWEAK signaling, but also 

the iNOS and the oxidative stress signaling pathways. The inflammation signaling pathways, 

such as Toll-like receptor signaling, interleukins signaling, and NFκB signaling, were among 

the top canonical pathways shown as upregulated in the insoluble fraction containing the 

Httex1 72Q inclusions. Oxidative stress and inflammation responses are closely interrelated 

and have been suggested to be key players in disease progression for HD and neuronal 

dysfunctions. 

Together, our proteomic and CLEM data provide strong evidence that the formation of the 

Httex1 72Q inclusion formation involves the active recruitment and sequestration of cellular 

proteins, lipids, and organelles. This also suggests that sequestration of the key transcription 

regulators and depletion of key proteins from the autophagolysosomal, UPS, and chaperone 

pathways, due to their sequestration inside the Httex1 pathological inclusions, are major 
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contributors to cellular dysfunction and neurodegeneration in HD of the degradation and quality 

control machinery, as reported in HD human brain tissue423. 

 

2.9 Httex1 72Q cytoplasmic inclusion formation induces mitochondrial 
fragmentation, increases mitochondrial respiration and leads to ER-exit site 
remodeling  

The remarkable accumulation of damaged mitochondria at the periphery of Httex1 72Q 

inclusions prompted us to investigate how Htt inclusion formation impacts mitochondrial 

functions. Quantification of mitochondrial length from EM-micrographs revealed a shorter 

mitochondrial profile associated with Httex1 72Q inclusions, as compared to HEK cells 

transfected with empty vector (Figure 4A-B). Similar levels of the outer mitochondrial 

membrane protein VDAC1 suggest that this mitochondrial fragmentation was not associated 

with a decrease in mitochondrial density (Figure S13A). We hypothesized that the 

fragmentation and recruitment of mitochondria to Httex1 inclusions might be associated with 

respirational dysfunction. Therefore, we performed high-resolution respirometry on cells 

transfected with Httex1 16Q and 72Q for 48 h. Aggregates were only detected in mutant Httex1 

72Q transfected cells (Figure S13B). We assessed different respirational states of 

mitochondria by high-resolution respirometry (Figure S13C-D). Httex1 72Q transfection 

resulted in significantly higher mitochondrial respiration than Httex1 16Q (Figure S4C). 

Together, our results demonstrate a clear impact of Httex1 72Q inclusion formation on 

mitochondrial morphology and function. 

Our EM analysis and 3D reconstruction further revealed the presence of ER cisternae at the 

periphery of the Httex1 inclusions. Stacked ER cisternae are usually formed by an increasing 

concentration of specific resident proteins or stress conditions424.  
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Figure 4. Formation of Httex1 72Q inclusions induces mitochondrial alterations and 
induces the reduction of ER-exit sites. 
A. Electron micrographs of mitochondria in HEK cells overexpressing empty vector (EV) or 
Httex1 72Q. The insets depict higher magnification of the mitochondria found at the periphery 
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of the Httex1 72Q inclusions or representative in EV controls. Scale bars = 1 μm. B. 
Measurement of the mitochondrial length with FIJI reveals a significant reduction in the size of 
the mitochondrial profile located in the proximity of the inclusions. C. HEK cells from 4 
independent experiments were gently detached for high-resolution respirometry (HRR) 48 h 
after transfection with indicated constructs. HRR was performed in respiration media (MIR05). 
After the measurements of routine respiration, cells were chemically permeabilized by 
digitonin, and different respirational states were subsequently induced using a substrate-
uncoupler-inhibitor titration (SUIT) protocol. Routine respiration, NADH-driven, or complex 1-
linked respiration after the addition of ADP (OXPHOS state) (NP), NADH- and succinate 
driven, or complex 1 and 2-linked respiration in the OXPHOS state (NSP), and in the uncoupled 
electron transport system (ETS) capacity (NSE), as well as succinate driven, or complex 2-
linked respiration in the ETS state (SE) were assessed. (B) An unpaired t-test was performed. 
(C) The graphs represent the mean ± SD of 4 independent experiments. (C) Two-way ANOVA 
showing a significant interaction between the respirational states and the polyQ repeat length. 
D. Representative confocal images of HeLa cells transfected with Httex1 16Q, 39Q, or 72Q or 
the empty vector (EV) as the negative control. Cells were fixed 48 h after transfection and 
immunostained. Httex1 was detected with the MAB5492 Htt antibody (grey), and ER exit sites 
were detected with Sec13 (red). Scale bars = 20 μm. E. ERES number and size quantification 
from confocal imaging was performed using FIJI. The graphs represent the mean ± SD of 3 
independent experiments represented as the relative percentage of the Httex1 16Q control. 
ANOVA followed by a Tukey honest significant difference [HSD] post hoc test was performed. 
*P < 0.05, **P < 0.005, ***P < 0.001. 
 

The changes we observed in ER organization, together with the enrichment of proteins related 

to ER-Golgi trafficking inside the inclusions, prompted us to investigate whether ER functions 

were impaired upon the formation of the Httex1 inclusions. A major function of the ER is the 

biogenesis of COPII carriers that ferry proteins and lipids to distal compartments. COPII 

carriers form at ER exit sites (ERES), which are ribosome-free domains of the rough ER.  

To determine whether the formation of Httex1 inclusions interferes with the homeostasis of the 

ERES, we used confocal imaging and quantified the number of ERES, labeled specifically by 

the COPII component Sec13 protein in HeLa cells expressing Httex1 72Q, Httex1 39Q, or 

Httex1 16Q (Figure 4D). Our data show that the number of ERES was significantly reduced (~ 

20%) only in cells containing Httex1 72Q inclusions (Figure 4E, upper panel). We next 

quantified the size of the ERES using the same imaging pipeline (Figure 4E, lower panel). 

Overexpression of Httex1 16Q caused a 20% reduction in the size of the ERES compared to 

EV. However, the reduction became much more significant in the cells carrying Httex1 39Q or 
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Httex1 72Q, with a ~40% decrease compared to empty vector and ~20% compared to Httex1 

16Q. These results demonstrate that the formation of the Httex1 inclusions interferes with the 

formation and fusion of ERES. The remodeling of ERES in cells has been described primarily 

as an adaptive response to the protein synthesis level of ER with the number of ERES 

proportional to the cargo load. Interestingly, our proteomics results (Figure 3A) showed that 

the TGF (Transforming Growth Factor) protein—which plays a central role in the biogenesis 

and organization of ERES—is sequestered in mutant Httex1 inclusions425. In line with our 

results, it has been previously shown that the depletion of TGF induced a dramatic reduction 

of the ERES sites426. Alternatively, the reduction of the ERES sites could represent early signs 

of cell vulnerability and toxicity induced by the presence of the Httex1 inclusions in cells.  

 

2.10 The addition of GFP to the C-terminal part of Httex1 induces a differential 
structural organization revealed by CLEM. 

Given that the great majority of cellular models of HD rely on the use of fluorescently tagged 

Htt constructs, we next investigated the aggregation properties of mutant Httex1 fused to GFP 

(Httex1 72Q-GFP and Httex1 39Q-GFP). First, we assessed the morphology of Httex1 72Q-

GFP cytoplasmic inclusions in HEK cells by immunocytochemistry (ICC) using a panel of 

Httex1 antibodies (Figures 5A-B and S14A). Confocal imaging revealed a diffuse GFP signal 

throughout the inclusions. Conversely, the Htt antibodies labeled mainly the outermost region 

of Httex1 72Q-GFP inclusions, but also faintly stained their centers (Figure 5B). In contrast, 

the tag-free inclusions’ cores were not labeled by all the Htt antibodies tested. Thus, we 

hypothesized that the presence of the GFP tag results in the formation of less compact Httex1 

inclusions. While Actin-F was found to colocalize with tag-free Httex1 inclusions [(Figure 1B, 

Httex1 72Q), 39Q (Figure S9D, Httex1 39Q), and ΔNt17 Httex1 72Q (Figure S10A, ΔNt17 

Httex1 72Q)], no specific enrichment of Actin-F was detected in the core or periphery of the 

Httex1 72Q-GFP inclusions. Furthermore, actin filaments were found exclusively at the 
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periphery of the tag-free Httex1 72Q and 39Q (+/- ΔNt17) cytoplasmic inclusions (Figures 1B 

and S10A). These results suggest a potential role of actin in the formation of Httex1 inclusion 

formation or maturation. Consistent with these observations, the actin cytoskeleton was one 

of the most dysregulated pathways according to a proteomic analysis conducted in human HD 

brains427, underscoring its importance in the development of HD pathology.  

Next, we performed a more in-depth analysis of the Httex1 72Q-GFP cellular inclusions formed 

in HEK by CLEM (Figure 5C-D). The Httex1 72Q-GFP inclusions were organized as a highly 

dense network of fibrils, which were more homogenously stained (Figures 5D and S14C) and 

did not exhibit the core and shell architecture that is characteristic of the tag-free Httex1 72Q 

inclusion (Figure 1D and S14D). Closer examination of the inclusions showed that they were 

composed of densely packed fibrils that exhibited a striking resemblance to the fibrillar 

aggregates formed by mutant Httex1 proteins in a cell-free system (Figures 5D and S14B). 

Structural analysis of Httex1 72Q-GFP by high-pressure freezing fixation (Figure S4B) also 

revealed densely packed fibrils radiating from the inclusions. The center of the inclusions was 

not well resolved, but thicker fibrils could clearly be observed radiating at the periphery with 

increased spacing between them compared to tag-free Httex1 72 inclusion (Figure S4A). A 

portion of Httex1 72Q-GFP inclusions exhibited perinuclear localization. In some cases, the 

accumulation of fibrils near the nuclear membrane leads to apparent distortion of the nucleus 

but without membrane disruption (Figure 5D and S15A). Overall, we observed no significant 

differences in diameter and distance from the nucleus for all the Httex1 (+/-GFP) inclusions 

imaged in HEK cells (Figure S16).  

Next, we investigated the ultrastructure properties of Httex1 72Q-GFP inclusions present in 

the nucleus of the HEK cells (Figures 5E-F). No significant differences in terms of organization 

were observed between nuclear and cytoplasmic Httex1 72Q-GFP inclusions by both GFP 

detection and antibody staining (Figure 5E). The Httex1 72Q-GFP nuclear inclusions were also 

enriched in fibrillar structures.  
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Figure 5. The addition of GFP to the C-terminal part of Httex1 induces a differential 
structural organization as revealed by ICC and CLEM. 
A. Epitope mapping of the Httex1 antibodies. B. Httex1 72Q-GFP inclusions formed 48 h after 
transfection in HEK cells were detected by ICC staining combined with confocal imaging. All 
Htt antibodies showed strong immunoreactivity to the periphery of the Httex1 inclusions and 
modest immunoreactivity to the core. The nucleus was counterstained with DAPI (blue) and 
the F-actin with phalloidin (red). Scale bar = 20 μm (left-hand panels) and 10 μm (middle and 
right-hand panels). C-D. 48 h post-transfection, HEK cells were fixed, and ICC against Httex1 
was performed and imaged by confocal microscopy (C). Scale bars = 5 μm. The selected area 
of the cells (white square) was then examined by EM (D). A binary image (inset) was generated 
from the electron micrograph using a median filtering and Otsu intensity threshold, allowing for 
a better distinction of the inclusions’ morphology. Scale bar = 500 nm. E. Representative 
confocal images of Httex1 72Q-GFP nuclear inclusions formed in HEK cells 48 h after 
transfection. Httex1 expression (grey) was detected using a specific antibody against the N-
terminal part of Htt (amino acids 1-17; 2B7 or Ab109115), and GFP (green) directly visualized 
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in the appropriate channel. The nucleus was counterstained with DAPI (blue), and phalloidin 
(red) was used to stain filamentous actin. Httex1 nuclear inclusions are indicated by yellow 
arrowheads. Scale bars = 10 μm. F. Electron micrograph of a representative Httex1 72Q-GFP 
inclusion. The white square indicates the area shown at higher magnification in the right-hand 
panel. The nucleus is highlighted in blue. Scale bar = 2 μm (left-hand panel) and 500 nm (right-
hand panel). 
 

The 3D reconstruction generated from the series of electron micrographs revealed much fewer 

membranous structures in both Httex1 39Q-GFP and Httex1 72Q-GFP inclusions (Figure S17) 

compared to tag-free Httex1 inclusions (Figures 1F and 1H). Moreover, consistent with EM 

observations, no neutral lipids were found in Httex1 39Q-GFP and Httex1 72Q-GFP inclusions 

(Figure S10B-C). Interestingly, neither the length of the polyQ repeat nor the presence or 

removal of the Nt17 domain seem to significantly alter the size, morphology or structural 

properties of the inclusions formed by mutant Httex1 proteins fused to GFP (Figure S18). This 

is different from what we observed for cells expressing tag-free Httex1, in which the increase 

of the polyQ length led to inclusions with distinct morphologies and organizational features. 

These findings suggest that the addition of GFP significantly alters the mechanism of Httex1 

aggregation and inclusion formation. 

To obtain an even clearer picture of these differences, we next performed EM under detergent-

free conditions to preserve the internal membranes and structures of the inclusions. We 

observed that the length of the polyQ repeat did not influence the size of the Httex1 39Q-GFP 

and 72Q-GFP inclusions (Figure S16B) or their overall architecture in HEK cells. The Httex1 

39Q-GFP inclusions are composed of radiating fibrils and are thus similar to the Httex1 72Q-

GFP inclusions, although slightly less dense. The 3D reconstruction of the inclusions showed 

the presence of ER and mitochondria in their periphery, but few membranous structures were 

internalized (Figure S17B yellow arrowhead) as compared to tag-free Httex1 39Q and Httex1 

72Q inclusions. A similar analysis of Httex1 ΔNt17 39Q-GFP and Httex1 ΔNt17 72Q-GFP 

inclusions (found in cells) (FigureS18A-D) also revealed no effect of Nt17 deletion on the 

ultrastructure of the inclusions or their interactions with the surrounding organelles. These 
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results confirm that mutant Httex1 aggregation and inclusion formation mechanisms are 

significantly altered by the addition of the GFP.  

 

2.11 Phase transition of Httex1 GFP aggregate formation is mediated by the 
polyQ domain 

To gain further insights on the role of the polyQ expansion in Httex1 aggregation mechanisms, 

we next investigated the dynamics of aggregate formation in live cells. Although we have 

shown that the GFP tag dramatically influences the morphology of the Httex1 inclusions, it is 

still a reliable tool to monitor the kinetics of early events during the aggregation of Htt in live 

cells. Therefore, we took advantage of the GFP tool to assess how the polyQ expansion might 

influence the dynamic of aggregation by live imaging, as the polyQ-dependent morphology 

was also observed in Httex1-GFP aggregates.  

Our real-time study showed that once the aggregation has started, Httex1 39Q-GFP or Httex1 

72Q-GFP inclusions grew extremely fast into larger and highly bright inclusions as reflected by 

the increase of the GFP intensity (Figure 6A-C and 6D-F). Strikingly, almost all the soluble 

Httex1 proteins were recruited to the Httex1 72Q-GFP or the 39Q-GFP inclusions from 10 to 

30 min after the start of visible aggregation in one part of the cell. 

To further analyze the kinetics of Httex1-GFP inclusion formation, we measured the intensity 

of Httex1-GFP cellular inclusion formation during the aggregation process (Figure 6B and 6E). 

To better analyze the GFP intensity change over time, we generated a sigmoidal interpolation 

corresponding to a first basal expression of GFP followed by an exponential increase to finally 

reach a plateau of intensity. The analysis of the interpolated curve demonstrated a faster 

inclusion formation for Httex1 72Q-GFP (relative slope: 8.65) compared to Httex1 39Q-GFP 

(relative slope: 2.57), Figure 6B and 6E. This result indicates that the long polyQ length (72Q) 

is associated with a reduced inclusion formation time from the start of aggregation to the final 

intensity plateau of the inclusion. In addition, our live imaging data also demonstrated that the 
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aggregates formed were highly dynamics and could undergo fusion and fission events at the 

early stages of the inclusion formation process (Figure S24). These processes have been 

recently described as a liquid-liquid phase transition266 and suggested to be highly dynamic. 

 

Figure 6. The dynamic of Httex1-GFP inclusions is driven by the polyQ domain. 
A. Time-lapse of the GFP fluorescence observed by live-cell microscopy imaging of Httex1 
72Q-GFP aggregation. B. Intensity of GFP over time of transfected cells with Httex1 72Q -GFP 
rescaled on the IC50. The mean of the relative slope of Httex1 72Q-GFP intensity at the 
inflection point of aggregation is indicated on the graph. C. Surface plot display of the GFP 
intensity over time of cell (A). D. Time-lapse of the GFP fluorescence observed by live-cell 
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microscopy imaging of Httex1 39Q-GFP aggregation. E. Intensity of GFP over time of 
transfected cells with Httex1 39Q-GFP rescaled on the IC50. F. Surface plot display of the 
GFP intensity over time of cell (D). The mean of the relative slope of Httex1 72Q-GFP intensity 
at the inflection point of aggregation is indicated on the graph. Scale bars = 10 μm.  

 

Our results are consistent with previous studies demonstrating that Httex1 inclusions formation 

is polyQ dependent. Moreover, our EM studies showed that the early dynamic inclusions go 

on to form mature and fibrillar inclusions, likely via a liquid to solid transition (Figure 1D and 

5D). The rapidity of inclusion formation might play a role in the architectural differences of the 

inclusions depending on the polyQ length and could explain the higher density of Httex1 72Q-

GFP compared to Httex1 39Q-GFP. 

 

2.12 The Httex1 72Q and Httex1 72Q-GFP inclusions exhibit distinct proteome 
composition 

To further assess the similarities and differences in the proteome composition of cellular Httex1 

inclusions formed by the tag-free and GFP mutant Httex1-72Q, we performed a quantitative 

proteomic analysis of the insoluble fractions from lysates of cells expressing these constructs 

(see experimental workflow, Figure S11A). Volcano plot analysis showed 492 proteins 

significantly enriched in the insoluble fraction of the HEK cells overexpressing Httex1 72Q-

GFP as compared to those expressing GFP (Figure 7A). We observed a significant enrichment 

of the endogenous HTT protein, suggesting that, as for the tag-free Httex1 72Q, mutant Httex1-

GFP inclusions can recruit the endogenous HTT protein (Figure S11E).  

The cytoplasmic components enriched in the insoluble fraction of Httex1 72Q-GFP were similar 

to those found with tag-free Httex1-72Q and were part of the endomembrane system (~50%, 

light blue Figure 7B), the cytoskeleton, the perinuclear region, the UPS, mRNA processing 

bodies, and stress granules (Figure 7B, dark blue). However, in contrast to the tag-free Httex1 

72Q insoluble fractions, in which no mitochondrial protein was found to be enriched, 10% of 
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the proteins enriched in the Httex1 72Q-GFP insoluble fraction were related to the mitochondria 

compartment (purple Figure 7B). The nuclear proteins found in the Httex1 72Q-GFP insoluble 

fraction belong to similar nuclear compartments as those identified previously in the Httex1 

72Q insoluble fraction (Figure 7B, grey).  

Biological process (Figure S19) and canonical pathway (Figure S20) analyses revealed that 

the UPS and chaperone machinery were the most enriched terms, as previously observed in 

the tag-free insoluble fraction. This indicates that the process of aggregation of Httex1 itself, 

regardless of the presence of the GFP tag, leads to the sequestration of the key cellular 

machinery responsible for protein folding and protein degradation. This could compromise the 

cell's ability to prevent the accumulation or clearance of Httex1 aggregates. Although in 

different proportions, most of the biological processes and pathways significantly enriched in 

the tag-free Httex1 72Q insoluble fraction, such as inflammation, transcription, HD signaling, 

and cell death, were also detected in the Httex1 72Q-GFP insoluble fraction. 

Having identified the proteins significantly enriched in both tag-free and GFP-tag 72Q 

inclusions, we next determined which proteins were unique to each type of inclusion. Toward 

this goal, we used a Venn diagram to compare the lists of proteins significantly enriched in our 

volcano plot analyses [(Httex1 72Q vs. Httex1 16Q insoluble fractions) vs. (Httex1 72Q-GFP 

vs. Httex1 16Q insoluble fractions)] (Figures 3A and S11C). Figure 7C shows that ~45% (256 

proteins) were found in both the tag-free and the GFP-tag Httex1 72Q inclusions. In total, 120 

proteins (20.9%) were unique to the Httex1 72Q insoluble fraction, and 198 proteins (34.5%) 

were unique to the Httex1 72Q-GFP. Overall, we found 55% different proteins among the 

proteins that co-aggregate with or are sequestered in Httex1 72Q vs. 72Q-GFP inclusions, 

both compared to Httex1 16Q. We used the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathway analysis to classify the list of proteins in Httex1 inclusions (Figure 7D). The 

proteasome, protein processing in the endoplasmic reticulum, and endocytosis were among 

the most enriched pathways from the common co-aggregated proteins. Those 3 terms were 
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also enriched significantly for Httex1 72Q-GFP, indicating the involvement of other unique 

proteins enriched in those pathways compared to Httex1 72Q.  

 
Figure 7. Proteomic analysis of Httex1 72Q-GFP in the Urea soluble fraction revealed 
55% differences compared to tag-free Httex1 72Q for the proteins co-aggregated with 
Httex1 in HEK cells. 
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A. Identified proteins were illustrated using a volcano plot for the comparison of protein levels 
identified in the Urea soluble fraction 48 h after Httex1 72Q-GFP or GFP transfection in HEK 
cells, in 3 independent experiments. Mean difference (Log2 (Fold-Change) on the X-axis) 
between the Urea soluble fraction of HEK cells overexpressing Httex1 72Q-GFP or GFP were 
plotted against significance (Log10 (p-Value) on the Y-axis (T-Test)). A false discovery rate 
(FDR) of 0.05 and a threshold of significance S0=0.5 were assigned for the subsequent 
analyses. B. Cell compartment classification of the proteins significantly enriched in the Urea 
soluble fraction of the HEK cells overexpressing Httex1 72Q-GFP versus those expressing 
GFP. Gene Ontology (GO) enrichment analyses were determined by DAVID analysis (p 
values<0.05). C. To compare the results obtained with Httex1 72Q-GFP to tag-free Httex1 
72Q, we represented the proteins enriched in Httex1 72Q vs. Httex1 16Q compared to the 
proteins enriched in Httex1 72Q-GFP vs. Httex1 16Q using a Venn diagram. In total, 256 
proteins (44.6%) were found similar between the two conditions, 198 proteins (34.5%) were 
unique for Httex1 72-GFP enrichment, and 120 proteins (20.9%) were for Httex1 72Q 
enrichment. D. Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Analysis of co-
aggregated proteins with Httex1 72Q and Httex1 72Q-GFP. The heat map represents 
significant pathways (KEGG) enriched in the Urea soluble fractions extracted from the Venn 
diagram (C): co-aggregated proteins unique to Httex1 72Q, unique to Httex1-72Q-GFP, and 
common to both conditions, all compared to Httex1 16Q control. 

