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ABSTRACT 

Background: Huntington’s disease (HD) is an inherited neurodegenerative disorder caused by 

an expanded polyglutamine tract in the huntingtin (HTT) protein. Mutant huntingtin (mHTT) 

accumulates as toxic oligomers and aggregates inside the cell, when it is not removed efficiently 

by selective autophagy. In HD cells, this degradative pathway is impaired, due to an aberrant 

interaction of mHTT with p62, an adaptor and cargo recognition protein that guides cargo 

molecules and organelles to autophagic structures for degradation. Recently, the ganglioside 

GM1 was shown to protect HD cells from apoptosis, and to restore motor functions in an HD 

mouse model. These therapeutic effects were accompanied by phosphorylation of mHTT at 

amino acids Ser13 and Ser16, a post-translational modification that has been proposed to 

modulate mHTT toxicity and its cellular clearance. The exact mechanism underlying GM1 effects 

is still unclear. Previous work suggested that gangliosides may stimulate autophagy in brain cells 

and in other neurodegenerative models. 

Hypothesis: The therapeutic effects of GM1 in HD models are due, at least in part, to activation 

of autophagy and/or restoration of cargo recognition in HD cells, and to enhanced mHTT 

clearance by autophagy. 

Results: Soluble species of mHTT were not significantly decreased in HD cell or mouse models 

after GM1 treatment. However, mHTT aggregates were reduced in certain brain areas, 

suggesting that GM1 might affect aggregate formation or clearance. Autophagic markers such as 

LC3-II and p62 were not affected by GM1 treatment in both HD cell and mouse models. 

Autophagic flux, measured in a cell model that expressed the reporter protein RFP-EGFP-LC3, 

was also unaffected by GM1 in our experimental conditions. Immunoprecipitation experiments 

showed that GM1 treatment decreases the aberrant interaction between mHTT and p62. These 

data suggest that GM1 might improve cargo recognition and selective autophagy in HD models, 

potentially leading to increased clearance of mHTT aggregates and decreased mHTT toxicity. 
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1 BACKGROUND 

1.1 HUNTINGTON’S DISEASE 

1.1.1 General introduction 

Huntington’s disease (HD) is a dominantly inherited neurodegenerative disorder that occurs 

with a prevalence of 3-10 patients per 100 000 individuals in Western Europe and North 

America (1). The disease was first described by George Huntington in the 19th century. He 

reported irregular and spasmodic action of certain muscles (chorea), often accompanied by 

more subtle symptoms such as depression, behavioral disturbance, memory impairment 

and personality changes (2).  

Much later, in 1993, the disease-causing gene was discovered. Located on the short arm of 

chromosome 4 (4p16.3), the HD (or HTT) gene codes for a ubiquitous protein termed 

huntingtin (HTT) (3). It is characterized by the presence of a polymorphic stretch of CAG 

repeats in the first gene exon, which is translated into a poly-glutamine (polyQ) tract at the 

N-terminus of HTT. Expansion over 36 CAG repeats leads to adult HD with a typical age of 

onset between 35 and 50 years, while expansion over 56 repeats leads to juvenile HD which 

usually manifests before age 20 (4). Although HTT is a ubiquitously expressed protein, cell 

degeneration is mostly found in the brain (5).   

1.1.2 Neuropathology 

The pathological hallmark of HD is the severe atrophy of the caudate nucleus and the 

putamen in the striatum. The medium-sized projection spiny neurons are the most affected 

cells in these brain areas and undergo cell death (5). Loss of neurons is followed by 

astrogliosis. Medium-sized projection spiny neurons receive dopaminergic input from the 

substantia nigra and glutaminergic input from cerebral cortex and thalamus. Their output 
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signal is the inhibitory transmitter γ-aminobutyric acid (GABA), together with dynorphin, 

enkephalin or substance P as co-transmitters. Interestingly, enkephalin-expressing neurons 

are more susceptible to degenerate in HD. Overall, loss of the inhibitory input from the 

striatum causes the typical uncontrolled movements in HD (5). The striatum is not the only 

affected brain area in HD. Atrophy also occurs in layers III, V, and VI of the cerebral cortex, 

as well as in the globus pallidus, thalamus, subthalamic nucleus, substantia nigra, white 

matter, hypothalamus, and the cerebellum (4).  