 

The KEGG classification revealed two distinct clusters for Httex1 72Q and Httex1 72Q-GFP, 

as well as additional differences (Figure 7D). Proteins related to infection and inflammatory 

pathways (e.g., Herpes simplex infection, TNF signaling, and Toll-like receptor signaling) were 

found to be unique to Httex1 72Q, whereas proteins related to metabolism were specifically 

enriched for Httex1 72Q-GFP. Our proteomic analysis highlights that the addition of a 

fluorescent tag such as GFP significantly alters not only the mechanism of Htt inclusion 

formation but also the Htt interactome and thus the biochemical composition of inclusions. 

 

2.13 What is the role of the proline-rich domain (PRD) in cellular Httex1 inclusion 
formation? 

In addition to the Nt17 domain, the PRD flanking the polyQ stretch was also shown to modulate 

Httex1 aggregation149. Shen et al. previously showed that the PRD destabilizes the fibrils and 

decreases the aggregation kinetics of Httex1 in vitro. In order to assess the influence of the 

PRD on the morphology and the subcellular properties of Httex1 inclusions, we expressed in 
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HEK cells for 48 h Httex1 72Q and Httex1 72Q-GFP without the PRD (ΔPRD) and without half 

the PRD (1/2Δ PRD).  

First, we characterized the expression of the Httex1 PRD mutants by biochemistry 48 h post-

transfection. The soluble fraction was isolated, and the pellet was solubilized with 2% SLS and 

sonication (insoluble fraction). As expected, WB analysis showed that half and total removal 

of the PRD decreased the molecular weight of Httex1 and ran lower in the gel for both Httex1 

72Q and Httex1 72Q-GFP constructs (red arrowheads, Figure 8A-B). Interestingly, the PRD 

mutations reduced the protein level of Httex1 and Httex1-GFP in both the soluble and insoluble 

fractions. This could suggest a role of the PRD on the expression stability of Httex1 at the 

mRNA level or at the protein level.  

 
Figure 8. The removal of the PRD induces a decrease in protein level in the soluble and 
insoluble fractions. 
Httex1 expression 48 h after transfection in HEK cells was analyzed by WB post detergent 
fractionation of the soluble and insoluble fractions. A. WB scan of the soluble fraction of tag-
free and GFP Httex1 72Q, ΔPRD 72Q and 1/2ΔPRD 72Q as well as Httex1 16Q and GFP 
controls. Red arrows indicate the specific detection of Httex1. B. WB scan of the insoluble 
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fraction of tag-free and GFP Httex1 72Q, ΔPRD 72Q and 1/2ΔPRD 72Q as well as Httex1 16Q 
and GFP controls. Red arrows indicate the specific detection of Httex1. Large insoluble 
aggregates formed by Httex1 72Q constructs could not enter in the gel and are strongly 
detected for tag-free Httex1 in the stacking gel (orange arrowhead) and at a lower intensity for 
Httex1-GFP (yellow arrowhead). The results are representative of four independent 
experiments. 

 

Looking carefully at the insoluble fraction, it appears that some of the aggregates cannot enter 

the gel and remain at the stacking (Orange and yellow arrowheads, Figure 8B). The same high 

amount of aggregates was detected for tag-free Httex1 72Q and PRD mutants (Orange 

arrowhead, Figure 8B) compared to a decreasing amount of aggregates in the stacking part 

for Httex1 72Q-GFP PRD mutants compared to Httex1 72Q-GFP. The results showed that the 

deletions of the PRD did not prevent the formation of cellular inclusions but seemed to impact 

the stability or degradation of Httex1. 

Next, confocal imaging analysis revealed that total or partial removal of the PRD did not 

prevent inclusion formation or alter the morphology of the inclusions, i.e., the formation of a 

strong immunoreactive “ring-like” inclusions seen for tag-free Httex1 72Q (orange arrowheads, 

Figure 9A). This result indicates that similar to cellular Httex1 72Q inclusions, ΔPRD and 1/2Δ 

PRD Httex1 72Q can form mature inclusions that are impermeable to Httex1 antibodies and 

that the epitopes detected by Ab109115 (Httex1 outside of the PRD) are still accessible at the 

periphery. In contrast, the expression of Httex1 72Q-GFP and PRD mutants (ΔPRD and 1/2Δ 

PRD) Httex1 72Q-GFP led to the formation of bright GFP inclusions also recognized only at 

the periphery by the Ab109115 antibody, but only faintly compared to tag-free Httex1 72Q 

(Yellow arrowheads, Figure 9B). In addition, small puncta were detected next to the inclusions 

with the Ab109115 antibody and not with the GFP fluorescence, which might correspond to 

Httex1 with cleaved GFP, also observed by WB (Figure 8B). However, such puncta were not 

observed with the tag-free constructs and are not dependent on the PRD.  
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Figure 9. The removal of the PRD does not prevent the formation of cellular inclusions 
and to be detected as ring-like structures. 
Httex1 expression 48 h after transfection in HEK cells was detected by ICC staining combined 
with confocal imaging. A. Representative confocal images of tag-free Httex1 16Q, 72Q, ΔPRD 
72Q and 1/2ΔPRD 72Q. Httex1 72Q constructs reveal the formation of ring-like cellular 
inclusion with a strong immunoreactivity at the periphery, regardless of the deletion of the PRD 
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(orange arrowheads) and no detection to the core of the aggregate. The control Httex1 16Q 
did not show the formation of any inclusions but only diffuse Httex1. B. Representative confocal 
images of GFP and Httex1 72Q-GFP, ΔPRD 72Q-GFP and 1/2ΔPRD 72Q-GFP. Httex1 72Q-
GFP constructs reveal the formation of cellular inclusion with a weak immunoreactivity at the 
periphery. The Httex1 antibody did not access the core of the inclusions that are clearly visible 
by the GFP signal. The control GFP does not show the formation of any inclusions but only a 
diffuse GFP signal. The nucleus was counterstained with DAPI (blue) and the F-actin with 
phalloidin (red). Orange arrowheads indicate the strong ring-like immunoreactivity of tag-free 
Httex1 inclusions. Yellow arrowheads indicate a faint ring-like immunoreactivity of GFP Httex1 
inclusions. Scale bar = 30 μm (left-hand overview panels) and 10 μm (middle and right-hand 
panels). The results represent four independent experiments.  

 

2.14 Httex1 72Q inclusions induce higher respirational dysfunction and a 
stronger decrease of ERES number compared to Httex1 72Q-GFP in HEK cells  

Next, we investigated how the aggregation of mutant Httex1-GFP and the formation of 

cytoplasmic inclusions affect the mitochondrial and ER-related functions. First, we measured 

the mitochondrial respiration in different respirational states in HEK cells (Figure S13C-D). 

Compared to our findings with the tag-free mutant Httex1-72Q (Figure 4C), the increased 

mitochondrial respiration was significant but less pronounced for Httex1 72Q-GFP than for 

Httex1 16Q-GFP (Figure S13E). Given the role of mitochondria as a major source of reactive 

oxygen species (ROS), with implications of ROS in both neurodegenerative disease and 

cellular protective signaling cascades428,429, we suspected that mitochondrial ROS production 

might be affected by the mitochondrial fragmentation observed in regions close to tag-free 

Httex1 72Q and absent for Httex1 72Q-GFP (Figure S21A-B). To test this hypothesis, we used 

an amplex red assay to measure mitochondrial ROS (superoxide and hydrogen peroxide) 

production concurrent with mitochondrial respiration (Figure S13D). We observed no 

significant differences in mitochondrial ROS production between the tag-free or GFP tagged 

Httex1 72Q or 16Q (Figure S21C).  

Finally, we also investigated whether Httex1-GFP inclusions interfere with the homeostasis of 

ERES by comparing the size and the number of ERES in HeLa cells overexpressing Httex1 

16Q-GFP to those expressing mutants GFP-tagged Httex1 39Q or 72Q (Figure S22A). We 
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found that cells containing Httex1 72Q-GFP inclusions caused a decrease in ERES number 

(Figure S22B, upper panel), although non-significant, compared to Httex1 72Q, which showed 

a 20% reduction (Figure 4E, upper panel). The reduction of ERES size was significant for cells 

expressing Httex1 72Q-GFP but not Httex1 39Q-GFP compared to Httex1 16Q-GFP (Figure 

S22B, lower panel). Thus, the effect of Httex1-GFP inclusions on ERES is present but is less 

pronounced compared to that observed in cells containing tag-free Httex1 inclusions. These 

observations are consistent with recent cryo-ET studies suggesting decreased ER dynamics 

near Httex1-GFP inclusions195. 

Overall, our results show that the cellular organelle responses and adaptation to inclusion 

formation were different for the Httex1 72Q-GFP inclusions than for the Httex1 72Q inclusions, 

consistent with the GFP-dependent changes observed in the proteome and the ultrastructural 

properties of Httex1 cytoplasmic inclusions.   
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3. Discussion 

The detection of Htt aggregates and inclusions in HD brains, combined with the increased 

aggregation and inclusion formation by mutant forms of full-length and various N-terminal Htt 

fragments, led to the hypothesis that Htt aggregation and inclusion formation play a central 

role in the pathogenesis of HD. However, the exact mechanisms of Htt aggregation and 

inclusion formation in the brain and how these processes contribute to the initiation and 

progression of HD remain unknown. To address this knowledge gap, several animal and 

cellular models of HD have been developed, based mostly on overexpression of full-length or 

N-terminal fragments of Htt bearing an expanded polyQ tract of 46 to 160Q143,263,270,287. These 

HD models show robust aggregation and inclusion formation 103,130,262,264,308. Cellular and 

neuronal models of HD provide several key advantages for investigating the mechanisms of 

Htt aggregation and inclusion formation, as they allow for 1) dissecting the key molecular and 

cellular events associated with these processes using advanced electron microscopy and 

imaging techniques; and 2) a more direct assessment of how modifying Htt aggregation and 

inclusion formation alters cellular functions and viability using a combination of proteomics, 

transcriptomics, and functional studies. This is illustrated by the recent application of electron 

tomography techniques to gain insight into the ultrastructural properties of Htt inclusions and 

how they interact with cellular organelles and influence their functions. In this work, we 

expanded on these studies and provided new insight into 1) the sequence determinants (polyQ 

repeat length and the role of the Nt17 domain) of Htt aggregation and inclusion formation; 2) 

the impact of different types of Htt inclusions on the structural and functional properties of 

cellular organelles; and 3) the role that the cellular environment and cell-type specificity play 

in determining the biochemical composition and ultrastructural properties of cytoplasmic and 

nuclear Htt inclusions. Finally, we provided a more in-depth analysis of the impact of 

fluorescent fusion proteins (GFP), which are commonly used to investigate the mechanisms 

of Htt inclusion formation and toxicity, on the biochemical and ultrastructural properties of Htt 

inclusions and their impact on cellular components and organelles. 



Chapter II:  Disentangling the cellular, molecular and ultrastructural determinants of 
Huntingtin inclusion formation in mammalian cells 

81 
 

3.1 Cytoplasmic Httex1 inclusion formation and maturation involves a complex 
interplay between Httex1 aggregates and organelles 

Pathological inclusions in neurodegenerative diseases have been shown to have a complex 

organization and composition. For example, it has been recently demonstrated that Lewy 

bodies (LB) isolated from Parkinson’s disease brains or LB-like inclusions in primary neurons 

are composed of not only filamentous and aggregated forms of alpha-Synuclein but also a 

complex milieu of lipids, cytoskeletal proteins, and other proteins and membranous organelles, 

including mitochondria and autophagosomes211,223,430,431. Studies in neuronal cultures also 

showed that the recruitment of lipids and membranous organelles during LB formation and 

maturation contribute to organelles’ dysfunctions and lead to synaptic dysfunction and 

neurodegeneration. In line with these findings, our EM data, together with 3D reconstruction, 

revealed the presence of membrane fragments and vesicles entrapped in the core of the 

Httex1 inclusions. Consistent with these observations, our proteomic analysis revealed that 

24% of the proteins enriched in the inclusions fraction belong to the endolysosomal 

compartments, the Golgi apparatus and the trans-Golgi network (Figure 3).  

In addition, mitochondria and ER were found in the periphery of inclusions, as previously 

reported in cellular models268 and human tissue81,432. We hypothesized that sequestration of 

key functional proteins, together with lipids, endomembranes and organelles inside the Httex1 

inclusions, could challenge cellular homeostasis. In line with this hypothesis, our electron 

micrographs revealed that the mitochondria associated with Httex1 72Q inclusions were 

fragmented and often exhibited disorganized or depleted cristae (Figure 4A). These changes 

in mitochondrial morphology were associated with dysregulation of the mitochondrial 

respiration (Figure 4C), consistent with previous studies demonstrating that mutant Htt 

aggregates interact directly with outer mitochondrial membranes (in STHdh cells)433 and 

induce mitochondrial fragmentation (in primary neurons)434. Defects in mitochondrial 

respiration have also been observed in HD patients' brains, especially defects of complexes II 

and IV of the respiratory chain may impair oxidative phosphorylation435–437.  
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The ER at the periphery of the Httex1 72Q inclusions were also affected at the structural level, 

as shown by their morphological reorganization in rosette or “stacked cisternae”, and at the 

functional level, as evidenced by the dysregulation of the ERES homeostasis (Figure 4D-E). 

The formation of ER rosettes indicates the accumulation of proteins in the smooth ER424 and 

is thought to result from low-affinity binding and export defects, which can be caused by 

unfolded Htt proteins but is not necessarily linked to ER stress. Kegel and colleagues14 also 

reported the presence of ER cisternae next to aggregates formed by the expression of a large 

Htt fragment fused to a FLAG tag in clonal striatal cells. The formation of Httex1 inclusions 

seems to drive the reorganization of the ER network in their periphery but did not lead to ER 

protein sequestration, as shown by the quantitative proteomic analysis, which did not reveal 

significant ER proteins trapped inside the inclusions. The presence of ribosomes and ER 

membrane deformation was previously detected close to the periphery of Httex1 inclusions by 

cryo-ET195 and was linked to a strong reduction in ER dynamics. In the same study195, the 

periphery of the inclusions was immunoreactive to several components of the ER-associated 

degradation (ERAD) machinery (e.g., Erlin-2, Sel1L). These observations are consistent with 

our ICC data showing the presence of ER chaperone BIP at the outer periphery but not inside 

the inclusions (Figure S5). We also observed ERES modulation, which can be explained by 

the sequestration of specific proteins required for their fusion438. Consistent with these 

observations, our proteomic analysis showed the enrichment of proteins specific to the ER-

Golgi trafficking. ERES modulation can also be explained by a reduction of the biosynthetic 

capacity of this compartment, as ERES have been shown to adapt to the amount of secretory 

burden to which they are exposed439. The recruitment and perturbation of the ER network might 

contribute to cytotoxicity during inclusion formation, but on its own does not appear to be 

sufficient to cause overt toxicity. Consistent with this hypothesis, the ERAD and Ca2+ signaling 

pathways have been extensively reported to be dysregulated in various cellular and animal 

models using different Htt fragments274,332,440–443. Altogether our data suggest that Httex1 

aggregates could form at the surface of membranes as suggested by Suoponki and 
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colleagues444, which could promote early aggregation events as well as membrane 

perturbation and their recruitment into cytoplasmic Httex1 inclusions. 

 

3.2 Cytoplasmic and nuclear Htt inclusions exhibit distinct ultrastructural 
properties that are differentially influenced by the size of the polyQ repeats  

Although previous studies have suggested the formation of ring-like nuclear inclusions, this 

architecture was defined by the peripheral staining of other proteins in the periphery of mutant 

Htt inclusions in several cellular models113,120,165,414 and transgenic mice445, and not by the 

peripheral staining of Htt as observed in the case of cytoplasmic inclusions (Figure 1). These 

results were obtained only using antibody-based techniques, thus, the ultrastructural and 

biochemical properties of the core of the inclusions remained poorly defined. Our results show 

that cytoplasmic Htt inclusions are composed of highly organized fibrils in both the core and 

the periphery, although we cannot rule out the presence of entrapped oligomers in the core or 

at the surface close to the growing fibrils in the periphery167. These observations are consistent 

with a previous report by Qin et al. based on a FLAG-tagged Htt1-969 fragment (100Q), 

demonstrating that the Htt species in the core of the inclusions are highly protease-resistant 

and that oligomeric forms of Htt accumulate with cytoplasmic proteins and vesicles in the 

periphery of the inclusions165. 

Our in-depth characterization of the Httex1 72Q inclusions at the ultrastructure level revealed 

distinct differences in the organization and architecture between the cytoplasmic and nuclear 

Htt inclusions. The cytoplasmic Httex1 72Q inclusions exhibit a dense core and shell 

morphology and are composed of highly organized fibrillar aggregates in both the core and the 

periphery. In contrast, nuclear Htt inclusions exhibited less complex ultrastructural properties, 

appeared as homogenous structures without the core and periphery morphology and were 

devoid of endomembranes or vesicles (Figure 2). These observations are consistent with most 

of the Htt nuclear inclusions found in HD mice models, which do not display the core and shell 
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organization102,133. Our results also suggest that the intracellular environment and interactions 

with lipids and endomembranes or vesicles are key determinants of the structural and 

molecular complexity of the inclusions and that different mechanisms drive the formation and 

maturation of the nuclear and cytoplasmic inclusions. Such differential characteristics between 

cytoplasmic and nuclear inclusions might account for the differential cellular dysfunction and 

toxicity associated with these two types of Htt inclusions143,222,446–448.  

 

Interestingly, the ultrastructural properties of the Httex1 cytoplasmic inclusions were strongly 

dependent on the length of the polyQ repeat266 but not on the Nt17 domain (Figure 2). This is 

surprising given that in vitro and cellular studies have consistently shown that the Nt17 domain 

plays important roles in regulating the kinetics and structural properties of Htt aggregation149 

and Htt interactions with lipids and membranes145,147,449–451. Previous electron paramagnetic 

resonance (EPR) and solid-state nuclear magnetic resonance (solid-state NMR) studies of 

mutant Httex1 fibrils have proposed that mutant Httex1 form fibrils with a bottlebrush 

arrangement173,452, with the polyQ domain making up the core of the fibrils453, the Nt17 

absorbed to the polyQ, and the flexible proline-rich domain (PRD) exposed on the surface of 

the fibrils. In a recent study using ssNMR, Boatz et al. confirmed that the polyQ domain forms 

the core mutant Httex1 and showed that the Nt17 domain and part of the PRD (PPII helices) 

are buried to the core, while the other part of the PRD (random coil) is dynamic and accessible, 

and regulates multifilament assemblies in vitro172. Together, these observations could explain 

why the deletion of the Nt17 domain does not interfere with the organization of the inclusion 

and suggest that the interactions between the fibrils and other proteins and/or organelles are 

most likely mediated by the flexible PRD domain. Consistent with this model, removal of the 

PRD domain has been shown to 1) disrupt interactions with specific cellular proteins and Htt 

binding partners164; 2) inhibit the recruitment of dynamin, Htt interacting protein 1 (HIP1), and 

SH3-containing Grb2-like protein (SH3GL3) to the periphery of Htt inclusions in cells165; and 3) 
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lead to a disorganization of the ultrastructural arrangement of the Htt inclusions165. In addition, 

we noticed that removal of the PRD was affecting the stability or the clearance of Httex1. It 

was previously reported that removal of either the Nt17 domain or the PRD was extending the 

half-life clearance of Httex1-GFP149. Shen et al. also reported an increased number of 

aggregates with higher cellular toxicity measured in neurons. We did not observe strong 

differences in our model at the cellular level, potentially due to the strong resilience of HEK 

cells. More analysis at the ultrastructural level of the inclusion should be conducted in order to 

assess how the PRD influences protein-protein interactions with Httex1 and with other proteins 

during inclusion formation. 

We speculate that the formation of the core of the inclusions is guided predominantly by 

intermolecular interactions involving the polyQ domain and could be initiated by rapid events 

that are potentially driven by phase separation, as observed in our model (Figure 6) and also 

recently described by several groups266,411,454,455. The rapid formation of the aggregate’s core 

does not allow for the regulated recruitment of other proteins and organelles (Figures 1, 2 and 

7A), as evidenced by the fact that most antibodies against proteins found in Htt inclusion stain 

the periphery rather than the core of the inclusions165. The Nt17 domain most likely plays key 

roles in the initial oligomerization events and, possibly, the packing or lateral association of the 

fibrils. Once this core of dense fibrils is formed, the fibrils at the periphery continue to grow 

through the recruitment of endogenous soluble proteins (Figures 3 and 7A). Because this 

growth phase is slower, it allows the fibrils to interact with and/or recruit other proteins into the 

inclusions. Consistent with this hypothesis, Matsumoto and colleagues showed that the 

transcription factors TATA-binding protein (TBP) and CREB-binding protein (CBP)—

containing a polyQ expansion—were present only at the periphery of the inclusions and not in 

the core414. Interestingly, although the length of the polyQ repeat did not seem to significantly 

influence the density of the fibrils at the core of the inclusions, the peripheral organization of 

the Htt fibrils and the formation of the outer shell showed strong polyQ repeat length 
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dependence (Figures 4 and 7A). This model is supported by studies from Hazeki et al. and 

Kim et al., demonstrating that the detergent-insoluble core of cellular Httex1 inclusions  

 
Figure 10. The formation of Huntingtin inclusions is driven primarily by the polyQ repeat 
domain and involves the active recruitment and sequestration of lipids, proteins, and 
membranous organelles. 
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A. We separated the formation and organization of cytoplasmic Httex1 inclusions in different 
elements: 1) Even though the Nt17 domain can play a major role in early oligomerization steps, 
we showed that the fibrilization is driven by the polyQ repeats; 2) The initiation of inclusion 
formation was previously demonstrated to occur in a phase transition mechanism266,408 and 
could involve first the sequestration of proteins and organelles nearby either directly or 
indirectly; 3) During the growth of the inclusion, many cellular proteins, endomembranes, and 
lipids are recruited and sequestered inside the cytoplasmic inclusions; 4) Mature cytoplasmic 
Httex1 inclusions formed in cells display a core and shell structural organization if the polyQ 
length is relatively long (72Q) but not if it is close to the pathogenic threshold (39Q), even if 
inclusions are still formed in the second case. Cytoplasmic inclusion formation leads to the 
accumulation of mitochondria and ER network at the periphery; 5) Httex1 inclusion formation 
leads to the adaptation of the ER-mitochondrial network and respirational dysfunction, as well 
as significant toxicity after long-term incubation; 6) Nuclear inclusions do not display a distinct 
core/shell organization similar to the cytoplasmic inclusions, but they are still detected as a 
ring, as they are impervious for antibodies. Nuclear tag-free Httex1 inclusions are also enriched 
in neutral lipids. B. The depiction shows the distinct structural organization and cellular impact 
of Httex1 72Q (left) compared to Httex1 72Q-GFP (right). The arrangement and packing of 
Httex1 fibrils are different depending on the presence of GFP as well as the interactions, 
recruitment, and perturbation with surrounding organelles. 

 

represents the skeletal structure of the inclusions, while the active surface dynamically 

interacts with Htt species and proteins being processed409,410. Altogether, our results highlight 

that the formation of Htt inclusions occurs in two major phases with, first, the formation of the 

core driven primarily by the polyQ repeat domain, and then the growth of the inclusions with 

the addition of Htt fibrils and the recruitment of other proteins and organelles. The second 

phase appears to be driven by interactions involving both the polyQ and PRD domains and 

involves the active recruitment and sequestration of lipids, proteins, and membranous 

organelles (Figure 10). 

 

3.3 Proteome analysis points to a failure of the protein degradation machinery 
to clear Httex1 inclusions 

Proteins from the UPS system456 including ubiquitin moiety, E3 ubiquitin ligases (e.g., ITCH, 

RNF34, TRIM32, MARCH7), 26S proteasome subunits, and deubiquitinases formed the major 

cluster of the differentially enriched proteins in the Httex1 72Q inclusions. These results are in 

line with previous studies showing that Htt inclusions formed in HD patients or several cellular 
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and in vivo models sequester several key components of the UPS system, including 26S 

proteasomes457 (ADRM1458), deubiquitinases283 (e.g., NEDD4 and USP5), and E3 ubiquitin 

ligases (e.g., ITCH, TRAF6, UBE3A, UHRF2, and Parkin) and induce impairment of the 

UPS459–461. In addition, our analysis revealed that among the proteins significantly up- or down-

regulated in Httex1 72Q compared to Httex1 16Q, 42 proteins are known Htt interactors linked 

to the UPS, identified from the HDinHD database (Table S1). Proteins involved in 

autophagosome formation (optineurin462), maturation (ubiquilins463), and the process of 

autophagosome-lysosome fusion464 (TOLLIP-interacting proteins and proteins involved in 

endolysosomal trafficking) were enriched inside the Httex1 72Q inclusions. Both 

TOLLIP281,465,466 and optineurin467–470 are critical for the efficient clearance of polyQ protein 

aggregates471 and in particular, for the degradation of Htt aggregates. The depletion of TOLLIP 

in HeLa cells increases GFP-Htt-103Q-induced toxicity465, while optineurin knockdown 

promotes Htt aggregation.  

Finally, several chaperones from the Hsp70 and the DnaJ/HSp40 families, as well as ubiquilin-

2, found previously enriched in Htt inclusions265,409,472,473, were also sequestered inside the 

Httex1 72Q inclusions. This cluster of proteins was associated with the BAG2 signaling 

pathway (Figure S12), one of the top canonical signaling pathways that regulate the interplay 

between the chaperones from the Hsp70/Hsc70 family and ubiquitin. Interestingly, it has 

recently been shown that the Hsp70 complex, together with the Hsp40/110 chaperone family, 

formed a disaggregase complex that can directly bind to Htt aggregates293. After 

disaggregation, Ubiquilin-2 interacts with Htt and shuttles the disaggregated species to the 

proteasome to promote its complete degradation474. The enrichment of the disaggregase 

chaperones network in the Httex1 72Q inclusions suggests that they were actively recruited 

but failed in their attempt to clear the Httex1 72Q aggregates. 

 Together, these findings suggest that the cytosolic depletion of key proteins from the 

autophagolysosomal pathway, due to their sequestration inside the Httex1 pathological 



Chapter II:  Disentangling the cellular, molecular and ultrastructural determinants of 
Huntingtin inclusion formation in mammalian cells 

89 
 

inclusions, could contribute to cellular dysfunction of the degradation and quality control 

machinery, as reported in HD human brain tissue423. 

 

3.4 The fusion of fluorescent proteins to mutant Httex1 significantly alters the 
biochemical and structural properties of mutant Htt 

To enable the investigation of Htt aggregation dynamics using live imaging techniques, N-

terminal Htt fragments are usually fused to large fluorescent proteins such as 

GFP117,149,270,279,287,408. To determine whether the fusion of these proteins to Httex1 significantly 

alters its aggregation properties and the final structure of Httex1 inclusions, we compared the 

biochemical, structural, and toxic properties of mutant Httex1 fused (or not) to GFP in our 

cellular model. To the best of our knowledge, this is the first study to directly compare 

inclusions formed by tag-free mutant native Httex1 proteins to GFP-tagged mutant Httex1 at 

the structural, interactome and biochemical levels. Our results demonstrate that the fusion of 

the GFP tag to the Httex1 sequence significantly alters the proteome composition, structural 

organization and architecture of the Httex1 inclusions (Figures 1 and 5). 

The ultrastructure of Httex1 72Q-GFP inclusions revealed radiating fibrils with homogenous 

staining and the absence of the core and shell morphology. In line with our findings, previous 

studies showed that cytoplasmic Httex1 72Q-GFP aggregates are fibrillar266,475 and resemble 

other Httex1-GFP aggregates in COS cells476, in primary striatal neurons329 as well as 

aggregates formed by mutant Httex1 fused to a FLAG tag in HEK cells268. In a recent cryo-

electron tomography (Cryo-ET) study, Bäuerlein et al. examined the ultrastructural properties 

of mutant Httex1 in the absence and presence of GFP and suggested that the presence of 

GFP does not significantly alter the organization of the cytoplasmic inclusions in HeLa and 

neurons195. Similar to our findings, they showed that the presence of the GFP tag 1) induces 

a 50% reduction in fibril density and a 25% increase in fibril stiffness; 2) results in increased 
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spacing between the fibrils in the Httex1-GFP inclusions; and; 3) does not influence the overall 

size of the inclusions.  

However, when it comes to the ultrastructural properties of the tag-free mutant Httex1 

inclusions, we observed very different results, as they did not observe the formation of 

inclusions with core and shell morphologies. Examination of the sequence of the constructs 

they used reveals a Myc-tag at the N-terminal side of their Httex1 proteins, whereas the 

constructs we used contain only the native sequence of mutant Httex1. While we showed that 

removal of the Nt17 domain does not influence the ability of tag-free Htt to form inclusions with 

the core and shell organization, the fusion of additional amino acids in the N-terminus could 

still significantly alter the kinetics, oligomerization, and aggregation pathway of Httex1 protein. 

In addition to differences at the ultrastructural levels, our studies showed the recruitment of 

membranous organelles and vesicles as disrupted structures inside the inclusions in both the 

core and shell but also in the form of intact ER-mitochondrial network at the periphery of the 

tag-free inclusions. Less internalized structures were observed in the Httex1-GFP inclusions, 

consistent with the findings of Bäuerlein et al.195. Another major difference between the two 

studies is that Bäuerlein et al. did not observe any polyQ-length effect on the size or 

ultrastructural properties of the inclusions formed by mutant Httex1-GFP over the polyQ repeat 

range of 64Q to 97Q. Although the presence of GFP can explain the differences between the 

two results, it is also possible that these differences are because the authors compared polyQ 

repeats that are far beyond the pathogenic threshold. We think that in this polyQ range, the 

difference in aggregation properties between 64 and 97Q would be small compared to what 

one would observe when comparing mutant Httex1 with polyQ repeats close to the pathogenic 

threshold (39-43Q). Therefore, in our study, we compared the ultrastructure properties of the 

inclusions of Httex1 containing 39 or 72Q repeats. In our experiments, the cytoplasmic 

inclusions formed by mutant Httex1 39Q were found to be less organized and did not exhibit a 

stable core and shell arrangement as in the case of Httex1 72Q.  
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In HEK cells, approximately 50% of the proteome of the tag-free inclusions were related to 

proteins involved in transcriptional pathways, while in the inclusions formed by Httex1 72Q-

GFP, this biological process represents ~14%. Transcriptional dysregulation477,478 is one of the 

major features of HD and occurs at the onset of the early neuropathological symptoms in HD 

patients. In addition, several proteins related to gene expression, the chromatin remodeling 

and histone acetylation process479 (SETD2480,481), transcription initiation (TFIID subunit482), 

regulation (NF-Y483) and elongation (TCERG1484) factors, TATA-box binding proteins 

(TBP472,485) that have been shown to either lose their function in HD through their interaction 

with Htt and/or sequestration in the bona fide Htt inclusions481,484 were specifically enriched in 

the tag-free inclusions but not in the GFP-Httex1 72Q inclusions. Similarly, although biological 

processes related to autophagy were found to be enriched, in both types of inclusions, ~33% 

of the identified proteins were different in the GFP-Httex1 72Q inclusions. For example, 

optineurin—an autophagy receptor implicated in HD pathology—was sequestered in the 

inclusions formed by the tag-free inclusions and the bona fide Htt inclusions in the HD brain28 

but not in the GFP-Httex1 72Q inclusions. Instead, CHMP2b was specifically enriched in the 

GFP-Httex1 72Q inclusions and found in the insoluble fraction of R6/2 mice486. CHMP2b, 

together with several proteins from the ESCRT complexes, is known as the ESCRTing 

autophagic complex involved in the clearance of specific aggregating proteins487. This 

suggests that selective autophagy pathways are engaged in response to different types of 

aggregates.  

Several studies suggest the involvement of the cytoskeleton in HD and especially the 

microtubules on the formation of aggresomes287,488. In particular, the actin cytoskeleton was 

detected as one of the top dysregulated pathways from a proteomic analysis conducted in 

human HD brains427. In line with these findings, our study showed the presence of filaments of 

actin exclusively at the periphery of the tag-free Httex1 72Q and 39Q (+/- ΔNt17) cytoplasmic 

inclusions (Figure 1B). Actin was not detected in Httex1 72Q-GFP inclusions (Figure 5B). In 

addition, Actin-F was detected inside Httex1 39Q inclusions (Figure S9D) and in periphery 
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ΔNt17 Httex1 72Q inclusions (Figure S10A). The results suggest a potential role of the actin 

in the formation of Httex1 inclusions and, more specifically, in the core and shell organization 

observed by EM, indicating a distinct periphery.  

In addition, proteins related to infection and inflammation pathways, including the TNF, the 

Toll-like receptor, and the NOD-like receptor signaling pathways, were only sequestered in the 

tag-free inclusion. This is particularly relevant because neuroinflammation has been implicated 

in HD pathology378. On the other hand, a significant number of metabolic proteins were 

exclusively enriched in the GFP-like inclusions. Our findings also support the hypothesis that 

the sequestrations of key proteins during the formation and maturation of Htt inclusions could 

be one of the causative mechanisms leading to neuronal dysfunctions and neurodegeneration, 

thereby favoring disease progression in HD. Therefore, despite the similarities in terms of 

general pathways impacted, the cellular responses or the mechanisms underlying cellular 

dysfunctions and toxicity are specific to the type of inclusions formed in the cells. Our results 

also strengthen the idea that inclusions formed from GFP-Httex1 72Q do not exhibit the same 

behavior as the tag-free inclusion.  

Altogether, our data suggest that the aggregation processes of tag-free and GFP-tagged 

Httex1 are distinct (Figures 7B and S23), thus underscoring the potential limitations of using 

GFP to investigate the molecular, biochemical, and cellular determinants of Htt inclusion 

formation and mechanisms of toxicity.  

 

3.5 Tag-free and GFP Httex1 inclusions differentially impact mitochondrial and 
ER-related functions in the cells 

Mitochondrial fragmentation489 and inflammation380 are hallmarks of Htt-induced 

neurodegeneration. Recent studies reported the major role of mitochondrial fission and fusion 

homeostasis in HD and also revealed the specific mitochondrial fragmentation induced by 

mutant Htt using electron microscopy in STHdh neurons490,491. Interestingly, only tag-free 
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Httex1 72Q overexpression results in mitochondrial fragmentation and is characterized by the 

strong accumulation of inflammation-linked proteins in the aggregates. We speculate that the 

observed hyper-activation of mitochondrial respiration (in the absence of significantly 

increased ROS production) is an adaptation of the inclusion-bearing cells in order to generate 

sufficient energy by oxidative phosphorylation for increased energetic demands for unfolding 

or clearance of aggregating proteins. A similar hyperactivation of mitochondrial respiration has 

recently been reported for alpha-Synuclein aggregates492. These authors hypothesized that 

the hyper-respiration might represent a pathogenic upstream event to alpha-Synuclein 

pathology. We think that this may also be the case for untagged Httex1 72Q induced pathology. 

However, based on our extensive proteomic analyses of the inclusions formed by Httex1 72Q 

to or Httex1 72Q-GFP and the possibility of comparing the functionality of organelles in our 

cellular model, we can provide a more elaborate hypothesis. In the tag-free Httex1 72Q 

condition, mitochondrial hyperactivity coincided with both mitochondrial fragmentation and the 

detection of more inflammation-related proteins in the aggregates as compared to the GFP 

condition. We speculate that mitochondrial fragmentation initially may be protective, as it 

enhances mitochondrial mobility necessary for cell repair processes493. Upregulation of 

mitochondrial respiration would be a reasonable consequence of elevated ATP-requirements 

for mitochondrial and protein transport related to aggregation formation and proteostatic 

processes including ATP-requiring chaperone-, proteasome and autophagy processes.  

 We also demonstrated modulation of ERES with the presence of GFP at the C-terminal part 

of Httex1 72Q; the effect is reduced compared to tag-free Httex1 inclusions but still indicates 

ER perturbation consistent with the previous cryo-ET report195, suggesting decreased ER 

dynamics near Httex1-GFP inclusions.  

Overall, we demonstrated drastic differences in the architecture, composition, and impact on 

cellular organelles by the inclusions formed by Httex1 72Q in the absence and presence of 

GFP (Figures 7B and S23). Altogether, our data suggest that the aggregation processes of 
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unmodified and GFP-tagged Httex1 are distinct, thus underscoring the potential limitations of 

using GFP to investigate the molecular, biochemical, and cellular determinants of Htt 

aggregation and mechanisms of toxicity.  

 

4. Conclusion 

In summary, our integrative imaging and proteomic studies demonstrate that the process of 

Htt cytoplasmic inclusion formation occurs in at least two phases and involves the active 

recruitment of lipids, proteins, and organelles. The organization and ultrastructural properties 

of these inclusions are greatly influenced by the polyQ repeat length and the intracellular 

environment, as evidenced by the fact that cytoplasmic and nuclear Httex1 inclusions exhibit 

distinct ultrastructural properties. Equally important, our work emphasizes the importance of 

elucidating the role of Htt interactions with lipids and membranous organelles in regulating the 

process of Htt aggregation, inclusion formation, and toxicity. Extending the studies and 

approaches presented here to other HD model systems and other Htt fragments will pave the 

way to a better understanding of the mechanisms of Htt inclusion formation and how it 

contributes to the development of HD. We recently demonstrated that Htt171 aggregates in 

vitro via different mechanisms that are distinct from Httex1 and that the structured domains 

outside exon1 could play important roles in regulating early events associated with Htt 

oligomerization, initiation of Htt aggregation and inclusion formation175. This will also enable a 

more effective use of appropriate models to assess the therapeutic potential of targeting 

different stages and mechanisms of Htt inclusion formation and maturation.  

 

  



Chapter II:  Disentangling the cellular, molecular and ultrastructural determinants of 
Huntingtin inclusion formation in mammalian cells 

95 
 

5. Material and methods 

 

DNA constructs and purification 

pCMV mammalian expression vector encoding for Httex1 16Q, Httex1 16Q-GFP, Httex1 39Q, 

Httex1 39Q-GFP, Httex1 72Q, and Httex1 72Q-GFP were kindly provided by Andrea 

Caricasole (IRBM). ΔN17-Httex1 39Q, ΔN17-Httex1 39Q-GFP, ΔN17-Httex1 72Q, ΔN17-

Httex1 72Q-GFP; ΔPRD-Httex1 72Q, 1/2ΔPRD-Httex1 72Q, ΔPRD-Httex1 72Q-GFP and 

1/2ΔPRD-Httex1 72Q-GFP were purchased from GeneArt (Germany). Plasmids were 

transformed into Chemo-competent E. coli stable 3 cells (Stbl3) from Life Technologies 

(Switzerland), and Maxiprep plasmid purification (Life Technologies, Switzerland) was 

performed following the manufacturer's instructions.  

 

Mammalian cell culture and plasmid transfection 

HEK 293 cells were maintained in Dulbecco's modified Eagle's medium DMEM (Life 

Technologies, Switzerland) containing 10% FBS (Life Technologies, Switzerland), 10 μg/ml 

streptomycin and penicillin (Life Technologies, Switzerland) in a humidified incubator, and 5% 

CO2 at 37°C. Cells were plated at a density of 100,000 per dish in glass-bottom µ-Dishes 

(IBIDI) or 50,000 cells/well in 24 well plates with a Thermanox Plastic Coverslip (round) 13mm 

in diameter (Life Technologies, Switzerland) in order to obtain cells at a 70-90% confluence 

the day after for the transfection procedure using a standard calcium phosphate procedure494. 

Briefly, 2µg of DNA was diluted in 30µl H2O and 30µl of 0.5M CaCl2 before the dropwise 

addition of 60µl of 2xHBS, pH 7.2 (50mM HEPES, pH 7.05; 10mM KCL; 12mM dextrose; 

280mM NaCl; 1.5mM Na2PO4, pH 7.2 dissolved in H2O) under mild vortexing condition. 
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Immunocytochemistry (ICC) 

At the indicated time-point, HEK 293 cells were washed twice with PBS pH 7.4 (1X) (Life 

Technologies, Switzerland) and fixed in 3.7% formaldehyde (Sigma-Aldrich, Switzerland) in 

PBS (PFA) for 15 min at room temperature (RT). After a blocking step with 3% BSA (Sigma-

Aldrich, Switzerland) diluted in 0.1% Triton X-100 (Applichem, Germany) in PBS (PBST) for 

30 min at RT, cells were incubated with the primary antibodies (Figure S1) anti-Htt raised 

against the Nt17 domain (2B7, CHDI [Cure Huntington's Disease Initiative]; Ab109115, Abcam) 

or the PolyQ (MW1, CHDI) or Proline-Rich Domain (PRD) (MAB5492, Millipore; 4C9, CHDI; 

N18, Santa-Cruz and EGT 414), or against Htt (S830) at a dilution of 1/500 in PBST for 2 h at 

RT. Cells were then rinsed five times in PBST and incubated for 1 h at RT with the secondary 

donkey anti-mouse Alexa647, donkey anti-rabbit Alexa647, or donkey anti-goat 568 antibodies 

(Life Technologies, Switzerland) used at a dilution of 1/800 in PBST and DAPI (Sigma-Aldrich, 

Switzerland) at 2µg/ml, all diluted in PBST. In addition, HEK cells were counterstained with 

Phalloidin Atto594 (Sigma-Aldrich, Switzerland), which has a high affinity to filamentous F-

actin. 

Cells were then washed five times in PBST, and a last one in double-distilled H2O, before 

being mounted in polyvinyl alcohol (PVA) mounting medium with DABCO (Sigma-Aldrich, 

Switzerland). Cells were examined with a confocal laser-scanning microscope (LSM 700, 

Zeiss, Germany) with a 40x1.3 oil objective (Plan-Apochromat) and analyzed using Zen 

software (Zeiss, Germany). 

 

Immunofluorescence staining of ER exit sites 

A total of 100,000 HeLa cells were seeded into a 6-well plate on glass coverslips. After 24 h, 

cells were transfected with the different variants of GFP-tagged or tag-free Httex1 using 

Fugene 6 according to the manufacturer's instructions. An empty vector was used as a 
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negative control. 48 h after transfection, cells were fixed in 4% PFA for 20 min and stained 

using an anti-Htt antibody (Millipore, mouse monoclonal (MAB5492)). Briefly, after cells were 

washed with PBS containing 20 mM glycine, slides were incubated in a blocking buffer 

composed of 3% BSA (Bovine Serum Albumin) in 0.1% Triton X-100 and PBS for 30 min at 

RT. Subsequently, cells were incubated with the primary antibodies against Htt and Sec13 

(R&D Systems) to label ER exit sites, followed by washing and incubation with Alexa-Fluor 

tagged secondary antibodies. Slides were washed with PBS and embedded in polyvinyl 

alcohol mounting medium with DABCO (Sigma-Aldrich). Cells were imaged with 63x objective 

using a Zeiss LSM 700 confocal microscope. 

In the case of Httex1-FP, cells were washed in PBS containing 20mM glycine followed by 

permeabilization in PBS containing 0.2% Triton X-100. Subsequently, cells were incubated 

with primary antibody to stain ER exit sites diluted in 3% BSA in PBS. After being washed with 

PBS, cells were incubated with the appropriate Alexa-Fluor tagged secondary antibodies in 

3% BSA-PBS. Slides were washed with PBS and embedded in polyvinyl alcohol mounting 

medium with DABCO (Sigma-Aldrich). Cells were imaged with 63x objective using a Zeiss 

LSM 700 confocal microscope. 

Quantification of ER exit sites' number and size was performed using the analyze particles tool 

in Image J after thresholding for pixel size and intensity.  