The recent development of imaging studies by magnetic resonance imaging (MRI), 

computerized tomography (CT) scan, or diffusion tensor imaging (DTI) and their combination 

with physical and mental performance studies has led to the understanding that 

neuropathological changes occur well before the onset of evident symptoms in HD patients 

(6, 7). These early neuropathological changes occur in both grey (7, 8) and white matter (9-

11). In fact, it was recently shown that white matter changes in the corpus callosum might 

even precede gray matter atrophy (9, 10). Degeneration of the corpus callosum progresses 

from more posterior areas in pre-HD patients to anterior regions in advanced stages of HD 

(10). Neuropathology in both caudate nucleus and putamen is more prominent caudally in 

early HD stages and progresses in a dorsomedial to ventrolateral direction (8, 12). 

Volumetric loss of the caudate and shrinkage of the putamen are observed approximately 

10 and 3 years before disease onset, respectively (13). In line with this, regional cortical 

thinning is already detectable in pre-HD patients (6). These early neuropathological changes 

progress through the course of the disease and together lead to about 25% reduction in total 

brain weight in advanced HD (14, 15). The assessment of distinct brain areas in advanced 

HD yielded the following volumetric reductions: 20% cortex, 30% cerebral white matter, 60% 

striatum, 55% globus pallidus, 30% thalamus (16-18).  
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1.1.3 Cellular and tissue distribution of huntingtin 

HTT is a ubiquitously expressed protein in eukaryotes, and primitive polyQ sequences are 

conserved as far back as to the deuterostome branch (19). In humans and rodents, HTT 

expression is high in neurons of the central nervous system. Especially high levels are found 

in cortical pyramidal neurons in layers III and V that project to striatal neurons (20). HTT is 

a cytosolic protein, but it has also been found associated with various membrane systems, 

such as the endoplasmic reticulum (ER) (21), the Golgi apparatus (Golgi) (22), mitochondria 

(23, 24), clathrin-coated vesicles (25), and caveolae (26). It was shown that HTT can 

reversibly bind to vesicles and the ER with its amphipathic α-helix formed by the first 18 N-

terminal amino acids (21). In addition, HTT can be palmitoylated at C214 by palmitoyl 

transferase huntingtin-interacting protein 14 (HIP14) (27). Palmitoylation anchors many 

different proteins to the plasma membrane or other membrane-delimited structures in the 

cell (28). Aside from its direct interaction with membranes, HTT can localize to various 

intracellular structures via protein-protein interaction. One such example is the localization 

of mutant huntingtin (mHTT) to mitochondria via binding to dynamin-related protein 1 (Drp1) 

(23), a protein involved in mitochondrial fission (29). To date, only mHTT has been shown 

to co-localize with mitochondria (23). HTT can also interact with microtubules by binding to 

tubulin (30) or dynactin together with Huntingtin-associated protein 1 (HAP1) (31). 

Furthermore, it was shown that HTT contains a nuclear localization signal between amino 

acids 174 and 207, that is recognized by the import receptors importin beta1 and transportin 

(32). Interestingly, HTT was found to detach from membranes during ER stress and to 

relocalize to the nucleus. Cytoplasm-nuclear translocation was reversible for wtHTT (but not 

mHTT), which underwent nuclear export once stress conditions ceased (21). 
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1.1.4 The loss of function of HTT in HD 

Although the genetic origin of the disease is known, it is unclear which molecular 

dysfunction(s) triggered by mHTT is/are causative of disease onset and progression. The 

HD mutation confers toxic properties to mHTT (gain of function), while at the same time 

disrupts at least some of the functions exerted by the normal protein (loss of function) (33, 

34). It is likely that both loss-and-gain-of-function of mHTT lead to neuronal dysfunction and 

eventually the loss of specific subsets of neurons, mainly in striatum and cortex. The 

resulting brain atrophy is a steady and to date unstoppable process that eventually leads to 

the death of the patient. 

HTT is a scaffold protein involved in several pathways and functions. Various studies 

showed that HTT knockout mice die before gastrulation (35-37), because of HTT’s crucial 

role in embryonic development and in the formation of extra-embryonic tissue (38-41). 

Furthermore, it was shown that reduction in HTT levels causes defects in epiblast formation 

and leads to structural changes in cortex and striatum (42, 43). The role of HTT during 

embryogenesis is obviously not affected by expansion of the polyQ stretch, since both 

patients harboring the HD mutation and HD animal models are normal at birth. Recently, 

HTT was shown to play a role during the morphogenesis of the mammary epithelium in mice 

by mediating polarized apical vesicular transport of proteins involved in this process (44). 

HTT also regulates the formation of primary cilia from centrosomes by interacting with 

huntingtin-associated protein1 (HAP1) and pericentriolar material 1 protein (PCM1). HTT 

depletion lead to decreased levels of PCM1 at the centrosome and impaired ciliogenesis. In 

contrast, polyQ expansion of HTT increased levels of PCM1 thereby enhancing ciliogenesis 

of cilia with abnormal shape and disorganized layers (45). HTT also plays a role in the 

cellular response to heat shock induced stress. While wtHTT-expressing cells were able to 

recover from this stress response, cells expressing polyQ-expanded HTT were not, 
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indicating loss-of-function of the mutant protein (46). HTT has anti-apoptotic function and 

promotes survival of adult neurons by blocking the formation of both the apoptosome and 

the proapoptotic HIP1 protein interactor/huntingtin interacting protein 1 (HIPPI-HIP1) 

complex thereby interfering with caspase-3/-9 and procaspase-8 activation, respectively 

(47-49). HTT exerts these effects by binding and sequestering HIP1, thereby preventing 

HIP1 binding to HIPPI. Expansion of the polyQ stretch, however, prevents this interaction 

and thus favors the formation of pro-apoptotic HIP1/HIPPI complexes, resulting in activation 

of caspase 8 and apoptosis (50). A role for HTT in axonal transport emerged, when it was 

shown to mediate both anterograde and retrograde transport of brain derived neurotrophic 

factor (BDNF) vesicles (51). Through its binding to HAP1 HTT modulates the interaction 

between motor proteins and cargo vesicles and their transport (31, 52). When the polyQ 

stretch is expanded, however, the strength of the interaction between HTT and HAP1 

increases, HAP1 is no longer able to stably bind the motor protein dynactin and 

consequently transport along the microtubules is impaired (53).  

Another important and well characterized role of HTT is as a modulator of the transcription 

of BDNF. HTT stimulates the transcription of BDNF messenger RNA (mRNA) in the cerebral 

cortex, from which the BDNF protein is then transported to striatal neurons via the cortico-

striatal afferents (54, 55). The role of HTT in BDNF transcription is mediated by HTT binding 

to repressor element 1-silencing transcription factor (REST), preventing this transcriptional 

repressor from entering the nucleus and silencing BDNF transcription (56). When HTT is 

mutated, its interaction with REST is weakened. As a result, REST enters the nucleus where 

it binds the neuron-restrictive silencer element (NRSE) in the promoter of the BDNF gene, 

leading to inhibition of BDNF transcription (56).  
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Recently HTT has been shown to play an important role also in selective autophagy, a 

cellular degradative process that is crucial to maintain cellular homeostasis (57, 58). The 

role of HTT in autophagy will be illustrated in more detail in sections 1.3.2 and 1.3.3. 

1.1.5 The gain-of-function of HTT in HD 

An expanded polyQ stretch confers toxic properties not only to huntingtin, but also other 

polyQ containing proteins, such as ataxin-1, -2, -3, -7, and atrophin amongst others (59). In 

fact, an expanded polyQ stretch is even toxic by itself when overexpressed in cellular models 

(60). In HTT, the mutation interferes with the correct folding of the protein and makes it prone 

to aggregate and to abnormally interact with other proteins. This, in turn, results in the loss 

of most normal HTT functions (as described above), but also in the gain of new toxic 

properties that cause mitochondrial dysfunction (24, 61), excitotoxicity (62, 63), 

transcriptional dysregulation (64), disrupted intracellular transport (53, 65), impaired lipid 

metabolism (66), and dysfunctional selective autophagy (67). 

1.1.5.1 MHTT aggregation and fragmentation 

The presence of extra glutamines (> 36) in the polyQ stretch promotes aberrant folding of 

HTT with the acquisition of β-sheet-rich conformations. These β-sheet-rich structures are 

prone to oligomerize into fibrils and fibres, which eventually form bigger protein aggregates 

through a nucleated-growth amyloidogenic process (68) similar to that occurring in 

Alzheimer disease (AD) for amyloid-β (Aβ) (69) and in Parkinson disease (PD) for α-

synuclein (α-syn) (70).The role of aggregates in HD pathogenesis and progression is still 

controversial, despite many years of research by many different groups. Aggregates might 

exert toxicity by sequestering specific proteins such as transcription factors (55, 71) or the 

UPS components heat shock protein 70 (HSP70), heat shock protein 40 (HSP40), and the 

20S proteasome (72). In addition, large mHTT aggregates have been shown to occupy 

entire cross-sections of axons thereby interfering with axonal transport (65). On the other 
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hand, mHTT aggregates might be protective, because their formation decreases the 

concentration of more toxic soluble species of mHTT, and might promote their clearance by 

selective autophagy (aggrephagy) (73, 74).  