 

Correlative light and electron microscopy (CLEM) 

HEK 293 cells were grown at 600,000 cells/ml on 35 mm dishes with alpha-numeric searching 

grids etched on the bottom glass (MatTek Corporation, Ashland, MA, USA). 48 h after 

transfection with either Empty vector (EV), Httex1 72Q, or Httex1 72Q-GFP, cells were fixed 

for 2 h with 1% glutaraldehyde (Electron Microscopy Sciences, USA) and 2.0% PFA in 0.1 M 

phosphate buffer (PB) at pH 7.4. After washing with PBS, ICC was performed as described 
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above. Intra-cellular inclusions were stained with an Htt antibody (Millipore MAB5492, aa 1-

82), and the cells of interest were imaged with a fluorescence confocal microscope (LSM700, 

Carl Zeiss Microscopy) with a 40x objective. The precise position of the selected cells was 

recorded using the alpha-numeric grid etched on the dish bottom. The cells were then fixed 

further with 2.5% glutaraldehyde and 2.0% PFA in 0.1 M PB at pH 7.4 for another 2 h. After 

five washes of 5 min with 0.1 M cacodylate buffer at pH 7.4, cells were post-fixed with 1% 

osmium tetroxide in the same buffer for 1 h and then washed with double-distilled water before 

being contrasted with 1% uranyl acetate water for 1 h. The cells were then dehydrated in 

increasing concentrations of alcohol (2 × 50%, 1 × 70%, 1 × 90%, 1 × 95%, and 2 × 100%) for 

3 min each wash. Dehydrated cells were infiltrated with Durcupan resin (Electron Microscopy 

Sciences, Hatfield, PA, USA) diluted with absolute ethanol at 1: 2 for 30 min, at 1: 1 for 30 min, 

at 2: 1 for 30 min, and twice with pure Durcupan for 30 min each. After 2 h of incubation in 

fresh Durcupan resin, the dishes were transferred into a 65°C oven so that the resin could 

polymerize overnight. Once the resin had hardened, the glass CS on the bottom of the dish 

was removed by repeated immersion in hot water (60°C), followed by liquid nitrogen. The cell 

of interest was then located using the previously recorded alpha-numeric coordinates, and a 

razor blade was used to cut this region away from the rest of the resin. This piece was then 

glued to a resin block with acrylic glue and trimmed with a glass knife using an ultramicrotome 

(Leica Ultracut UCT, Leica Microsystems). Next, ultrathin sections (50–60 nm) were cut serially 

from the face with a diamond knife (Diatome, Biel, Switzerland) and collected on 2 mm single-

slot copper grids coated with formvar plastic support film. Sections were contrasted with uranyl 

acetate and lead citrate and imaged with a transmission electron microscope (Tecnai Spirit 

EM, FEI, The Netherlands) operating at 80 kV acceleration voltage and equipped with a digital 

camera (FEI Eagle, FEI). 
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Sample processing for electron microscopy imaging without cell permeabilization 

48 h after transfection, HEK 293 cells were fixed in PFA 2% and glutaraldehyde 2% in 

phosphate buffer 0.1M (pH 7.4) for 1 h and 30 min. To preserve the internal membranes of the 

cells, no ICC was performed. Cells were then washed 3 times for 5 min in cacodylate buffer 

(0.1M, pH 7.4). Next, they were post-fixed with 1% osmium tetroxide plus 1.5% potassium 

ferrocyanide in cacodylate buffer (0.1M, pH 7.4) at RT for 40min, followed by post-fixation with 

1% osmium tetroxide in cacodylate buffer (0.1M, pH 7.4) at RT for 40min. Samples were 

washed twice for 5 min in distilled water, then further stained in 1% uranyl acetate in water for 

40 min and washed once in double-distilled water for 5min. The samples were dehydrated in 

increasing concentrations of ethanol for 3 min each wash (2X50%, 1X70%, 1X90%, 1X95%, 

2X100%) and then embedded in epoxy resin (Epon had the formula: Embed 812: 20g, DDSA: 

6.1g, NMA: 13.8g, DMP 30: 0.6g) (Electron Microscopy Sciences, USA) through the 

continuous rotation of vials. The embedding process starts with a 1:1 ethanol:epon mix for 

30min, followed by 100% EPON for 1 h. EPON was then replaced with fresh EPON for 2 h. 

Finally, samples were embedded between coated glass slides and placed in an oven at 65°C 

overnight. 50 nm thick serial sections were cut with an ultramicrotome (UC7, Leica 

Microsystems, Germany) and collected on formvar support films on single-slot copper grids 

(Electron Microscopy Sciences, USA) for transmission electron microscopy imaging (TEM). 

TEM images were taken at 80 kV filament tension with a Tecnai Spirit EM microscope, using 

an Eagle 4k x 4k camera. At least 8 cells were imaged per condition at 2900x and 4800x 

magnification. 

Images were aligned using Photoshop software (Adobe, USA) and different organelles 

(Nucleus, Mitochondria, Endoplasmic Reticulum, Httex1 inclusions) were first segmented 

manually using the arealist function in the trackEM2 plugin in the FIJI software. We then moved 

to a custom-developed machine learning-based pipeline, tailored specifically to 3D microscopy 

data (www.ariadne-service.ch) after validation using the manual segmentation for reference. 
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At the end of the segmentation process, the different segmented areas were exported as serial 

image masks, then visualized as objects in the 3D viewer plugin in FIJI and exported as 

wavefront in the Blender® 3D modeling software (Blender Foundation). Using Blender®, the 

3D axes were first corrected according to the model orientation and the Z scale was adjusted. 

Httex1 inclusion, mitochondria, and the nucleus were smoothed and the Httex1 inclusion was 

adjusted to visualize intra-aggregates membranous structures within the inclusion. Additional 

measurements were performed from electron micrographs in cells containing Httex1 inclusions 

using FIJI. The mitochondrial profile length corresponds to the maximal length of each 

mitochondria in one EM plane. The distance from the inclusion was not taken into account, as 

the measurements were performed in one plane. Instead, the average length of all detected 

mitochondria was taken into account and showed significant differences in the Httex1 72Q 

condition compared to the EV control. 

 

High pressure freezing and embedding for TEM 

48 h after transfection, HEK 293 cells were cultured on sapphire discs (6mm diameter) and 

frozen rapidly under high pressure (HPM100, Leica Microsystems). The discs were placed into 

cryo tubes containing acetone with 1% osmium tetroxide, 0.5% uranyl acetate, and 5% water 

at -90°C. They were then left at this temperature for 24 h before being warmed at 0°C over the 

next 72 h where they were then washed with pure acetone, and then infiltrated with increasing 

concentrations of Epon resin. Once in 100% resin the samples were left at room temperature 

for 24 h, and then the resin hardened in an oven at 65°C for 48 h. Serial sections were collected 

on single slot copper grids with a formvar support film, and then stained with lead citrate and 

uranyl acetate. These were imaged inside a transmission electron microscope at 80 kV (Tecnai 

Spirit, FEI Company), using a CCD camera (Eagle, FEI Company). 
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Live cell imaging 

HEK cells were plated in at 15 000 cells per well in a glass-bottom 96 well plate (PerkinElmer, 

Switzerland), pre-coated with poly-L-lysine. 24 h post-plating, cells were transfected with 

Httex1-GFP constructs using Lipofectamine 2000 (Thermofisher, USA). Briefly, 100ng DNA 

mixed in 10 µl Optimem transfection media (Sigma-Aldrich, Switzerland) was added to 0.2 µl 

Lipofectamine 2000 mixed in 10 µl Optimem and added dropwise to the cells. Using the 

Operetta CLS High-content analysis microscope with the 40x Objective (PerkinElmer, 

Switzerland), cells were imaged in live conditions with imaging every 15 to 60 min. The 

exported images were analyzed with the PerlinkElmer Harmony software and Fiji. The intensity 

of GFP over time was plotted as a surface plot and rescaled on the IC50 (half intensity of the 

signal). The analysis of the interpolated curved based on the GFP intensity was based on the 

following equation: f(x) = b + a x + (t-b - (a+ c) x) /(1+  10^( (alpha-x) h) ), with b: the value 

representing the bottom of the approximation (first “plateau”), t: value representing the top of 

the approximation (final “plateau”), a: coefficient of the first linear approximation, c: coefficient 

allowing a slope different from 0 in the final “plateau”, alpha: value of x at Ymid (with Ymid= 

mean of Ymax and Ymin) which Can be compared to the IC50 value, x: values on the x-axis 

(time in hours), h: “Hillslope”, slope of the exponential increase. The coefficient of division is a 

term allowing the curve to have an exponential behavior around the alpha value and to have 

a linear behavior when x is much higher than alpha.  

 

Preparation of protein samples for biochemical analyses 

Samples were generated, in duplicate, of the HRR experiment for analysis of mitochondrial 

markers by WB and FT. Transfected cells were lysed in 75µl of RIPA buffer (150Mm NaCl, 1µ 

NP40, 0.5% Déoxycholate, 0.1% Sodium dodecyl sulfate (SDS), 50Mm Tris pH 8). Cell lysates 

were incubated at 4°C for 20 min and then cleared by centrifugation at 4°C for 20 min at 16 

000g. Supernatants were collected as soluble the protein fraction and stored at -20°C after 
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LB5x addition and 5 min of boiling. BCA was performed on the RIPA soluble fraction. Pellets 

were washed with 500ul of PBS, then centrifuged again for 5 min at 16,000g. Supernatants 

were discarded and the pellet resuspended in 30µl of PBS supplemented with SDS 2% and 

sonicated with a fine probe [3 times, 3 sec at the amplitude of 60% (Sonic Vibra Cell, Blanc 

Labo, Switzerland)]. Cellulose acetate membrane was first equilibrated with 2% SDS (in PBS) 

for 5 min and the main filter fold arranged on top of 2 Watman papers inside the Bio-Dot 

Apparatus (#1706545, USA). Samples were loaded and filtered by vacuum. The membrane 

was washed 3 times by 0.5% SDS in PBS and applying the vacuum. The acetate membrane 

was then removed and washed once in PBS-Tween 1%.  

Samples were generated from four independent experiments for the analysis of PRD mutants 

by WB. 48 h post-transfection, HEK cells were washed with PBS and lysed using 75µl of PBS 

supplemented with 0,5% triton, 0,5% NP40, 1% protease inhibitor cocktail (Sigma-Aldrich, 

Switzerland) and 1% PMSF (lysis buffer). After 30 min incubation on ice and frequent vortexing, 

cells were centrifuged for 20 min at 20 000 g at 4°C. Supernatants were collected as a soluble 

fraction. Pellets were washed with the first lysis buffer. The insoluble pellet was then lysed 

using the lysis buffer supplemented with 2% Sarkosyl and sonicated during 9 s (3 s ON and 3 

s OFF) and an amplitude of 60%. The protein concentration was estimated by BCA, and the 

same amount of total protein was loaded on 15 % SDS-Page prior to a transfer on 

nitrocellulose membrane (WB). 

WB and FT membranes were blocked overnight with Odyssey blocking buffer (LiCor) and then 

incubated at RT for 2 h with different primary antibodies (anti-huntingtin MAB5492, Ab109115, 

anti-VDAC1 and Beta-actin for loading control) diluted in the same blocking buffer (1/5000). 

Membranes were washed in PBS-Tween 1% and then incubated with secondary antibody (680 

or 800 form LiCor) diluted in blocking buffer (1/5000) for 1 h at RT before a final wash in PBS-

Tween 1%. The protein detection was performed by fluorescence using Odyssey CLx from 

LiCor. The signal intensity was quantified using Image Studio 3.1 from LiCor. 
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Preparation of samples for mass spectrometry 

Samples were generated in triplicate for quantitative mass spectrometry analysis. At the 

indicated time-point, HEK cells were lysed in PBS supplemented by 0.5% NP40, 0.5% Triton 

x100, 1% protease cocktail inhibitor (Sigma PB340), and 1% Phenylmethanesulfonyl Fluoride 

(PMSF, Applichem). Cell lysates were incubated at 4°C for 20 min and then cleared by 

centrifugation at 4°C for 20 min at 20,000g. Supernatants were collected as non-ionic soluble 

protein fractions. Pellets were washed and resuspended in PBS supplemented by 2% N-

Lauroylsarcosine sodium salt (Sarkosyl, Sigma) with protease inhibitors. The pellets were 

briefly sonicated with a fine probe [3 times, 3 sec at the amplitude of 60% (Sonic Vibra Cell, 

Blanc Labo, Switzerland)], incubated 5 min on ice, then centrifuged at 100,000g for 30 min at 

4°C. Supernatants were collected as Sarkosyl soluble fractions. Pellets were washed with the 

previous buffer and resuspended in PBS supplemented by 2% Sarkosyl and 8M Urea and 

briefly sonicated as done previously. Laemmli buffer 4x was added to samples before being 

boiled at 95°C for five minutes. Samples were then separated on a 16% SDS-PAGE gel before 

being analyzed by Coomassie staining and WB. 

For WB analyses, nitrocellulose membranes were blocked overnight with Odyssey blocking 

buffer (LiCor, Switzerland) and then incubated at RT for 2 h with Htt primary antibodies 

(MAB5492, Millipore, Switzerland) diluted in PBS (1/5000). Membranes were washed in PBS-

Tween 1% and then incubated with fluorescently labeled secondary antibody diluted in PBS 

(1/5000) for 1 h at RT before a final wash in PBS-Tween 1%. The protein detection was 

performed by fluorescence using Odyssey CLx from LiCor. The signal intensity was quantified 

using Image Studio 3.1 from LiCor. 

For proteomic identification, the samples separated by SDS-PAGE were then stained with 

Coomassie blue (25% Isopropanol [Fisher scientific, United-States], 10% acetic acid [Fisher 

scientific, United-States], and 0.05% Coomassie brilliant R250 [Applichem, Germany]. Each 

gel lane was entirely sliced and proteins were In-gel digested as previously described495. 
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Peptides were desalted on stagetips496 and dried under a vacuum concentrator. For LC-

MS/MS analysis, resuspended peptides were separated by reversed-phase chromatography 

on a Dionex Ultimate 3000 RSLC nano UPLC system connected in-line with an Orbitrap Lumos 

(Thermo Fisher Scientific, Waltham, USA). Protein identification and quantification were 

performed with the search engine MaxQuant 1.6.2.10497. The human Uniprot database and 

Httex1 Sequence was used. Carbamidomethylation was set as a fixed modification, whereas 

oxidation (M), phosphorylation (S, T, Y), acetylation (Protein N-term), and glutamine to 

pyroglutamate were considered as variable modifications. A maximum of two missed 

cleavages was allowed. "Match between runs" was enabled. A minimum of 2 peptides was 

allowed for protein identification, and the false discovery rate (FDR) cut-off was set at 0.01 for 

both peptides and proteins. Label-free quantification and normalization were performed by 

Maxquant using the MaxLFQ algorithm, with the standard settings498. In Perseus499, reverse 

proteins, contaminants, and proteins identified only by sites were filtered out. Data from the 

Urea fraction were analyzed separately following the same workflow. Biological replicates were 

grouped together, and protein groups containing a minimum of two LFQ values in at least one 

group were conserved. Missing values were imputed with random numbers using a gaussian 

distribution (width = 0.7, down-shift = 1.9 for Urea fraction). Differentially expressed proteins 

were highlighted by a two-sample t-test, followed by a permutation-based correction (False 

Discovery Rate). Significant hits were determined by a volcano plot-based strategy, combining 

t-test P-values with ratio information500. Significance curves in the volcano plot corresponded 

to a S0 value of 0.5 and a FDR cut-off of 0.05. In the comparative analysis, known HTT 

interactor proteins were selected using the HDinHD dataset (https://www.hdinhd.org/) and 

restricted to the human and mouse datasets among cell- or animal-based studies exclusively.  

 

 

 

https://www.hdinhd.org/
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Respirometry and amplex red fluorometry 

Wild-type HEK 293 cells were transfected 24 h after plating with Htt 16Q, Htt 72Q, Htt 16Q-

GFP, or Htt 72Q-GFP. 48 h after transfection, cells were gently detached using 0.05% trypsin, 

resuspended in DMEM, counted, and immediately used for high-resolution respirometry. 

One million cells were transferred to MiR05 (0.5 mM EGTA, 3mM MgCl2, 60 mM potassium 

lactobionate, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose, and 0.1% 

(w/v) BSA, pH=7.1) in a calibrated, 2ml high-resolution respirometry oxygraph chamber 

(Oroboros Instruments, Austria) kept stably at 37°C. Mitochondrial ROS production (O2
− and 

H2O2) was measured using amplex red fluorometry and O2K Fluo-LED2 modules (Oroboros 

Instruments, Austria) as described previously501. Briefly, for amplex red fluorometry, cells were 

added to oxygraph chambers after the addition of 10 μM amplex red, 1 U/ml horseradish 

peroxidase, and 5 U/ml superoxide dismutase to MiR05 and calibration with known H2O2 

concentrations. Fluorescence was measured during the subsequently applied high-resolution 

respirometry protocol. 

Routine respiration (and mitochondrial ROS production) was measured from intact cells, after 

which plasma membranes were permeabilized by the application of an optimized (integrity of 

mitochondrial outer membranes verified by the cytochrome c test) concentration of digitonin (5 

μg/mL). 

Oxygen flux at different respirational states on permeabilized cells was then determined using 

the substrate-uncoupler-inhibitor-titration (SUIT) protocol described previously502,503. Briefly, 

NADH-pathway (N) respiration in the LEAK and oxidative phosphorylation (OXPHOS) state 

was analyzed in the presence of malate (2 mM), pyruvate (10mM), and glutamate (20 mM) 

before and after the addition of ADP (5 mM), respectively (NL, NP). The addition of succinate 

(10 mM) allowed for the assessment of NADH- and succinate-linked respiration in OXPHOS 

(NSP) and in the uncoupled state (NSE) after the incremental (Δ0.5 μM) addition of carbonyl 

cyanide m-chlorophenyl hydrazine (CCCP). The inhibition of Complex I by rotenone (0.5 μM) 
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yielded succinate-linked respiration in the uncoupled state (SE). Tissue-mass specific oxygen 

fluxes were corrected for residual oxygen consumption, Rox, measured after additional 

inhibition of the mitochondrial electron transport system, ETS, Complex III with antimycin A. 

For further normalization, fluxes of all respiratory states were divided by ET-capacity to obtain 

flux control ratios, FCR. Terminology was applied according to 

http://www.mitoeagle.org/index.php/MitoEAGLE_preprint_2018-02-08. 

Mitochondrial ROS values were corrected for background fluorescence and respirational 

states before the addition of the uncoupler used for analysis. 

 

Statistical Analysis  

All experiments were independently repeated at least 3 times. The statistical analyses were 

performed using Student's t-test, one-way ANOVA test followed by a Tukey-Kramer or HSD 

post-hoc tests, two-way ANOVA and repeated measures ANOVA using KaleidaGraph 

(RRID:SCR_014980) or GraphPad Prism 9.1.1. The data were regarded as statistically 

significant at p<0.05. 

  

https://linkprotect.cudasvc.com/url?a=http://www.mitoeagle.org/index.php/MitoEAGLE_preprint_2018-02-08&c=E,1,PAdafmTSw7oZMcjWJFHkTm5ycw-q08vhXZA4PCCmba0fhyZxX2fqpfMXWnxa9fFqDMLw01dkjTNKIfiQ3Toegu-U3BPqv7ooCMiMflQEC_SlvtROKM0,&typo=1
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7. Supplementary Figures 

 
 

 
Figures S 1. List of the antibodies used in this study.  
Primary (A) and secondary (B) antibodies used in this study.  
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Figures S 2. Characterization of Httex1 72Q and Httex1 72Q-GFP inclusions by 
Immunocytochemistry with a panel of Httex1 antibodies revealed a ring-like detection. 
A. ICC of HEK cells transfected with Httex1 72Q for 48 h. B. ICC of HEK cells transfected with 
Httex1 72Q-GFP for 48 h. (A-B) Httex1 72Q and Httex1 72Q-GFP inclusions were detected as 
a ring-like structure with all the Htt antibodies tested (grey) and as puncta with the GFP channel 
(green). Blue arrows indicate F-actin (red) colocalizing with the ring-like structure of some 
Httex1 72Q inclusion. DAPI was used to counterstain the nucleus. Scale bars = 20 μm (left-
hand panels) and 10 μm (middle and right-hand panels). 
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Figures S 3. Ultrastructural characterization of Httex1 72Q and Httex1 39Q inclusions.  
A. 8 representative electron micrographs of Httex1 72Q inclusions in HEK cells 48 h post-

transfection. B. 8 representative electron micrographs of Httex1 39 inclusions in HEK cells 48 

h post-transfection. The nucleus was highlighted in blue. Scale bars = 1 μm or 500 nm as 

indicated below the micrographs. 
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Figures S 4. Electron microscopy analysis of Httex1 72Q and Httex1 72Q-GFP cellular 
inclusions post-High-Pressure Freezing demonstrates a distinct fibrillar organization. 
HEK cells were fixed by HPF and freeze substituted for EM imaging 48 h after Httex1 

transfection. A. Electron micrographs of Httex1 72Q inclusion show radiating stacked fibrils. B. 

Electron micrographs of Httex1 72Q-GFP inclusion reveal thick radiating fibrils at the periphery. 

Scale bars = 2 μm, 1 μm, or 500 nm as indicated below the micrographs. 
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Figures S 5. The formation of the Httex1 72Q cellular inclusions is accompanied by the 
accumulation of organelles at their periphery.  
Httex1 72Q inclusions formed in HEK cells 48 h post-transfection were stained by Htt antibody 

(MAB5492, grey) in combination with organelle markers Tom20 and Mitotracker (mitochondria) 

(A-B), BIP (ER) (C), p62 (autophagosomes) (D), Vimentin (E) and HDAC6 (aggresome) (F), 

tubulin (G) and actin  (cytoskeleton) (H). The nucleus was counterstained with DAPI (blue). 

Scale bars = 10 μm. 
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Figures S 6. Immunocytochemistry of HEK cells expressing Httex1 16Q (+/-GFP) and 
EV/GFP controls does not show any aggregate formation.  
A. Representative confocal images of Httex1 16Q and Httex1 16Q-GFP do not display any 

aggregates 48 h after transfection. Scale bars = 20 μm (left-hand panels) and 10 μm (middle 

right-hand panels). B. Representative confocal images of empty vector (EV) and GFP do not 

display any aggregates or Htt staining 48 h after transfection. Scale bars = 20 μm. 
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Figures S 7. The Nt17 domain does not influence the structural architecture of the Httex1 
inclusions.  
A. Representative electron micrograph of Httex1 ΔNt17 72Q inclusion formed 48 h after 

transfection in HEK. The white square indicates the higher magnification shown in the lower 

panel. Dashed lines delimit the inclusion and the core of the inclusion. Scale bar = 1 μm (top 

panel) and 500 nm (bottom panel). B. 3D model of the Httex1 ΔNt17 72Q inclusion. The Httex1 

inclusion body (IB) shell is represented in purple, the core in cyan, the ER membranes in green, 

the intra-inclusion membranous structures in white, the nucleus in blue, and the mitochondria 

in yellow. Scale bar = 2 μm. 
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Figures S 8. Ultrastructural characterization of Httex1 ΔNt17 72Q and Httex1 ΔNt17 39Q 
inclusions.  
A. 8 representative electron micrographs of Httex1 ΔNt17 72Q inclusions in HEK cells 48 h 

post-transfection. B. 8 representative electron micrographs of Httex1 ΔNt17 39 inclusions in 

HEK cells 48 h post-transfection. The nucleus is highlighted in blue. Scale bars = 1 μm or 500 

nm as indicated below the micrographs. 
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Figures S 9. Neutral lipid enrichment of Httex1 cellular inclusions is dependent on the 
polyQ length.  
(A-C) Representative confocal images of Httex1 39Q and Httex1 72Q inclusions 48 h post-

transfection stained by Htt antibody (MAB5492, grey) and different lipid dyes (red). A. The 

Ceramide BODIPY probe (BODIPY-CE) does not show any colocalization of inclusions with 

Ceramide. B. The LipidTOX™ Red phospholipid stain (LipidTOX-PL) does not show any 

colocalization of inclusions with phospholipids. C. The cholesteryl ester BODIPY probe 

(BODIPY-CH) does not show any colocalization of inclusions with cholesteryl ester. Scale bars 

= 10 μm. Representative confocal images of Httex1 39Q (D) and Httex1 72Q (E) inclusions 
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formed 48 h after transfection in HEK cells. Inclusions were stained by the Htt antibody 

(MAB5492, grey) in combination with a marker of the neutral lipids (non-Polar BODIPY probe, 

green). The nucleus was counterstained with DAPI (blue), and phalloidin (red) was used to 

stain the actin F. White arrowheads indicate neutral lipid enrichment only for Httex1 72Q 

inclusions. Orthogonal projections (Orth. Projection) were generated from a Z-stack through 

the selected cells. Scale bars = 10 μm. 
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Figures S 10. No neutral lipid enrichment was observed in Httex1-GFP cellular 
inclusions but only for Httex1 ΔNt17 72Q.  
A. Representative confocal image of Httex1 ΔNt17 39Q and 72Q inclusions 48 h post-

transfection stained with the non-Polar BODIPY probe (493/503) targeting neutral lipids 

(green) shows a neutral lipid enrichment to the core of the inclusion for 72Q but not 39Q. 

Phalloidin (red) was used to stain the F-actin. White arrowheads indicate neutral lipid 

enrichment. Scale bars = 10 μm. B. Representative confocal images of Httex1 39Q-GFP and 

Httex1 72Q-GFP inclusions 48 h post-transfection stained with the LipidTOX™ Red stain 

targeting neutral lipids (LipidTOX-NL red). C. Representative confocal images of Httex1 72Q-

mCherry inclusions 48 h post-transfection stained with the non-Polar BODIPY probe (493/503) 
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targeting neutral lipids. No lipid enrichment was observed for Httex1-GFP or Httex1-mCherry 

cellular inclusions. The nucleus was stained with DAPI (blue) and Httex1 with MAB5492 

primary antibody revealed by a secondary antibody coupled to Alexa 647 (grey). Orthogonal 

projections (Orth. Projection) were generated from a Z-stack through the selected cells. Scale 

bars = 10 μm.  
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Figures S 11. Detergent fractionation and proteomic analysis of Httex1 transfected in 
HEK cells.  
A. Overall workflow: HEK cells were transfected for 48 h with Httex1 and GFP indicated 
plasmids before detergent fractionation from mild to harsh solubilization to separate soluble 
Htt to aggregate species. Proteins from the last Urea soluble fraction containing Htt inclusions 
were separated on SDS-PAGE gel, followed by LC-MS/MS for protein identification and 
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quantification of 3 independent experiments. Red stars indicate the presence of aggregates in 
the stacking gel. The orange arrow indicates the expected size of Httex1 72Q-GFP. B. Principal 
component analysis of the Urea soluble fraction shows 3 clusters: 1) Httex1 16Q and GFP 
(non-aggregated controls, red and purple), 2) Httex1 72Q-GFP (green), and 3) Httex1 72Q 
(blue). C-D. Volcano plot with a false discovery rate (FDR) of 0.05 and S0 of 0.5 used to 
compare protein levels identified in the Urea soluble fraction. (C) The comparison of Httex1 
72Q-GFP vs. Httex1 16Q showed a strong protein enrichment for Httex1 72Q-GFP. (D). Almost 
no significant differences were found in the comparison of the two negative controls Httex1 
16Q and GFP. E. Peptide detection (mean spectral entries of the 3 independent experiments) 
along the Httex1 (+/-GFP) and full-length HTT. The schematic representation of Htt fragments 
shows non-mutated Httex1 that corresponds to Httex1 16Q, mHttex1 corresponding to Httex1 
72Q, or Httex1 72Q-GFP when fused to GFP at the C-terminus and the non-mutated full-length 
HTT that corresponds to the endogenous protein. The different sequences were divided into 4 
segments: Nt17 domain, mHttex1 (not detected), GFP, and the full-length sequence of HTT 
over the first exon.  
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Figures S 12. Ingenuity Pathway Analysis of Httex1 72Q vs. Httex1 16Q Urea soluble 
fraction reveals strong enrichment of the Ubiquitin-Proteasome System (UPS). 
Canonical pathways enriched in the Urea soluble fraction of Httex1 72Q vs. Httex1 16Q 
extracted from the volcano plot (Figure 3A) of the quantitative proteomic using Ingenuity 
Pathway Analysis (IPA). 
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Figures S 13. High-resolution respirometry (HRR) revealed respiration differences in 
cells transfected with Httex1 72Q-GFP compared to Httex1 16Q-GFP.  
A. Western Blot (WB) analyses of Httex1 transfected HEK cells in parallel with the HRR 
experiment. We quantified similar levels of the outer mitochondrial membrane protein VDAC1, 
indicating no decrease in mitochondrial density. Httex1 levels indicated higher Httex1 16Q(+/-
GFP) levels compared to Httex1 72Q(+/-GFP) in the soluble fraction. Due to better transfection 
efficiency, Httex1-GFP constructs are expressed higher than the tag-free Httex1 constructs. B. 
Filter trap analyses of Httex1 transfected HEK cells in parallel with the HRR experiment. Only 
Httex1 72Q(+/-GFP) were detected on the filter trap after loading of the SDS-insoluble fraction, 
indicating the formation of large SDS-insoluble aggregates. C. Experimental setup of HRR 
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experiments. Cells were transfected with indicated constructs 24 h after plating in 4 
independent experiments. 48 h after transfection, cells were gently detached and HRR was 
performed in respiration media (MIR05). D. After the measurement of routine respiration, cells 
were chemically permeabilized by digitonin. Different respirational states were subsequently 
induced using a substrate-uncoupler-inhibitor titration (SUIT) protocol. E. Routine respiration, 
NADH-driven, or complex 1-linked respiration after the addition of ADP (OXPHOS state) (NP), 
NADH- and succinate driven, or complex 1 and 2-linked respiration in the OXPHOS state 
(NSP), and in the uncoupled electron transport system (ETS) capacity (NSE), as well as 
succinate driven, or complex 2-linked respiration in the ETS state (SE) were assessed. Httex1 
72Q-GFP significantly increased the respiration compared to Httex1 16Q-GFP. (C) Two-way 
ANOVA showing a significant interaction between the polyQ repeat length and the respirational 
states. *P < 0.05, **P < 0.005, ***P < 0.001. 
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Figures S 14. Correlative light- and electron microscopy (CLEM) of cells transfected with 
Httex1 72Q and Httex1 72Q-GFP.  
A. Confocal images of Httex1 72Q and Httex1 72Q-GFP, 48 h after transfection in HEK cells. 
Httex1 expression (red) was detected using a specific primary antibody against the N-terminal 
part of Htt (MAB5492) or GFP (green), and the nucleus was stained with DAPI (blue). Scale 
bars = 10 μm. The same cell was then processed for EM. B. Representative image of in vitro 
aggregate of Httex1 43Q assessed by EM. C. Electron micrograph of the transfected cell by 
Httex1 72Q-GFP previously imaged by confocal (A, bottom panels). Magnified micrographs of 
the inclusion (white square) and magnification close to the nuclear membrane are displayed 
on the middle and right-hand panels. D. Electron micrographs of the transfected cell by Httex1 
72Q previously imaged by confocal (A, upper panels). Magnified micrographs of the inclusion 
(white square) and magnification close to the nuclear membrane are displayed on the middle 
and right-hand panels. Scale bars = 2 μm, 1 μm, or 500nm as indicated below the micrographs. 
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Figures S 15. Ultrastructural characterization of Httex1 72Q-GFP and Httex1 39Q-GFP 
inclusions.  
A. 8 representative electron micrographs of Httex1 72Q-GFP inclusions formed in HEK cells 
48 h post-transfection. B. 8 representative electron micrographs of Httex1 39-GFP inclusions 
formed in HEK cells 48 h post-transfection. The nucleus was highlighted in blue. Scale bars = 
1 μm or 500 nm as indicated below the micrographs. 
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Figures S 16. Subcellular localization and size of Httex1 inclusions based on electron 
micrographs.  
The distance of the inclusion from the nuclear membrane and the inclusion diameter was 
quantified from electron micrographs from Figures S3, S8, S15, and S18. A. Distance of the 
inclusion from the nuclear membrane. B. Httex1 inclusion diameter. No statistical differences 
were measured between the different conditions. 
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Figures S 17. EM and 3D models of cellular Httex1 39Q-GFP and 72Q-GFP inclusions 
show ER and mitochondria in their periphery.  
A-B. Representative electron micrographs of Httex1 39Q-GFP (A) and Httex1 72Q-GFP (B) 
inclusions formed after 48 h expression in HEK cells. Higher magnifications (white square) are 
represented in the right-hand panels. Dashed lines delimit the inclusions. Orange arrowheads: 
internalized membranous structures. Green arrowheads: mitochondria. More electron 
micrographs of Httex1 72Q-GFP (Figure S15A) and Httex1 39Q-GFP (Figure S15B) were 
acquired. Scale bars = 1 μm (left-hand panel) and 500 nm (right-hand panels). C-D. 3D models 
of Httex1 39Q-GFP (C) and Httex1 72Q-GFP (D) inclusions (top views). Httex1-GFP inclusions 
(purple), ER membranes (green), nucleus (blue), and mitochondria (yellow). Scale bars = 2 
μm. 
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Figures S 18. Ultrastructural characterization of Httex1 ΔNt17 72Q-GFP and Httex1 
ΔNt17 39Q-GFP inclusions.  
A. 8 representative electron micrographs of Httex1 ΔNt17 72Q-GFP inclusions formed in HEK 
cells 48 h post-transfection. B. Httex1 ΔNt17 72Q-GFP cellular inclusion and higher 
magnification (white square) are displayed in the right-hand panel. Dashed lines delimit the 
inclusion. C. 3D model of Httex1 ΔNt17 72Q-GFP cellular inclusion (top view). Httex1 ΔNt17 
72Q-GFP inclusion (purple), ER membranes (green), nucleus (blue), and mitochondria 
(yellow). D. 8 representative electron micrographs of Httex1 ΔNt17 39-GFP inclusions formed 
in HEK cells 48 h post-transfection. Scale bars = 2 μm, 1 μm, or 500 nm as indicated below 
the micrographs. 
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Figures S 19. Proteomic analysis of Httex1 72Q-GFP vs. GFP Urea soluble fraction from 
HEK cells. 
Classification of the proteins significantly enriched in the Urea soluble fraction of HEK cells 
overexpressing Httex1 72Q or Httex1 16Q and extracted from the volcano plot (p-value<0.01) 
(Figure 3A). Analyses were performed using Gene Ontology (GO) enrichment analyses 
determined by DAVID analysis (–log10(p-value) >1).   
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Figures S 20. Ingenuity Pathway Analysis of Httex1 72Q-GFP vs. GFP Urea soluble 
fraction revealed strong enrichment of the Ubiquitin-Proteasome System (UPS).  
Canonical pathways enriched in the Urea soluble fraction of Httex1 72Q-GFP vs. Httex1 GFP 
extracted from the volcano plot in Figure 9A. Analyses were performed using Ingenuity 
Pathway Analysis (IPA). 
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Figures S 21. The formation of 72Q Httex1 inclusions induces mitochondrial alterations.  
A. Electron micrographs of mitochondria in HEK cells overexpressing empty vector (EV), 
Httex1 72Q, GFP or Httex1 72Q-GFP. The insets depict higher magnification of the 
mitochondria found at the periphery of Httex1 inclusions or representative in EV and GFP 
controls. Scale bars = 1 μm. B. Measurement of the mitochondrial length reveals a significant 
reduction of the size of the mitochondria profile located in the proximity of the inclusions. C. 
Mitochondrial reactive oxygen species (ROS) were measured in HEK cells overexpressing 
Httex1 16Q, Httex1 16Q-GFP, Httex1 72Q or Httex1 72Q-GFP for 48 h. The produced 
mitochondrial ROS were measured using Amplex red fluorometry (superoxide was 
transformed by superoxide dismutase to detectable levels of hydrogen peroxide). No 
significant differences in mitochondrial ROS levels were detected in the HEK cells 
overexpressing Httex1 72Q, compared to Httex1 72Q-GFP. The graph presents the median, 
minimum and maximum values of three independent experiments. ANOVA followed by Tukey 
honest significant difference [HSD] post hoc test was performed.  *P < 0.05, **P < 0.005, ***P 
< 0.001. 
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Figures S 22. Httex1-GFP inclusion formation induces the size reduction of ER-exit 
sites. 
A. Representative confocal images of HeLa cells transfected with Httex1 16Q-GFP, 39Q-GFP 
or 72Q-GFP or GFP (as the negative control). Cells were fixed 48 h after transfection and 
immunostained. Httex1-GFP or GFP was detected by fluorescence, and ER exit sites were 
detected using the Sec13 antibody (red). Scale bars = 20 μm. B. ERES number and size 
quantifications from confocal imaging were performed using FIJI. The graphs represent the 
mean ± SD of three independent experiments presented as the relative percentage of the 
Httex1 16Q-GFP control. ANOVA followed by Tukey honest significant difference [HSD] post 
hoc test was performed. *P < 0.05, **P < 0.005, ***P < 0.001. 
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Figures S 23. Tag-free and GFP Httex1 cellular inclusions reveal distinct features in HEK 
cells.  
The table summarizes the key distinct features between Httex1 72Q and Httex1 72Q-GFP at 
the cellular, ultrastructural, proteomic composition and functional levels. Confocal analysis 
revealed a ring-like detection of Httex1 inclusions by Htt antibodies and colocalized with 
filamentous actin only for tag-free Httex1 72Q. Our results demonstrated that the core and 
shell structural organization of tag-free Httex1 is influenced by the subcellular environment and 
the polyQ length but not by the presence of Nt17 domain. The addition of GFP to the C-terminal 
part of Httex1 induced a differential structural organization. Indeed, no core and shell 
organization were detected for Httex1 72Q-GFP inclusions, independently of the polyQ length. 
We demonstrated that neutral lipids are specifically recruited into tag-free Httex1 cellular 
inclusions in a polyQ length-dependent manner. Moreover, tag-free Httex1 72Q inclusion 
formation induced mitochondrial fragmentation, increased mitochondrial respiration and led to 
ER-exit site remodeling. In contrast, Httex1 72Q-GFP inclusion formation did not lead to 
mitochondrial fragmentation but to reduced mitochondrial respiration and ERES modulation 
compared to Httex1 72Q. Finally, our quantitative proteomic analysis revealed 55% differences 
between the co-aggregated proteins with Httex1 72Q compared to Httex1 72Q-GFP. Httex1 
72Q inclusions were found to have a specific enrichment of infection and inflammation-related 
proteins, while Httex1 72Q-GFP exhibited a stronger UPS-related protein enrichment, as well 
as an enrichment of mitochondria and metabolic-related pathways. 
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Figures S 24. Droplets and fusion events observed in HEK cells transfected with Httex1 
72Q-GFP.  
The time-lapse represents the GFP fluorescence observed by live-cell microscopy of Httex1 
72Q-GFP aggregation. The yellow arrowhead shows the main Httex1 72Q-GFP inclusion that 
fuses with smaller surrounding droplets (orange arrowheads) over time. Scale bars = 10 μm. 



136 
 

Chapter III:  Nuclear and cytoplasmic huntingtin 
inclusions exhibit distinct biochemical composition, 
interactome and ultrastructural properties 
 

Abstract 

Huntington’s disease (HD) is characterized by the polyglutamine (polyQ) expansion within the 

huntingtin protein (Htt), leading to the formation of neuronal inclusion and neurodegeneration. 

Although the gene responsible for the disease is known, we still do not understand well the 

cellular mechanisms leading to aggregation and inclusion formation. In this study using primary 

neurons, we clearly established that neuronal intranuclear inclusions evolve over time from 

small aggregates to large granulo-filamentous inclusions and that this process is associated 

with increased cellular toxicity. The analysis of the protein content of neuronal intranuclear 

inclusions revealed a failure of the cellular degradation machineries to clear Httex1 inclusions, 

as well as the sequestration of transcription regulators. These findings suggest that identifying 

modifiers of Htt inclusion growth and aberrant secondary interactions with other proteins and 

organelles represent an alternative strategy for interfering with Htt-induced toxicity and slowing 

disease progression, especially after disease onset. Our results uncover novel biochemical 

and ultrastructural features of neuronal intranuclear Httex1 inclusions as well as aggregation 

mechanisms over time. 
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1. Introduction 

The use of mammalian overexpression-based cellular models (including non-differentiated 

neuronal cells) are very useful to assess huntingtin exon 1 (Httex1) inclusion formation and 

are still being extensively used by scientists in the field of Huntington’s disease 

(HD)149,195,265,270,310,408,504–507. The deep investigation of Httex1 aggregation and inclusion 

formation in mammalian cells using HEK cells (Chapter II) allowed us to unravel specific 

cellular mechanisms of Httex1 inclusion formation, and predominantly cytoplasmic inclusions. 

We demonstrated that the length of the polyglutamine (polyQ) stretch but not the first 17 amino 

acids (Nt17 domain) modulates the ultrastructural properties of Httex1 cytoplasmic inclusions. 

In addition, we revealed a striking difference in the composition and ultrastructure of Httex1 

inclusions with and without the presence of a GFP tag at the C-terminal part of the protein. 

In order to investigate Htt aggregation in a neuronal context, several studies used neuronal 

cell types to model the expression of mutant Htt, but without robust biochemical and 

ultrastructural analysis of the neuronal inclusions, and often relying on tags fused to 

Htt120,195,283,332,409. For example, although the STHDhQ111/Q111 cells are mouse striatal-like 

neurons expressing a humanized exon 1, the level of Htt inclusions formation is very low in 

these cells297,298. Similarly, in the absence of overexpression-based methods using patient-

derived cells, very few Htt inclusions are observed301,302,508. Therefore, these models do not 

allow interrogating the entire process of Htt aggregation, inclusion formation and maturation of 

the endogenous proteins in cells. 

As one of the key objectives of our study is to decipher the sequence (Nt17, polyQ repeat 

length, and GFP) determinants of Htt inclusion formation, we selected a lentiviral-based 

neuronal model of Httex1 expression that is characterized by abundant Htt inclusions formation 

in which manipulations of the Htt sequence are possible. Indeed, we investigated Httex1 

inclusions formation in primary cortical neurons and investigated how sequences flanking the 

polyQ domain or the presence of a GFP tag influences: 1) the level and kinetics of aggregation 
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in neurons (confocal and image-based quantification), 2) the subcellular localization of the 

newly formed aggregates (confocal imaging), 3) their ultrastructural properties (CLEM and 

tomography analyses), 4) their protein composition (biochemistry and proteomic analyses) and 

5) their toxicity properties (cell death assays). 

In addition, our group recently reported that sequences outside exon1 influence Htt 

aggregation175. In this study, Kolla et al. demonstrated that Htt171 aggregation is driven by 

phase separation events via a complex interplay between the helical domain (residues 104-

171) and the polyQ domain. Moreover, site-specific phosphorylation of Htt outside exon1 (T107 

and S116) has also been shown to modulate Htt aggregation. Htt171 fragment was previously 

shown to form inclusions formation in cells264,308,509 and mice510. In contrast, the Htt586 

fragment —which is naturally produced by caspase-6 cleavage of the huntingtin 

protein85,104,131,276— does not aggregate or form inclusions in cells273,274. Discrepancies were 

reported in vivo on the use of the caspase-6 fragment in transgenic mice. In one study, the 

Htt586 148Q mice under the beta-actin promoter did not recapitulate HD motor and behavioral 

phenotypes, and only a few aggregates were observed compared to the shorter Httex1 

fragment511. However, a different study with HD mice expressing Htt586 82Q under the prion 

promoter reported motor deficits, brain atrophy and massive inclusion formation106. 

Interestingly, a third study showed that the caspase-6 cleavage site of Htt was required for 

neuronal dysfunction and neurodegeneration in a YAC mice model109. In order to explore the 

role of fragment length in regulating Htt inclusions formation, we conducted a preliminary 

image-based analysis of long N-terminal Htt fragments expression and aggregation in primary 

neurons. 
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2. Results 

 

2.1 Expression of Httex1 72Q in primary cortical neurons leads to the formation 
of dense and filamentous nuclear inclusions  

Following the results obtained in our mammalian cellular model of HD showing predominantly 

cytoplasmic inclusions, we next investigated the sequence determinants of Htt aggregation 

and inclusion formation in primary cortical neurons over time.  

First, confocal microscopy confirmed that none of the Httex1 16Q constructs (Httex1 16Q and 

ΔNt17 Httex1 16Q) overexpressed in neurons induced the formation of aggregates up to 14 

days post-transduction (D14). Conversely, overexpression of Httex1 72Q induced the 

formation of round nuclear inclusions in almost 100% of transduced neurons, already at D3 

(Figures 1A-B and S1). Less than 1% of the neurons showed cytoplasmic inclusions, either as 

puncta or with the ring-like morphology. Although no changes in the subcellular distribution of 

the inclusions were observed up to D14, we observed significant changes in the size and shape 

of the nuclear inclusions over time (Figure 1C). At D3, the majority of the nuclear inclusions 

were detected as small (< 1 μm) nuclear puncta (94%), and only a few appeared as large (~ 

3-4 μm) inclusions (Figure 1D). The ratio of small and large nuclear inclusions shifted slightly 

over time from 50:50 at D7 to 43:57 at D14 (Figure 1D).  

We next characterized the ultrastructural properties of the nuclear Httex1 72Q inclusions by 

CLEM. At D7, these inclusions appeared as dense and roughly round aggregates without 

distinctive core and shell structural organization (Figures 2A and S2A). In these thin sections, 

the intranuclear Httex1 72Q inclusions appeared darker than the surrounding nucleoplasm and 

structurally different from the nucleolus (Figure 2A and controls Figure S2C-D). The high 

density of these aggregates made it challenging to determine if they were made of filamentous 

structures. 
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Figure 1. Confocal microscopy analysis and classification of the Httex1 inclusions 
formed in neurons revealed their morphological heterogeneity over time. 
A. Httex1 expression was detected by ICC staining combined with confocal imaging in primary 
cortical neurons, 3- (D3), 7- (D7) and 14- (D14) days after lentiviral transduction. Httex1 
mutants were detected with the MAB5492 antibody. The nucleus was counterstained with 
DAPI (blue), and MAP2 was used to visualize the neurons (red). Scale bar = 20 μm. B. Image-
based quantification of the number of neurons containing Httex1 inclusions over time. The 
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graphs represent the mean ± SD of 3 independent experiments. C. Primary neurons were 
classified via the detection of Httex1 as diffuse or by the morphology of the detected Httex1 
aggregates: 1) Small nuclear puncta; 2) at least one large nuclear inclusion, and 3) cytoplasmic 
inclusion. In addition, a subclass was created for neurons containing a large nuclear inclusion 
associated with nuclear condensation. D. Image-based quantification and classification of the 
different morphologies of Httex1 inclusions based on the panel C. Statistical analysis: ANOVA 
followed by a Tukey honest significant difference [HSD] post hoc test was performed, *P < 
0.05, **P < 0.005, ***P < 0.001. E. Image-based quantification of neurons containing a large 
nuclear inclusion with a nuclear condensation. Statistical analysis: Two-way ANOVA followed 
by a HSD post hoc test was performed, *P < 0.05, **P < 0.005, ***P < 0.001. 
 

However, using electron tomography (ET), we were able to visualize and confirm the presence 

of filamentous structures inside these nuclear inclusions (Figure 2B and movie 3). The 

segmented filaments did not appear to be closely stacked in parallel but rather organized as a 

network of tortuous filaments. Neither EM nor ET imaging revealed the presence of 

membranous-, organelle- or vesicle-like structures inside or at the periphery of these 

inclusions. Although removal of the Nt17 domain (Figure 2C) did not alter the ultrastructural 

properties or composition of the inclusions, it accelerated the formation of large aggregates 

significantly. As early as D3, ~60% of the neurons overexpressing ΔNt17 Httex1 72Q already 

contained large nuclear inclusions, compared to only ~6% for Httex1 72Q (Figure 1D). At D14, 

almost all the aggregates formed in the ΔNt17 Httex1 72Q overexpressing neurons converted 

into the large nuclear inclusions (~90%) (Figure 1D), compared to 57% for Httex1 72Q. 

Finally, among the small aggregates dispersed throughout the nucleus, a few were observed 

near the nuclear membrane, which often appeared damaged and ruptured (Figures S2A). Our 

data are in line with previous EM studies from human HD patients432 and HD mice models102,512 

showing nuclear ultrastructural changes, including altered nuclear membrane shape, nuclear 

invagination and increased nuclear pore density in neurons bearing Httex1 inclusions. 

Consistent with these observations, the nuclei containing Httex1 72Q inclusions showed 

enhanced nuclear condensation over time (Figure 1E), indicating increased neuronal toxicity, 

consistent with previous reports in HD patients513 and HD mice model512.  

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-26684-z/MediaObjects/41467_2021_26684_MOESM7_ESM.mp4
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Figure 2. Ultrastructural analysis of the nuclear Httex1 72Q inclusions formed in primary 
cortical neurons shows granular and filamentous structures by CLEM and Tomography. 
A. Representative electron micrographs of Httex1 72Q inclusions formed 7 days after lentiviral 
transduction in mouse cortical primary neurons. Blue dashed lines represent the inclusions, 
and the red arrowheads the nucleolus. Scale bar = 500 nm for the EM images and 50 μm for 
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the fluorescent image (inset). B. Electron micrograph and corresponding tomogram (selected 
area in red) of a neuronal Httex1 72Q inclusion. Segmentation of the tomogram reveals the 
presence of a multitude of filaments. C. Representative electron micrographs of ΔNt17 Httex1 
72Q inclusions formed seven days after lentiviral transduction in mouse cortical primary 
neurons. Orange dashed lines represent the inclusions, and the red arrowheads the nucleolus. 
Scale bar = 500 nm for the EM images and 50 μm for the fluorescent image (inset). 
 

Interestingly, despite the presence of the large inclusions as early as D3 in the neurons 

overexpressing ΔNt17 Httex1 72Q, we did not observe an earlier onset of cell death or a higher 

level of toxicity over time in these neurons compared to those overexpressing Httex1 72Q 

(Figure 1E). This suggests a lack of correlation between cell death level and the size of the 

inclusions, with the large inclusions being less toxic. These results demonstrate the formation 

of condensed mutant Httex1 fibrillar aggregates within intranuclear inclusions in neurons and 

suggest that the process of their formation and maturation is directly linked to neuronal 

dysfunctions and cell death. 

 

2.2 The use of Httex1-GFP in primary neurons leads to a differential structural 
organization and toxic properties of Httex1 inclusions 

We also assessed how the presence of the GFP tag might influence the kinetics of 

aggregation, the morphology, subcellular localization and toxicity of the nuclear inclusions in 

primary cortical neurons (Figures 3 and S3). First, we observed that the presence of the GFP 

tag slows down the aggregation rate of Httex1 72Q: in contrast to the tag-free Httex1 72Q, the 

aggregation was significantly delayed, as evidenced by the absence of nuclear or cytoplasmic 

aggregates or inclusions at D3 (Figure 3A-B). However, at D7, almost all the Httex1 72Q-GFP 

proteins appeared in the form of small nuclear puncta (~35%) or large nuclear inclusions 

(~60%) (Figure 3C). The proportion of small puncta vs. large inclusions did not change over 

time, up to D14 (Figure 3C). Interestingly, the subcellular localization, the morphology and size 

distribution of the inclusions observed by confocal imaging were not impacted by the presence 

of the GFP tag.  
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Figure 3. The presence of the GFP tag alters the kinetic, ultrastructural properties, 
protein content and toxicity of Httex1 72Q inclusions in primary neurons. 
A. Httex1 72Q-GFP expression was detected by ICC staining combined with confocal imaging 
in primary cortical neurons, 3- (D3), 7- (D7) and 14- (D14) days after lentiviral transduction. 
Httex1 was directly visualized with GFP (green) as diffuse, small puncta or large inclusions. 
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The nucleus was counterstained with DAPI (blue), and MAP2 was used to detect the neurons 
(red). Scale bar = 20 μm. B. Image-based quantification of the number of transduced neurons 
bearing Httex1 72Q-GFP inclusions over time. The graphs represent the mean ± SD of 3 
independent experiments. ANOVA followed by a Tukey honest significant difference [HSD] 
post hoc test was performed. *P < 0.05, **P < 0.005, ***P < 0.001.  C. The image-based 
pipeline Figure 5C was used to classify the morphology (small nuclear puncta vs. large nuclear 
inclusion), and subcellular localization (cytosol vs. nucleus) of the inclusions formed upon 
overexpression of Httex1 72Q-GFP in neurons overtime D. TUNEL (Terminal dUTP Nick End-
Labeling) assay showed an increased level of DNA fragmentation (TUNEL+) in the neuronal 
population (positive for the neuronal marker NeuN+) in conditions of overexpression of Httex1 
72Q and Httex1 72Q-GFP but not Httex1 16Q, Httex1 16Q-GFP or GFP alone. The graphs 
represent the mean ± SD of 3 independent experiments. ANOVA followed by a Tukey honest 
significant difference [HSD] post hoc test was performed. *P < 0.05, **P < 0.005, ***P < 0.001. 
#P < 0.05 comparison between 72Q and 72Q-GFP. E. Representative electron micrographs 
of Httex1 72Q-GFP inclusions formed after 7 days post lentiviral transduction in mouse cortical 
primary neurons. Green dashed lines represent the inclusions. Scale bars = 500 nm for the 
EM images and scale bars = 50 μm for the fluorescent image (inset). F. Urea soluble proteins 
from primary neurons expressing Httex1 72Q or Httex1 16Q of 3 independent experiments 
were extracted 7 days after lentiviral transduction and analyzed using LC-MS/MS. Identified 
proteins were plotted using a volcano plot comparing Httex1 72Q vs. Httex1 16Q. Black dotted 
lines represent the false discovery rate (FDR) <0.05, and an absolute log2 fold change 
threshold of 1 which were used for assigning significance for the subsequent analysis. 23 
proteins upregulated are in red, and the14 downregulated are in blue. The non-significant 
proteins are in grey. G. Visualization of the upregulated Httex1 72Q proteins compared to 
Httex1 16Q and protein-protein associations using the online platform STRING underscores 
an association between proteins related to protein degradation pathways (red circle). H. Urea 
soluble proteins from primary neurons expressing Httex1 72Q-GFP or GFP of 3 independent 
experiments were extracted 7 days after lentiviral transduction and analyzed using LC-MS/MS. 
Identified proteins were plotted using a volcano plot comparing Httex1 72Q-GFP vs. GFP. 
Black dotted lines represent the false discovery rate (FDR) <0.05 and an absolute log2 fold 
change threshold of 1 which were used for assigning significance for the subsequent analysis. 
Upregulated proteins for Httex1 72Q-GFP are represented in red, downregulated in blue and 
non-significant proteins in grey. I. Venn diagram comparison of proteins enriched in Httex1 
72Q vs. Httex1 16Q (blue) to Httex1 72Q-GFP vs. Httex1 16Q (green). 24 proteins were unique 
to Httex1 72Q vs. Httex1 16Q (44.4%), 17 unique to Httex1 72Q-GFP vs. Httex1 16Q (31.5%) 
and 13 (24.1%) common to both co-aggregated proteins. 
 

However, the Httex1 72Q-GFP aggregates exhibited a significantly reduced toxicity compared 

to tag-free Httex1 72Q in neurons (Figure S3D). Even at D14, chromatin condensation did not 

exceed 10% in these neurons (Figure S3D), whereas ~50% of the neurons overexpressing the 

tag-free Httex1 72Q construct were already dead (Figure 1E). In addition, the TUNEL cell death 

assay revealed a dramatic increase (~60%) in DNA fragmentation in the cortical neurons 
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bearing the intranuclear Httex1 72Q inclusions compared to only 40% in neurons expressing 

Httex1 72Q-GFP (Figure 3D).  

Next, we investigated how the presence of the GFP tag might impact the ultrastructural 

properties of these neuronal inclusions (Figures 3E and S4). The nuclear inclusions formed in 

the presence of the GFP tag exhibited a round shape but displayed a less dark staining density 

compared to the inclusions formed by the untagged Httex1 72Q protein (Figure 2A). Due to 

their lower density, the presence of filamentous structures organized as an entangled 

arrangement throughout the GFP tagged inclusion could be detected. Finally, these inclusions 

were localized throughout the nucleus but always distant from the nuclear membrane (Figure 

S4).  

Altogether, our results demonstrate that the addition of the GFP significantly slows the initiation 

of mutant Httex1 fibrillization and inclusion formation in the nucleus but accelerates the 

maturation of the aggregates once formed, resulting in predominantly large inclusions with 

reduced toxicity in neurons. The lack of physical interaction between the Httex1 72Q-GFP 

inclusions and the nuclear envelope and/or the absence of small puncta aggregates in neurons 

expressing Httex1-72Q-GFP could explain their reduced toxicity (Figures 3D-E).  

 

2.3 The Httex1 72Q and Httex1 72Q-GFP nuclear and cytoplasmic inclusions 
exhibit distinct proteome composition 

To gain further insight into the biochemical composition of the Htt nuclear inclusions, the 

molecular interactions and mechanisms driving their formation and maturation, we next 

investigated the proteome content of nuclear inclusions formed in primary neurons (Figure S5). 

Proteomic analysis showed that 23 proteins were significantly enriched in the Httex1 72Q 

inclusions compared to Httex1 16Q (Figure 3F). These proteins were analyzed by protein-

protein association using the online platform STRING (Figure 3G) and classified using GO 

term analysis by Cellular component, Molecular function and Biological process (Figure S6). 
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The proteins identified include the transcription factors PCBD2 and Mlf2, the RNA/DNA binding 

protein (GNL3), DNA-dependent RNA polymerase (Polr2c), histone lysine demethylase 

(No66), DNA genome nucleotide excision repair (Rad23B) and proteins linked to chromosome 

segregation (ARL8B and Tubb2a). In line with our results, ARL8B, Tubb2A, Polr2 sub-units, 

Mlf2, GNL3 and Rad23B proteins were also found enriched in the insoluble fractions of Q175 

HD mice brains514 and Tubb2a in R6/2 mice486 nuclear inclusions. Interestingly, the gene 

expression level of these nuclear proteins was also significantly increased in HD post-mortem 

brain (PCBD2)515 and symptomatic HD patients (Mlf2, GNL3, Polr2 and ARL8B)516. Altogether, 

this suggests that the loss of key nuclear proteins due to their sequestration by the pathological 

Htt inclusion is compensated in neurons by increasing gene expression levels. However, this 

seems insufficient to compensate for the loss of their biological functions, as reflected by the 

high level of nuclear alterations observed in our neuronal HD model, including chromatin 

condensation, nuclear fragmentation, and nuclear envelope integrity loss (Figure 2).  

In addition to the nuclear proteins, STRING analysis (Figure 3G), together with GO term 

classification of cellular components (Figure S6A), the molecular functions (Figure S6B), and 

the biological process annotations (Figure S6C) revealed the enrichment of a cluster of 

proteins [Ubiquilin (ubqln) 1, 2 and 4; Rps27a, Rad23B and Nedd8, red circle, Figure 3G] 

related to the protein degradation machinery, including the UPS, autophagy and ERAD 

pathways. In line with our findings, all these proteins were also found enriched in the insoluble 

fractions of the Q175 HD mice brains, while the Ubiquilin family members (Ubqln 1, 2 or 4)517–

519 were also shown to be sequestered in R6/2 mice nuclear inclusions486 and in the Httex1 

nuclear inclusions formed in the PC12 neuronal rat precursor520. Interestingly, ubiquilin 

proteins have been previously shown to translocate from the cytoplasm to the nucleus or have 

an upregulated expression level in the nucleoplasm concomitantly with the early stage of the 

formation of the neurofibrillary tangles in AD post-mortem brain tissues521. Furthermore, 

Nedd8, originally shown to colocalize with ubiquitin and the proteasome components in the 

cytoplasmic inclusions522,523 found in several neurodegenerative disorders, has recently been 
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shown to promote nuclear protein aggregation as a defense mechanism against 

proteotoxicity524. Moreover, our analysis revealed 5 proteins known as Htt interactors (based 

on the HDinHD database) among the proteins significantly different between Httex1 72Q 

compared to Httex1 16Q in primary neurons (Table S1).  

Finally, we also assessed how the presence of the GFP tag might influence the protein content 

of the neuronal intranuclear inclusions (Figure 3H). Similar to the Httex1 72Q aggregates, 

~45% of the proteins enriched in the insoluble fraction of the Httex1 72Q-GFP aggregates were 

related to nuclear biological processes and functions, including transcription factors (Mlf2520, 

nfyc-1, TCERG1, Med15), DNA-chromatin binding proteins (ZBED5, N6AMT1 and Actl6b), 

DNA genome nucleotide excision repair protein (Rad23B), the DNA/RNA-binding protein FUS. 

In addition, Httex1 72Q-GFP aggregates were also enriched in proteins from the promyelocytic 

leukemia nuclear bodies (Sumo 1 and 2) known as nuclear membraneless compartments 

involved in genome maintenance such as DNA repair, DNA damage response, telomere 

homeostasis, and which is also associated with apoptosis signaling pathways (Figure S7). 

Furthermore, proteins from the ubiquitin-proteasome system (Bag5, Fus, Rad23b, Sgta, 

Sumo1, Sumo2, Ubqln1, Ubqln2, Ubqln4), the ERAD (Sgta, Ubqln1, Ubqln2), autophagy 

(Ubqln1, Ubqln2, Ubqln4) and sumoylation (Sumo1, Sumo2) pathways were also highly 

enriched in the insoluble fraction of the Httex1 72Q-GFP aggregates (Figure S7A-B). 

Interestingly, the proteome of the Httex1 72Q-GFP aggregates formed in our HD neuronal 

model shared 40% of the proteins also found enriched in the insoluble fraction of Httex1 74Q-

GFP nuclear inclusions formed in the PC12 neuronal rat precursor cell line520. This highlights 

a strong similarity between the pathways and proteins involved in the aggregation of Httex1 

and inclusion formation in rodent neuronal cells. 

We next compared the proteins identified between tag-free Httex1 72Q inclusions and Httex1 

72Q-GFP (Figure 3I). 24 proteins were unique to Httex1 72Q (44.4%), 17 unique to Httex1 

72Q-GFP (31.5%) and only 13 (24.1%) common to both type of inclusions. Most of the unique 
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proteins found in the tag-free or GFP-tagged Httex1 72Q inclusions were related to nuclear 

functions, the ubiquitin-proteasome system, ERAD and autophagy pathways. Moreover, 

among the 13 common proteins, most were linked to the protein degradation machinery (i.e., 

ubiquilins 1, 2 and 4, and the Rad23b and Nedd8 proteins).  

Although the tag-free Httex1 72Q and Httex1 72Q-GFP inclusions share several proteins 

related to the degradation machinery, more than 75% of the co-aggregating proteins are 

different, which could explain the drastic differences in neuronal toxicity associated with each 

type of these inclusions. 

 

2.4 Use of longer Htt fragments in neurons  

Based on our recent work indicating the importance of sequences outside of Httex1 in the 

aggregation properties of Htt175, we also investigated the aggregation properties of longer N-

terminal Htt fragments in primary neurons. Similar to our confocal-based quantification of 

Httex1 aggregation (Figure 1), we characterized the expression of Htt171 and Htt586 in primary 

neurons (Figure 4). To address this, we used lentiviruses to assess the expression of Htt171 

and Htt586 with either 18Q or 82Q in cortical mouse primary neurons and could observe 

inclusion formation only for Htt171 82Q over time (Figure 4). Moreover, Htt171 82Q formed 

nuclear puncta only at D7 and D14 (Figure 4A, bottom left panel). Image-based quantification 

demonstrated that even if no inclusions were detected at D3, unlike Httex1 72Q (Figure 1), the 

majority of aggregate-containing neurons were detected as large puncta for Htt171 82Q 

already at D7 (Figure 4B). Large puncta were also significantly dominant at D14 for Htt171 

82Q compared to similar levels of small and large puncta observed for Httex1 72Q. 

Interestingly, large Htt171 82Q puncta are associated with a condensed nucleus only at D14 

(Figure 4C), which could indicate delayed toxicity compared to Httex1 72Q, where nuclear 

condensation was already observed at D7 for more than 20% of neurons with large nuclear 

aggregates (Figure 1E). 
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Figure 4. Confocal microscopy analysis of infected neurons shows a delayed 
aggregation for Htt171 82Q and no aggregates formed for Htt586 82Q. 
A. Htt171 18Q & 82Q and Htt586 18Q & 82Q expression were detected by ICC staining 

combined with confocal imaging in primary cortical neurons after 3-, 7- and 14- days lentiviral 

transduction. Htt was detected with the MAB5492 antibody as diffuse, small puncta or 
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inclusions. Neurons were identified using MAP2 antibody (red) and the nucleus was 

counterstained with DAPI (blue). Scale bar = 20 μm. B. Image-based quantification and 

classification of the different morphologies of Httex1 inclusions based on Figure 1C. In each 

condition, approximately 150 neurons were quantified for each condition. The graphs represent 

the mean ± SD of 3 independent experiments. Statistical analysis: Two-way ANOVA, indicating 

an interaction between the type of puncta and time, and multiple comparison analysis by a 

Tukey honest significant difference [HSD] post hoc test was performed. Differences are 

represented between the conditions with an asterisk: *P < 0.05, **P < 0.005, ***P < 0.001. C. 
Image-based quantification of neurons containing a large nuclear inclusion with a nuclear 

condensation. The graphs represent the mean ± SD of 3 independent experiments. Statistical 

analysis: One-way ANOVA, multiple comparison analysis by a Tukey honest significant 

difference [HSD] post hoc test was performed. Differences are represented between the 

different timepoints with an asterisk: *P < 0.05, **P < 0.005, ***P < 0.001. 

 

The expression of Htt586 18Q or 82Q did not result in any inclusions formation in neurons, as 

evident by the diffuse signal in the cytoplasm from D3 to D14 (Figure 4A, top and bottom right 

panels). 

Overall, we demonstrated that no visible aggregates were formed up to14 days post-induction 

of expression in primary cortical neurons using the Htt586 fragment and that the pattern of 

inclusion formation in cells expressing Ht171 82Q is different from Httex1 72Q with a delayed 

apparition of Htt puncta. Such results suggest that more studies should be conducted in 

primary neurons using longer N-terminal fragments with sequences outside exon1, Htt in order 

to assess their role on Htt expression, proteolysis and aggregation.  
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3. Discussion 

3.1 Neuronal intranuclear Httex1 inclusions appear as granulo-filamentous 
structures 

Our results on neuronal intranuclear inclusions revealed that tag-free mutant Httex1 

expression in primary neurons leads to the formation of granulo-filamentous nuclear inclusions, 

similar to previous ultrastructural studies performed in HD patients brains and in vivo models 

of HD, including R6/2 mice102,133 and transgenic rat525. However, in most of these studies, the 

ultrastructural properties of the filaments were less evident compared to the well-resolved 

filamentous structure we and others195 showed using electron tomography. For example, 

Tagawa and colleagues also observed nuclear inclusions of tag-free Httex1, but their data did 

not reveal the level of ultrastructural details and insights that our study provides120. 

Moreover, while a highly organized network of fibrils could be easily detected in both the 

cytoplasmic and nuclear inclusions in HEK cells (Chapter II), the filamentous structures inside 

the nuclear inclusions formed in neurons were only detectable by electron tomography. This 

highlights that the structural organization of the nuclear inclusions is cell-type dependent. They 

mostly appeared as a network of tortuous filaments as previously described for the neuronal 

intranuclear inclusions detected in R6/2 mice102,133 and transgenic rat525 with a membraneless 

and fine granular structure with the presence of filamentous structures. Similarly, patients with 

neuronal intranuclear inclusions were described as granulo-filamentous by Difiglia et al.81 due 

to the immune detection of a mixture of granules and filaments. Interestingly, previous EM 

analyses of the intranuclear inclusions formed in the neurons of transgenic HD mice expressing 

Httex1 (115 to 156 polyQ tract) revealed similar structures to the ones depicted in (Chapter II, 

Figure 5) with rare detection of filamentous structures inside the inclusions but were unable to 

unravel any additional structural details102. In addition, Tagawa and colleagues120 could detect 

amorphous deposits in the cytoplasm and nucleus of primary neurons based on EM, but 

without great structural details of the inclusions to detect granular or filamentous elements.  
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The overexpression of Httex1 72Q was highly toxic in neurons in contrast to HEK cells 

indicating cell-type dependent toxic properties that might arise from the different subcellular 

repartition of the inclusions but also the robustness of the cells. Moreover, this differential 

toxicity underscores distinct Htt mechanisms of aggregation or interaction with cellular proteins 

or differences in the resilience of the different cells based, for example, on distinct oxidative 

stress tolerance and immune functions/inflammation. 

In addition, the removal of the Nt17 domain did not reduce the level of aggregation in neurons 

(Figure 1B) in contrast to what we previously observed in HEK cells292 and a previous study by 

Shen et al.149. The level of neurons overexpressing Httex1 could explain this difference. In our 

study, aggregates were detected in ~90-100 % of the transduced neurons (Figure 1B). 

However, we observed major differences in the repartition of the small puncta vs. the large 

nuclear inclusions, with the latest being predominantly detected in ΔNt17 Httex1 compared to 

Httex1 72Q over time (Figure 1D). We speculate that such differences can come from the 

absence of the Nt17 domain, which prevents targeting Httex1 for protein degradation, in 

particular via phosphorylation141,154,160. Large inclusions could also be favored by the 

intermolecular capacity of ΔNt17 to form more lateral association292. We also demonstrated 

that the Nt17 domain was not altering the final structure of large Httex1 inclusions, similar to 

cytoplasmic and nuclear inclusions in HEK cells.  

 

3.2 The protein degradation machinery fails to clear neuronal intranuclear Httex1 
inclusions 

Interestingly, our quantitative neuronal proteomic analysis demonstrated similar pathways 

enrichment related to degradation machineries (UPS, autophagy and ERAD) inside the 

neuronal inclusions and those formed in HEK cells. Few proteins were similar (RAD23B, 

UBQLN4, RPS27A, MLF2, UBQLN2) in Httex1 72Q aggregate fraction from HEK cells and 

neurons but still indicating a conserved mechanism for protein degradation of aggregated 
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Httex1 independent of the cell type. It is interesting that despite the difference of ultrastructure 

and subcellular repartition of the majority of the inclusions, Httex1 72Q expression indicates a 

failure of the protein degradation machinery to clear inclusions. The sequestration of UPS 

components such as ubiquilins and Rad23B is in line with previous cellular 

studies283,457,459,463,474 and patient-based analysis460. ER defects and ERAD-related protein 

enrichment were also observed in HEK cells and previous studies274,332,440–443. Saturation of 

the UPS and ERAD pathways to clear misfolded Httex1 aggregates is known to occur in HD 

and to be associated with autophagy activation as an attempt to clear Htt 

inclusions160,456,463,465,474,487,526. In parallel, a great proportion of proteins enriched in neuronal 

intranuclear inclusions were related to nuclear functions such as transcription factors, 

RNA/DNA and chromatin binding proteins previously reported in HD mice models and HD post-

mortem brains486,514–520. Our proteomic analysis demonstrates that the sequestration of key 

nuclear proteins inside the neuronal intranuclear Htt inclusions is associated with nuclear 

morphological changes, chromatin condensation and DNA fragmentation, supporting the 

hypothesis that the nucleus might be the primary site of cellular dysfunctions in neurons.  

Our proteomic analysis also revealed the enrichment of several biological processes and 

signaling pathways related to RNA binding proteins, transcription factors, RNA splicing, mRNA 

processing, and stability, as well as chromatin and nucleotide-binding proteins (Figure 3C). 

Dysregulation of transcriptional gene pathways has been reported in several animal and cell 

HD models527–529 as well as in HD post-mortem tissues and HD peripheral blood cells530–532.   

Our findings support the hypothesis that sequestration of the key regulators of transcription 

inside the Htt inclusions could be one of the causative mechanisms of transcription 

dysregulation in HD.  
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3.3 GFP strongly influences the biochemical and structural properties of 
neuronal intranuclear Httex1 inclusions 

First, our imaging results revealed that the use of Httex1 72Q-GFP in neurons changed the 

proportion of small and large nuclear aggregates compared to tag-free Httex1 72Q, with a 

delay of inclusion formation. Moreover, neuronal Httex1 72Q-GFP nuclear inclusions were not 

as large and dense as tag-free Httex1 72Q inclusions allowing the better detection of fibrillar 

structures by CLEM. Httex1 72Q-GFP nuclear inclusions looked similar to pale nuclear 

inclusions observed in Httex1 51Q transgenic rat with filamentous structures detected by 

EM533. The different structural organization and impact on the nuclear membrane might explain 

the reduced toxicity compared to tag-free Httex1 72Q inclusions. Similar to our results, 

intraneuronal nuclear Httex1 97Q-GFP inclusion from Bäuerlein and colleagues in primary 

neurons did not display vesicles or endomembranes and contained many visible fibrillar 

structures using Cryo-ET195.  

To date, no study has compared the protein content of Htt inclusions formed in the presence 

or absence of a fluorescent solubilizing tag. To address this gap, we have compared the 

proteome of Httex1 72Q inclusions in the presence or absence of the GFP tag. Our results 

show that although the top two biological processes enriched in the Httex1 inclusions were 

similar, namely, the protein quality control machinery (UPS system, autophagy pathway, and 

the chaperones network), and the transcriptional-related pathways, the degree of enrichment 

of proteins as well as the class of proteins enriched was different in both types of inclusions. 

In the protein content of neuronal intranuclear inclusions, despite common protein degradation 

pathways, Httex1 72Q-GFP expression in neurons results in more than 75% differences 

among the co-aggregating proteins with tag-free Httex1 72Q. Our proteomic data suggest that 

the failure of the protein degradation machinery to clear off the tag-free Httex1 72Q inclusions, 

on the one hand, combined with the biological dysfunctions of key nuclear proteins, on the 

other hand, could explain the high toxic properties of the nuclear inclusions formed in primary 

neurons. 



Chapter III:  Nuclear and cytoplasmic huntingtin inclusions exhibit distinct biochemical 
composition, interactome and ultrastructural properties 

156 
 

Finally, in primary neurons, the use of Httex1 72Q-GFP changed dramatically the kinetics of 

inclusion formation and the proportion of small and large nuclear aggregates compared to tag-

free Httex1 72Q. Moreover, neuronal Httex1 72Q-GFP nuclear inclusions were smaller and 

less dense compared to the tag-free Httex1 72Q inclusions, exhibited a distinct proteome 

composition and interacted less with the nuclear membrane. These differences could explain 

the reduced toxicity of Httex1 72Q-GFP inclusions compared to tag-free Httex1 72Q inclusions.  
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4. Conclusion 

Overall, we revealed that mutant Httex1 expression in primary neurons evolves over time from 

small aggregates to large granulo-filamentous nuclear inclusions, with the sequestration of 

proteins from the cellular clearance mechanisms to induce toxicity and eventually 

neurodegeneration. Our work provides important and novel insights that not only advance our 

understanding of the mechanisms of Htt aggregation but also point to new directions for 

therapeutic interventions. We show that Htt aggregation and inclusion formation in the cytosol 

and nucleus occur via different mechanisms and lead to the formation of inclusions with distinct 

biochemical and ultrastructural properties. These observations suggest that the two types of 

inclusions may exert their toxicity via different mechanisms and may require different strategies 

to interfere with their formation, maturation and toxicity. We also showed the importance of 

assessing the protein sequence determinants and modulators of Htt aggregation using N-

terminal Htt fragments longer than exon1. 

Furthermore, our work suggests that identifying modifiers of Htt inclusion growth and aberrant 

secondary interactions with other proteins and organelles represent an alternative and strategy 

for interfering with Htt-induced toxicity and slowing disease progression, especially after 

disease onset. Therefore, we believe that targeting inclusion growth and maturation represents 

a viable therapeutic strategy.  
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5. Materials and Methods 

 

DNA constructs and purification 

SIN-PGK expression vector encoding for Httex1 16Q, Httex1 16Q-GFP, Httex1 72Q, and 

Httex1 72Q-GFP, ΔN17-Httex1 16Q, ΔN17-Httex1 16Q-GFP, ΔN17-Httex1 72Q, and ΔN17-

Httex1 72Q-GFP were purchased from GeneArt (Germany). Plasmids were transformed into 

Chemo-competent E. coli stable 3 cells (Stbl3) from Life Technologies (Switzerland), and 

Maxiprep plasmid purification (Life Technologies, Switzerland) was performed following the 

manufacturer's instructions. Lentiviruses particles were produced according to Barde et al.534 

 

Mouse primary cortical cell culture and lentiviral transduction 

Primary cortical neurons were isolated from P0 pups of WT mice (C57BL/6JRccHsd, Harlan) 

as described previously211,535. Neurons were plated in 6-well plates for biochemical analysis at 

a density of 500 000 cells/ml, or in 24-well plates containing glass coverslips at a density of 

125 000 cells/ml, all previously coated with poly-l-lysine 0.1% w/v in water (Sigma-Aldrich). 

Cortical primary neurons were transduced as previously described536 with Httex1 lentiviruses 

particles at a multiplicity of infection (MOI) 2 after 5 or 7 days in vitro (DIV). All procedures were 

approved by the Swiss Federal Veterinary Office (authorization number VD 3392).  

 

Immunocytochemistry (ICC) 

At the indicated time-point, primary cortical neurons were washed twice with PBS pH 7.4 (1X) 

(Life Technologies, Switzerland) and fixed in 3.7% formaldehyde (Sigma-Aldrich, Switzerland) 

in PBS (PFA) for 15 min at room temperature (RT). After a blocking step with 3% BSA (Sigma-

Aldrich, Switzerland) diluted in 0.1% Triton X-100 (Applichem, Germany) in PBS (PBST) for 
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30 min at RT, cells were incubated with the primary antibodies (Chapter II, Figure S1) anti-Htt 

raised against the Nt17 domain (2B7, CHDI [Cure Huntington's Disease Initiative]; Ab109115, 

Abcam) or the PolyQ (MW1, CHDI) or Proline-Rich Domain (PRD) (MAB5492, Millipore; 4C9, 

CHDI; N18, Santa-Cruz and EGT 414), or against Htt (S830) at a dilution of 1/500 in PBST for 

2 h at RT. Cells were then rinsed five times in PBST and incubated for 1 h at RT with the 

secondary donkey anti-mouse Alexa647, donkey anti-rabbit Alexa647, or donkey anti-goat 568 

antibodies (Life Technologies, Switzerland) used at a dilution of 1/800 in PBST and DAPI 

(Sigma-Aldrich, Switzerland) at 2µg/ml, all diluted in PBST. In addition, cortical neurons were 

detected with a MAP2 antibody. 

Cells were then washed five times in PBST, and a last one in double-distilled H2O, before 

being mounted in polyvinyl alcohol (PVA) mounting medium with DABCO (Sigma-Aldrich, 

Switzerland). Cells were examined with a confocal laser-scanning microscope (Inverted Leica 

SP8, Germany) with a 63x/1.4 oil objective (HC PL APO) and analyzed using LASX Leica 

software. 

 

Image-based quantification Httex1 expression in primary neurons 

A minimum of five areas per condition was imaged for each independent experiment, as 

described above. Each experiment was performed three times. The cell counter feature was 

used in the LASX Leica software to quantify the morphological expression of Httex1 in neurons 

at the different time points. The classification was done according to Figure 1C with the 

detection of Httex1 classified as diffuse; small nuclear puncta; large nuclear inclusion, or 

cytoplasmic inclusion. In each condition, approximately 150 neurons were quantified for each 

condition, and a minimum of three independent experiments was performed. 
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Correlative light and electron microscopy (CLEM) 

Primary cortical neurons grown on gridded glass dishes (MatTek Corporation, Ashland, MA, 

USA) or manually annotated 13mm plastic coverslips [Thermanox 174950] (Thermo Fisher 

Scientific, Waltham, USA) were washed 7 days post-transduction with either Empty vector 

(EV), Httex1 72Q, or Httex1 72Q-GFP. Then cells were fixed for 2 h with 1% glutaraldehyde 

(Electron Microscopy Sciences, USA) and 2.0% PFA in 0.1 M phosphate buffer (PB) at pH 7.4. 

After washing with PBS, ICC was performed as described above. Intra-cellular inclusions were 

stained with an Htt antibody (Millipore MAB5492, aa 1-82), and the cells of interest were 

imaged with a fluorescence confocal microscope (LSM700, Carl Zeiss Microscopy) with a 40x 

objective. The precise position of the selected cells was recorded using the alpha-numeric grid 

etched on the dish bottom. The cells were then fixed further with 2.5% glutaraldehyde and 

2.0% PFA in 0.1 M PB at pH 7.4 for another 2 h. After five washes of 5 min with 0.1 M 

cacodylate buffer at pH 7.4, cells were post-fixed with 1% osmium tetroxide in the same buffer 

for 1 h and then washed with double-distilled water before being contrasted with 1% uranyl 

acetate water for 1 h. The cells were then dehydrated in increasing concentrations of alcohol 

(2 × 50%, 1 × 70%, 1 × 90%, 1 × 95%, and 2 × 100%) for 3 min each wash. Dehydrated cells 

were infiltrated with Durcupan resin (Electron Microscopy Sciences, Hatfield, PA, USA) diluted 

with absolute ethanol at 1: 2 for 30 min, at 1: 1 for 30 min, at 2: 1 for 30 min, and twice with 

pure Durcupan for 30 min each. After 2 h of incubation in fresh Durcupan resin, the dishes 

were transferred into a 65°C oven so that the resin could polymerize overnight. Once the resin 

had hardened, the glass CS on the bottom of the dish was removed by repeated immersion in 

hot water (60°C), followed by liquid nitrogen. The cell of interest was then located using the 

previously recorded alpha-numeric coordinates, and a razor blade was used to cut this region 

away from the rest of the resin. This piece was then glued to a resin block with acrylic glue and 

trimmed with a glass knife using an ultramicrotome (Leica Ultracut UCT, Leica Microsystems). 

Next, ultrathin sections (50–60 nm) were cut serially from the face with a diamond knife 

(Diatome, Biel, Switzerland) and collected on 2 mm single-slot copper grids coated with 
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formvar plastic support film. Sections were contrasted with uranyl acetate and lead citrate and 

imaged with a transmission electron microscope (Tecnai Spirit EM, FEI, The Netherlands) 

operating at 80 kV acceleration voltage and equipped with a digital camera (FEI Eagle, FEI). 

 

Electron tomography (ET) on neuronal intranuclear inclusions 

The previous EM grids generated with Httex1 transduced primary neurons were used to collect 

six tilt series with the Tomo 4.0 software (Thermo Fisher Scientific) on a Tecnai F20 TEM 

operated at 200 kV (Thermo Fisher Scientific), on a Falcon III DD camera (Thermo Fisher 

Scientific) in linear mode at 29'000× magnification. The tilt series were recorded from -58° to 

58° using a continuous tilt scheme, with an increment of 2°. Tilt series alignments and 

tomogram reconstruction were performed with Inspect3D v4.1.2 (Thermo Fisher Scientific) 

using 22 iterations of SIRT.  

The resulting tomogram was subjected for filling missing wedge with a new deep learning-

based tool in EMAN2 build after 03/20/2020537. Missing wedge corrected tomograms were 

subjected for template-free, semi-automated convolutional neural network (CNN) based semi-

automated tomogram annotation in EMAN2. Six tomograms were imported into EMAN2 project 

manager and shrunk by factor of two. The tomograms were then inspected slice by slice, and 

annotated by manual selection of a few 64x64 pixel tiles containing elongated features 

resembled fibrils, in order to train the CNN. In addition, quite a few regions in the tomogram 

which do not contain elongated features, were manually annotated as negative examples. 

Selected positive examples were manually segmented with pixel accuracy. Both positive and 

negative examples were provided for the training of the neural network. The trained CNN was 

then applied to the original tomogram for complete annotation. Images and movies were 

generated with 3dmod from IMOD package538,539. 
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Preparation of samples for mass spectrometry 

Samples were generated in triplicate for quantitative mass spectrometry analysis. At the 

indicated time-point, primary neurons were lysed in PBS supplemented by 0.5% NP40, 0.5% 

Triton x100, 1% protease cocktail inhibitor (Sigma PB340), and 1% Phenylmethanesulfonyl 

Fluoride (PMSF, Applichem). Cell lysates were incubated at 4°C for 20 min and then cleared 

by centrifugation at 4°C for 20 min at 20,000g. Supernatants were collected as non-ionic 

soluble protein fractions. Pellets were washed and resuspended in PBS supplemented by 2% 

N-Lauroylsarcosine sodium salt (Sarkosyl, Sigma) with protease inhibitors. The pellets were 

briefly sonicated with a fine probe [3 times, 3 sec at the amplitude of 60% (Sonic Vibra Cell, 

Blanc Labo, Switzerland)], incubated 5 min on ice, then centrifuged at 100,000g for 30 min at 

4°C. Supernatants were collected as Sarkosyl soluble fractions. Pellets were washed with the 

previous buffer and resuspended in PBS supplemented by 2% Sarkosyl and 8M Urea and 

briefly sonicated as done previously. Laemmli buffer 4x was added to samples before being 

boiled at 95°C for five minutes. Samples were then separated on a 16% SDS-PAGE gel before 

being analyzed by Coomassie staining and WB. 

For WB analyses, nitrocellulose membranes were blocked overnight with Odyssey blocking 

buffer (LiCor, Switzerland) and then incubated at RT for 2 h with Htt primary antibodies 

(MAB5492, Millipore, Switzerland) diluted in PBS (1/5000). Membranes were washed in PBS-

Tween 1% and then incubated with fluorescently labeled secondary antibody diluted in PBS 

(1/5000) for 1 h at RT before a final wash in PBS-Tween 1%. The protein detection was 

performed by fluorescence using Odyssey CLx from LiCor. The signal intensity was quantified 

using Image Studio 3.1 from LiCor. 

For proteomic identification, the samples separated by SDS-PAGE were then stained with 

Coomassie blue (25% Isopropanol [Fisher scientific, United-States], 10% acetic acid [Fisher 

scientific, United-States], and 0.05% Coomassie brilliant R250 [Applichem, Germany]. Each 

gel lane was entirely sliced and proteins were In-gel digested as previously described495. 
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Peptides were desalted on stagetips496 and dried under a vacuum concentrator. For LC-

MS/MS analysis, resuspended peptides were separated by reversed-phase chromatography 

on a Dionex Ultimate 3000 RSLC nano UPLC system connected in-line with an Orbitrap Lumos 

(Thermo Fisher Scientific, Waltham, USA). Protein identification and quantification were 

performed with the search engine MaxQuant 1.6.2.10497. The mouse Uniprot database and 

Httex1 Sequence was used. Carbamidomethylation was set as a fixed modification, whereas 

oxidation (M), phosphorylation (S, T, Y), acetylation (Protein N-term), and glutamine to 

pyroglutamate were considered as variable modifications. A maximum of two missed 

cleavages was allowed. "Match between runs" was enabled. A minimum of 2 peptides was 

allowed for protein identification, and the false discovery rate (FDR) cut-off was set at 0.01 for 

both peptides and proteins. Label-free quantification and normalization were performed by 

Maxquant using the MaxLFQ algorithm, with the standard settings498. In Perseus499, reverse 

proteins, contaminants, and proteins identified only by sites were filtered out. Data from the 

Urea fraction were analyzed separately following the same workflow. Biological replicates were 

grouped together, and protein groups containing a minimum of two LFQ values in at least one 

group were conserved. Missing values were imputed with random numbers using a gaussian 

distribution (width = 0.7, down-shift = 1.9 for Urea fraction). Differentially expressed proteins 

were highlighted by a two-sample t-test, followed by a permutation-based correction (False 

Discovery Rate). Significant hits were determined by a volcano plot-based strategy, combining 

t-test P-values with ratio information500. Significance curves in the volcano plot corresponded 

to a S0 value of 0.5 and a FDR cut-off of 0.05. Further graphical displays were generated using 

homemade programs written in R (version 3.6.1)540. A bioinformatics pipeline was implemented 

using the Differential Enrichment analysis of Proteomic data (DEP)519. DEP has been shown 

to have greater sensitivity for detecting true differences between conditions compared to 

pairwise between-condition t-tests, as the overall variability of all samples is used to inform the 

variance-stabilising normalization and differential statistical test approach. This pipeline was 

implemented in R (4.0.3 (2020-10-10)) and the code is available here: 
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https://github.com/jannahastings/httex-proteomics-202107. In the comparative analysis, 

known HTT interactor proteins were selected using the HDinHD dataset 

(https://www.hdinhd.org/) and restricted to the human and mouse datasets among cell- or 

animal-based studies exclusively.  

 

Toxicity assays in primary neurons  

The culture supernatant of primary cortical neurons was collected at the indicated time-point, 

and the level of lactic acid dehydrogenase (LDH) was measured using the CytoTox 96® Non-

Radioactive Cytotoxicity Assay (Promega, Switzerland) as previously described211. The 

absorbance at 490 nm was measured using a Tecan infinite M200 Pro plate reader (Tecan, 

Maennedorf, Switzerland), which proportionally indicates the number of cells with a 

permeabilized membrane leading to LDH release in the culture media. 

In addition, DNA fragmentation-associated cell death was measured by TUNEL assay as 

previously described541. In brief, cortical neurons were washed and fixed in 4% PFA for 15 min 

at RT at the indicated time-points. Neurons were permeabilized in 0.1% Triton X-100 in 0.1% 

citrate buffer, pH 6.0, before being incubated with the terminal deoxynucleotide transferase 

and TMR red dUTP (In Situ Cell Death Detection kit; Roche, Switzerland) for 1 h at 37 °C. ICC 

was next performed as described above. A minimum of one hundred neurons was counted for 

each condition and for each independent experiment, done in triplicate.  

 

Statistical Analysis  

All experiments were independently repeated at least 3 times. The statistical analyses were 

performed using Student's t-test, one-way ANOVA test followed by a Tukey-Kramer or HSD 

post-hoc tests, two-way ANOVA and repeated measures ANOVA using GraphPad Prism 9.1.1. 

The data were regarded as statistically significant at p<0.05. 

https://github.com/jannahastings/httex-proteomics-202107
https://www.hdinhd.org/
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7. Supplementary Figures 

 
Figures S 1. Most of the neurons overexpressing Httex1 72Q show the presence of 
nuclear aggregates.  
Representative images of Httex1 expression of A. Httex1 72Q; B. ΔNt17 Httex1 72Q; C. Httex1 
72Q; D. ΔNt17 Httex1 72Q; detected by ICC staining combined with confocal imaging in 
primary cortical neurons at 3 (D3), 7 (D7) and 14 (D14) days after lentiviral transduction. Httex1 
was detected with the MAB5492 antibody (grey) and the neurons with the MAP2 antibody 
(red). The nucleus was counterstained with DAPI (blue). Scale bar = 20 μm. E. Image-based 
quantification of neurons expressing Httex1 as diffuse protein or containing Httex1 inclusions 
at D3, D7 and D14. The graphs represent the mean ± SD of 3 independent experiments. 
ANOVA followed by a Tukey honest significant difference [HSD] post hoc test was performed. 
***P < 0.001. 
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Figures S 2. Representative electron micrographs of primary neurons expressing Httex1 
showing inclusion formation by Httex1 72Q and ΔNt17 Httex1 72Q, but not 16Q, or GFP.  
Representative electron micrographs of A. Httex1 16Q and B. GFP, transduced neuron 
selected by fluorescence using CLEM. The fluorescence images (insets) were acquired by 
confocal imaging. Httex1 was detected with the MAB5492 antibody, the neurons with the MAP2 
antibody (red) and the GFP in green. The nucleus was counterstained with DAPI (blue). C. 
Representative electron micrograph of Httex1 72Q transduced neurons at low magnification 
showing disruption of the nuclear envelop and cellular integrity from close up image Figure 2A 
(right panel). D. Representative electron micrograph of ΔNt17 Httex1 72Q transduced neurons. 
Scale bars = 500 nm for the EM images and 50 μm for the fluorescent images (insets). 
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Figures S 3. Neurons overexpressing Httex1 72Q-GFP show the presence of nuclear 
aggregates only from D7.  
Representative images of Httex1 expression of Httex1-GFP and GFP expression of A. Httex1 
72Q-GFP; B. ΔNt17 Httex1 72Q-GFP; C. GFP; detected by ICC staining combined with 
confocal imaging in primary cortical neurons at 3 (D3), 7 (D7) and 14 (D14) days after lentiviral 
transduction. Httex1 was visualized with the GFP, and the neurons were detected with the 
MAP2 antibody (red). The nucleus was counterstained with DAPI (blue). Scale bar = 20 μm. 
D. Image-based quantification of neurons containing a large nuclear inclusion with a nuclear 
condensation. E. Image-based quantification of neurons expressing Httex1 as diffuse protein 
or containing Httex1 inclusions at D3, D7 and D14. D-E. The graphs represent the mean ± SD 
of 3 independent experiments. ANOVA followed by a Tukey honest significant difference [HSD] 
post hoc test was performed, *P < 0.05, **P < 0.005, ***P < 0.001. 
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Figures S 4. CLEM analysis of the ultrastructure properties of Httex1 72Q-GFP formed 
in glial cells and neurons.  
Seven days post-transduction, a selected neuron (A) and glial cell (B) were fixed and subjected 
to ICC staining in order to image and localize Httex1 72Q-GFP inclusions by confocal 
microscopy (upper panels). Httex1 was detected with GFP, the nucleus was counterstained 
with DAPI (blue), and the neurons were detected using MAP2 antibodies (red). Scale bars = 
10 μm. Fluorescence images allowed the selection of the cell of interest and to correct the 
alignment of the inclusions with the electron micrographs (middle panels, orange arrowheads: 
Httex1 72Q-GFP nuclear inclusions; yellow arrowheads: selected inclusion). Selected 
inclusions could be successfully segmented (green-dotted lines, lower panels. Scale bars = 
500 nm. 

 



Chapter III:  Nuclear and cytoplasmic huntingtin inclusions exhibit distinct biochemical 
composition, interactome and ultrastructural properties 

170 
 

 
Figures S 5. The enrichment of Httex1 aggregates in the soluble urea fraction of primary 
neurons was confirmed by Western Blot analysis.  
Cell fractionation from transduced primary neurons was performed as detailed in Figure S11A. 
A-B. Httex1 16Q and Httex1 72Q (A) or GFP and Httex1 72Q-GFP (B) protein expression 
levels (upper panel) in the different detergent fractions and total proteins (lower panel) were 
assessed by WB and Coomassie staining. The aggregation-prone Httex1 constructs (Httex1 
72Q and Httex1 72Q-GFP) could successfully be detected in the last aggregate Urea fraction 
(red arrowheads) but not the controls Httex1 16Q and GFP. Httex1 was detected by WB using 
antibody MAB5492 and Beta tubulin was used as the loading control. 
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Figures S 6. Proteomic analysis of Httex1 72Q vs. Httex1 16Q Urea soluble fraction 
revealed strong enrichment of the Ubiquitin-Proteasome System.  
Cellular components (A), Molecular functions (B) and biological processes (C) enriched in the 
Urea soluble fraction of Httex1 72Q vs. Httex1 16Q extracted from the volcano plot (p-
value<0.01) (Figure 3F). Analyses were performed using Gene Ontology (GO) enrichment 
analyses determined by DAVID analysis (–log10(p-value) >1). 
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Figures S 7. Proteomic analysis of Httex1 72Q-GFP vs. GFP Urea soluble fraction 
revealed strong enrichment of the Ubiquitin-Proteasome System.  
Cellular components (A), Molecular functions (B) and biological processes (C) enriched in the 
Urea soluble fraction of Httex1 72Q vs. Httex1 16Q extracted from the volcano plot (p-
value<0.01) (Figure 3H). Analyses were performed using Gene Ontology (GO) enrichment 
analyses determined by DAVID analysis (–log10(p-value) >1). 
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Chapter IV: Discussion and future perspectives  
 

Discussion 

The primary objectives of this thesis were to 1) develop an integrated pipeline for the 

characterization of Htt cellular inclusions at the biochemical, ultrastructural, and functional 

levels; and 2) use this pipeline to elucidate the molecular, cellular, and structural determinants 

of cytoplasmic and nuclear Htt inclusion formation. Our ultimate goal was to use the knowledge 

gained from these studies to reassess current hypotheses and working models on the 

mechanisms of huntingtin aggregation and how it contributes to cellular dysfunctions and 

neurodegeneration in HD. Our results confirm previous findings and shed new light on the 

complex mechanisms associated with different stages of inclusion formation and suggest that 

future therapeutic strategies should account for the complexity of the process within the 

different cellular compartments and at various stages of disease progression.  

 

Our detailed analyses of the ultrastructure of Httex1 72Q inclusions revealed their fibrillar 

nature but also showed a previously unreported core and shell structural organization for 

cytoplasmic mutant Httex1 inclusions. Additionally, we showed that Httex1 72Q is composed 

of highly organized radiating Htt fibrils that are densely packed at the core compared to the 

periphery, where the fibrils remain highly organized but less densely packed. Furthermore, the 

periphery of the inclusions is decorated by membranous organelles and cytoskeletal proteins. 

The formation of this complex organization of the Httex1 inclusions was strongly dependent on 

the length of the polyQ repeat as well as its subcellular localization. We demonstrated that the 

formation of neuronal intranuclear inclusions matures from small aggregates to large granulo-

filamentous inclusions, inducing nuclear condensation. 

Additionally, our quantitative proteomic analysis showed that the formation and maturation of 

inclusions are accompanied by the sequestration of proteins related to some of the major 



Chapter IV: Discussion and future perspectives 

174 
 

cellular pathways dysregulated in HD, such as the inflammation and transcriptomic pathways, 

the actin cytoskeleton, and the quality control machinery, including the ubiquitin-proteasome 

system, the autophagy pathway, and the chaperones related to protein folding and 

proteostasis. Altogether, our findings suggest that the formation of Huntingtin inclusions is 

driven primarily by the polyQ repeat domain and involves the active recruitment and 

sequestration of lipids, proteins, and membranous organelles. The periphery of the Httex1 

inclusion might act as an active site for Htt fibril growth and the interaction of the radiating Htt 

fibrils with the cellular compartments, leading to functional disruption of these organelles, which 

could ultimately contribute to cellular dysfunction and neurodegeneration.  

Most of the existing studies on cellular models of HD do not perform thorough ultrastructural 

and biochemical characterization of Htt aggregates, impeding the detailed interpretation of the 

investigated mechanisms. Moreover, the great majority of Htt cellular studies rely on constructs 

containing additional sequences or tags to help purify or visualize the protein. Our findings 

highlighted the limitation of existing models of Htt aggregation and underscored the critical 

importance of having a comprehensive characterization of the different models of Htt 

inclusions. 

 

To what extent do Htt inclusions in cells resemble Htt inclusions in HD brains? 

Our studies revealed several shared morphological properties between the inclusions we 

observed in the cellular models and those in HD patient brains (Figures 1 and 2). In addition, 

our work not only complements previous studies but also provides a more detailed 

characterization of the ultrastructural properties of Htt inclusions and systematic analysis of 

their proteome, which was not investigated in previous morphological studies of Htt inclusions. 

Although several groups have reported on electron microscopy or proteomic studies of Htt 

inclusions from cells and animal models of HD, examination of the ultrastructural and proteome 

of inclusions is rarely reported on the same model system.  
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Neuronal intranuclear inclusions in HD brains and in vivo models of HD are all detected and 

described as predominantly granular with the appearance of filamentous structures (Figure 

1A-E). In other studies, neuronal intranuclear inclusions in primary neurons were observed at 

low magnification and described as protein deposits by Tagawa et al. (Figure 1F) and more 

recently as a highly fibrillar inclusion body by Bäuerlein and colleagues (Figure 1G). Our 

electron tomography data on nuclear neuronal Htt inclusion clearly demonstrated that they are 

composed of primarily fibrillar Httex1 aggregates, in addition to granular structures (Chapter 

III, Figure 2), similar to previous ultrastructural studies performed in HD patient brains and in 

vivo (Figure 1).  

 

Figure 1. Comparison of huntingtin nuclear inclusions observed by EM-based 
techniques in HD patient brains, in vivo and cellular models of HD. 
A) EM of a neuronal intranuclear inclusion (NII) in the HD cortex with immunoperoxidase 
labeling (Ab1). Upper panel: The NII in a cortical neuron appears as a dense and 
membraneless aggregate. Lower panel: Higher magnification of NII shows the presence of 
labeled granules and filaments within the inclusion. B) mHtt was detected by EM and 
immunoperoxidase labeling with a primary antibody targeting the Nt17 domain. EM images are 
from a cortical neuron. The NII is highly heterogeneous with the presence of 
granular/oligomeric and fibrillar structures. Stacks of labeled fibrils were detected in the 
inclusion and magnified in the lower panel. C) EM localization of NII from the transgenic R6/2 
mice. DAB labeling confirmed the presence of Htt. D) EM of one striatal NII from a transgenic 
rat expressing Htt727 with 51Q. Top panel: Round intranuclear aggregate (large arrow) slightly 
larger than the adjacent nucleolus (N). Lower panel: High magnification of the NII reveals a 
granular and fibrillar (arrowheads) morphology. E) NII detected in the cortex and striatum of 
Tet/HD94 mice by EM. F) EM analysis of cortical neurons expressing Htt111 with the presence 
of NII (arrows). G) Cryo-ET of an NII from a Htt97Q-GFP-transfected neuron. Figure adapted 
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from: A) DiFiglia and colleagues81; B) Legleiter and colleagues113; C) Davies and colleagues102; 
D) Petrasch-Parwez and colleagues533; E) Díaz-Hernández and colleagues445; F) Tagawa and 
colleagues120; and G) Bäuerlein and colleagues195, with permissions. The Copyright 2004 
Society for Neuroscience applies to Díaz-Hernández and colleagues’445 publication. 

 

Cytoplasmic inclusions from post-mortem HD patients were also described by DiFiglia et al. as 

containing granules and filaments surrounded by the accumulation of mitochondria (Figure 

2A). These share similar features to what we observed for the cytoplasmic tag-free Httex1 72Q 

inclusions in our mammalian cellular system. (Chapter II, Figure 1). Similarly, neuritic 

inclusions from transgenic rats and mice were shown to be composed of mostly granular 

structures but also contained filaments (Figure 2B-C), as well as mitochondria surrounding the 

inclusion (Figure 2B). In primary neurons, Tagawa and colleagues observed cytoplasmic 

inclusions of tag-free Httex1 packed against the nucleus, similar to what we observed in HEK 

cells, but they did not further characterize the ultrastructural properties of these inclusions 

(Figure 2D, upper panel). In contrast, Httex1 72Q-GFP or Httex1 97Q-GFP neuronal 

cytoplasmic inclusions were predominantly fibrillar, as reported by Miller et al. by EM and by 

Bäuerlein et al. by ET. (Figure 2D, lower panel and Figure 2F).  

 

Figure 2. Comparison of huntingtin neuritic and cytoplasmic neuronal inclusions 
observed by EM-based techniques in HD patient brains, in vivo and cellular models of 
HD. 
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A) EM of one human dystrophic neurite in the HD cortex with immunoperoxidase labeling (Ab1) 
containing an aggregate with immunoreactive granules and filaments and surrounded by 
mitochondria. B) Ultrastructure of one dendritic inclusion with the accumulation of mitochondria 
in proximity. The magnification (lower panel) reveals granular and fibrillar (arrowheads) 
structures. C) EM analysis of a dystrophic neurite inclusion found in the cortex of Tet/HD94 
mice. D) EM analysis of cortical neurons expressing Htt111 showed the presence of 
perinuclear aggregates (arrows). E) EM showed the presence of a granular Htt inclusion found 
in a striatal neuron transfected with mutant Httex1-GFP. F) Cryo-ET of a cytoplasmic inclusion 
detected in a Htt97Q-GFP-transfected mouse primary neuron. Figure adapted from: A) DiFiglia 
and colleagues81; B) Petrasch-Parwez and colleagues533; C) Díaz-Hernández and 
colleagues445; D) Tagawa and colleagues120; E) Miller and colleagues329; and F) Bäuerlein and 
colleagues195, with permissions. The Copyright 2004 Society for Neuroscience applies to Díaz-
Hernández and colleagues’445 publication. 

 

Ultrastructural characterization of Htt inclusions was also previously conducted in non-

neuronal mammalian cells, where they were detected predominantly in the cytoplasm (Figure 

3). As discussed in the previous chapters, the core and shell organization we detected for tag-

free Httex1 72Q cytoplasmic inclusions was also observed by Qin et al. but using a longer 

fragment than Httex1 (FLAG-tagged Htt1-969 fragment; 100Q), by immunoperoxidase labeling 

(Figure 3B). Tagawa and colleagues provided EM images of cytoplasmic tag-free Httex1-111Q 

inclusions in HeLa cells and showed that they also displayed a core and shell morphology at 

low magnification. However, they did not report high-resolution data on the ultrastructural 

properties of these inclusions or assess their biochemical composition, simply describing them 

qualitatively as amorphous deposits (Figure 3C).  
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Figure 3. Comparison of huntingtin cytoplasmic inclusions found in mammalian cells.  
A. EM of HEK cells with one perinuclear Httex1 83Q aggregates, 3–5 days post-transfection. 
Higher magnification reveals the presence of HDQ83 fibrils with a diameter of ~10 nm. B) EM 
of MCF-7 showed one cytoplasmic Htt FH969–100Q inclusion by immunoperoxidase using a 
FLAG tag. The inclusion was in close proximity to several mitochondria. Radiating fibrils were 
detected in the core (C) and shell (S). C) EM analysis of HeLa cells expressing Htt111 reveals 
a large cytoplasmic aggregate (black arrows). Lower panel: Immune detection of a large 
cytoplasmic aggregate (N-18). D) Cryo-ET of a Htt97Q-transfected HeLa cell. Figure adapted 
from A) Waelter and colleagues268; B) Qin and colleagues165; C) Tagawa and colleagues120; 
and D) Bäuerlein and colleagues195, with permissions. The Copyright 2007 Society for 
Neuroscience applies to Qin and colleagues’165 publication. 

 

Altogether, the observations summarized in Figures 1, 2 and 3, demonstrate that many of the 

features of inclusions seen in HD brains can be reproduced in our cellular models, including 1) 

the formation of granulo-filamentous neuronal intranuclear inclusions, 2) the accumulation of 

mitochondria in the periphery of the cytoplasmic inclusions, and 3) the presence of Actin-F 

associated with the inclusions. However, many of these features were observed only with tag-

free mutant Httex1 proteins. This underscores the critical importance of using tag-free native 

Htt sequences to investigate the mechanisms of inclusion formation and ultrastructural 

properties in cells.  
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How does Httex1 inclusion formation contribute to cellular toxicity? 

The contribution of Htt aggregation and inclusion formation to cellular toxicity is complex and 

not fully understood. Discrepancies were observed with, on the one hand, the deleterious 

sequestration of key cellular factors by Htt inclusion formation, and on the other hand, the 

protective effect of inclusions by the sequestration of toxic soluble oligomeric or aggregated 

forms of Htt. It was previously shown that the overexpression of mutant Httex1 in mammalian 

cells and primary neurons was sufficient to induce cell death311–318. In our work, we 

demonstrated that the toxicity induced by mHtt aggregation and inclusion formation depended 

on the cell type.  

 

In HEK cells, we detected ER and mitochondrial defects (ERES remodeling, increased 

mitochondrial respiration, mitochondrial fragmentation, and inner cristae damage) but without 

ROS production and mitochondrial outer membrane permeabilization. ER and mitochondrial 

dysfunctions such as mitochondrial fragmentation489–491 and reduced ER dynamics195 were 

previously observed in cellular models of HD and suggest that the modulation of the ER-

mitochondrial network is an adaptive mechanism upon mHtt misfolding and aggregation. 

Moreover, the colocalization of Httex1 inclusions with aggresome markers (HDAC6, p62, and 

vimentin) and the sequestration of proteins, membranes, and organelles related to the UPS, 

chaperones, ERAD, inflammation, and stress granules indicate an adaptative mechanism to 

clear aggregates. Then, the detection of proteins related to autophagosomes and apoptosis 

by proteomic analysis is in line with the significant caspase 3 activity measured in cells, but 

only at a relatively late time point (96 hours post-transfection). Therefore, we cannot rule out 

that the observed proteotoxicity might partially arise from soluble oligomers, but the physical 

interactions of inclusions with cellular components and the recruitment of essential proteins 

indicate that Htt inclusions are, to some extent, harmful to the cells. Overall, we observed a 

strong resilience in HEK cells despite a high level of inclusions after mHttex1 expression for 

48 h (Chapter II). In a study by Waelter et al., HEK cell viability measured by their metabolic 
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activity was decreased four days post-induction of Httex1 expression and correlated with the 

formation of insoluble fibrillar aggregates268. Similar to our results, the authors suggest a key 

role of Httex1 aggregation on toxicity by interfering with the protein degradation machinery 

such as the proteasome, as well as the sequestration of regulatory proteins. 

 

In primary neurons, enhanced nuclear condensation and DNA fragmentation increased over 

time, but we noticed a lack of correlation between the size of the nuclear inclusions (small 

versus large puncta) and cell death levels. In the study by Shen and colleagues, the authors 

suggest that Httex1 toxicity in cortico-striatal slices might arise from different structural 

conformers rather than the size of the aggregates149. Moreover, similar to our results in primary 

neurons, the authors observed similar levels of neuronal toxicity with and without the presence 

of the Nt17 domain, despite a higher number of inclusions relocated in the nucleus. Our 

proteomic analysis revealed the sequestration of transcription factors and proteins related to 

the UPS, ERAD and autophagy. Interestingly, it was demonstrated that the Nedd8 ubiquitin-

related protein was involved in a protective mechanism against proteotoxicity by inducing the 

aggregation of misfolded proteins and trying to reduce proteasome burden in cells524 and was 

detected in Lewy bodies from PD brains522. Also, our results showed that the formation of 

neuronal intranuclear inclusions with the presence of fibrillar aggregates is linked to DNA 

fragmentation and toxicity by intrinsic apoptosis. Interestingly, Ramdzan et al. overexpressed 

Httex1 97Q in cells with a large fluorescent tag (mCherry or Cerulean) and observed that early 

soluble or disordered aggregates showed death by apoptosis (caspase 3/7 activation)504. By 

contrast, they reported that mature inclusion formation was associated with apoptosis 

suppression, quiescence entry and delayed necrosis, and therefore suggested a model that 

integrates both early and late, mature toxic processes. Our results suggest that primary 

neurons are more susceptible to cell death compared to HEK cells. However, the comparison 

of the two cellular models should take into account that Httex1 expression was assessed for a 

longer time period in primary neurons, as well as the different subcellular localization of the 



Chapter IV: Discussion and future perspectives 

181 
 

inclusions. Therefore, although our results and previous cellular studies suggest that nuclear 

mHtt aggregates are potentially more toxic143,147,446,542, the cell type appears to be a major 

factor, and both cytoplasmic and nuclear aggregates contribute to cellular dysfunctions.  

 

Overall, our studies indicate that although cells expressing mutant Httex1 initiate coping 

mechanisms such as the upregulation of the protein degradation machineries, increased 

mitochondrial respiration and inflammation to clear mutant aggregates, the process of inclusion 

formation and maturation is linked to cellular dysfunction and cell death. Therefore, even if the 

formation of Httex1 inclusions associated with stress granules and aggresome features might 

be protective at first, the overload of clearance mechanisms, the physical interactions, and the 

sequestration of cellular components transfer toxic properties to the inclusions.  
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Future perspectives 

Toward more disease-relevant models of HD pathology formation 

The cellular models we describe in this thesis were based on manipulating the expression of 

one Htt fragment, Httex1. While there is strong evidence that Httex1 is produced in the brain 

and accumulates in pathological aggregates of HD animal models, it is also clear that it is not 

the only polyQ-containing fragment being produced in neurons. Biochemical studies on brain-

derived Htt inclusions have consistently shown the presence of multiple Htt fragments of 

variable length. Whether these fragments have physiological roles or are the products of 

pathogenic processes remains unclear. Furthermore, the aggregation propensity of many of 

these fragments remains unexplored. Therefore, we believe that more systematic studies are 

needed to determine the distribution of Htt species and how they vary in different brain regions 

and cell types affected or not by Htt aggregation.  

Furthermore, a more detailed characterization of Htt aggregates from the post-mortem brains 

of HD patients at the biochemical and structural levels is essential to guiding the development 

and validation of more disease-relevant cellular models that recapitulate the complexity and 

pathological diversity of Htt in HD.  Toward this goal, we have initiated a collaboration with 

Prof. Richard Faull at the New Zealand Human Brain Bank at the University of Auckland to 

obtain brain tissues from HD patients and controls. The primary objectives of this project are 

to 1) identify the biologically relevant forms of Htt species under normal and pathological 

conditions, 2) develop and optimize methods for the isolation and characterization of Htt 

species from post-mortem HD brains, and 3) capture the morphological, structural, and 

biochemical diversity of Htt pathology in different brain regions as well as from different disease 

severities. Preliminary results using an expanded panel of antibodies revealed the presence 

of several Htt fragments in the soluble fraction of brain lysates from HD cases as well as 

controls. Further studies are needed to determine, with more precision, which fragments are 

associated with pathology formation and which of these fragments can aggregate and 

participate in the initiation of Htt aggregation. 
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The need for label-free methods to monitor and study Htt aggregation and 
inclusions formation in cells and in vivo 

Understanding the role of protein aggregation in the pathogenesis of HD requires the 

development of novel methods that allow monitoring of the various stages of Htt aggregation 

that lead to inclusions under physiological-like conditions and in the absence of any sequence 

modifications that could alter the biophysical and cellular properties of the protein. We 

previously demonstrated that large tags such as GFP could interfere with Htt fibrilization, alter 

the surface accessibility of the fibrils, but also strongly modify the ultrastructural and 

biochemical properties of cytoplasmic and nuclear Httex1 inclusions. Therefore, our results 

stress the need to develop label-free methods to monitor Htt aggregation and inclusion 

formation in cells. Towards this goal, we worked in close collaboration with Prof. Aleksandra 

Radenovic, Dr. Kristine Grussmayer and Dr. Vytautas Navikas in the Laboratory of Nanoscale 

Biology (LBEN, EPFL) to develop label-free quantitative phase contrast-based methods for 

label-free monitoring of Htt, as well as super-resolution techniques to assess Htt early 

dynamics. Preliminary results are encouraging and demonstrate the feasibility of detecting 

unlabeled Httex1 cellular inclusions by quantitative phase contrast. These preliminary and 

promising results have led to the development of a new project aimed at unraveling the early 

dynamics of Htt cellular aggregation and inclusion formation using a combination of super-

resolution imaging and novel label-free methods.  

  

http://personnes.epfl.ch/aleksandra.radenovic
http://personnes.epfl.ch/aleksandra.radenovic
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