The expansion of the polyQ stretch also makes mHTT more susceptible than the normal 

protein to undergo proteolytic cleavage at specific sites by different proteases, yielding 

mHTT fragments of various lengths (75). Proteases that cleave HTT are calpains (76, 77), 

cathepsins D, B, and L (78), matrix metalloproteinase 10 (MMP10) (79), and cysteine-

aspartatic proteases (caspases) (80-82). Proteolytic cleavage of mHTT can have a major 

impact on toxicity, aggregation, and subcellular localization, and is therefore more than a 

mechanism of degradation (83). Amongst the indicated proteases, caspase 6 has gained 

the most attention, as its N-terminal cleavage product (586 amino acids (aa) fragment) of 

mHTT has been linked to neurotoxicity. An HD mouse model expressing a caspase 6 -

resistant form of mHTT did not develop striatal neurodegeneration nor disease symptoms 

(84). Moreover, in human HD patients, elevated caspase activity has been demonstrated in 

neuronal cells and the addition of caspase inhibitors reduced mHTT toxicity (77, 81). Other 

caspases that generate N-terminal cleavage products of mHTT are caspases 2 and 3 (552 

aa fragment – caspase 2; 513 aa and 552 aa fragments – caspase 3) (82). However, 

expression of caspase 2- or caspase 3-resistant mHTT protein in an HD mouse model did 

not lead to an improvement of the HD phenotype (84). HD mice lacking caspase 2, on the 

other hand, were protected from behavioral changes but not from HD-specific pathology, 

including striatal volume loss and testicular degeneration (80). Calpains cleave HTT at aa 

469 and 563 (77). Increased calpain activity has been reported in brains of HD mouse 

models and human patients (75-77). Inhibiting calpain cleavage at both cleavage sites 

reduced mHTT toxicity in cell culture (76, 77). The lysosomal aspartyl proteases cathepsins 

D, B, and L can also cleave HTT (78), generating N-terminal fragments called cleavage 



 
8 

 

product (cp)-A and -B, that are major components of nuclear and cytoplasmic inclusions, 

respectively (85). The length of N-terminal fragments produced by cathepsin-cleavage can 

only be estimated, as the exact cleavage sites have not been identified yet. Cp-A is between 

104 and 114 aa long, whereas cp-B has an estimated size of 205 and 214 aa. The role of 

these HTT fragments in HD pathogenesis is not known yet. MMP10, a calcium-dependent 

zinc-containing endopeptidase, cleaves HTT at aa 402 (79). MMP10 levels are increased in 

HD mouse models indicating that this protease might play a role in HD pathology (79). 

Finally, N-terminal HTT fragments have been shown to be generated by alternative splicing 

(86). Mutant HTT exon1 has been shown to be highly pathogenic in HD mouse models (87). 

Even non-polyQ containing C-terminal fragments of HTT were recently found to cause 

toxicity by dilation of the endoplasmic reticulum (ER) and increased ER stress (88).  

1.1.5.2 Mitochondrial dysfunction 

Mitochondrial defects in HD have been described by many groups and are present even in 

pre-symptomatic patients (4, 89). Impaired energy metabolism in the basal ganglia and 

thalamus of HD patients is suggested by depleted levels of N-acetylaspartate (89), a CNS-

specific metabolite the synthesis of which depends on mitochondrial function (90). In line 

with reduced mitochondrial function, an increase in lactate levels is also observed in affected 

brain areas in HD patients, suggesting a shift from aerobic energy metabolism to glycolysis 

(89, 91). Biochemical studies revealed decreased activity of the mitochondrial respiratory 

complex I (92, 93), as well as II, III, and IV (94, 95), all of which are involved in oxidative 

phosphorylation. Mitochondria isolated from lymphoblasts from HD patients show decreased 

resistance to Ca2+ challenge compared to normal mitochondria and membrane 

depolarization occurring at lower Ca2+ load (24). Mitochondrial dysfunction in HD is likely to 

depend on both direct and indirect effects of mHTT. In fact, certain aspects of mitochondrial 

dysfunction can be reproduced in normal mitochondria by incubation with mHTT fragments 
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(96). A mechanism linking mHTT and mitochondrial dysfunction was described very recently 

by which mHTT directly interacts with the TIM23 mitochondrial protein import complex, 

thereby inhibiting mitochondrial protein import and causing neuronal death (97). In addition 

to its direct effects on mitochondria, mHTT also represses expression of the peroxisome 

proliferator activated receptor γ coactivator 1 α (PGC-1α), a transcriptional coactivator and 

master regulator of the expression of genes involved in mitochondrial biogenesis and 

respiration (98). Finally, accumulation of dysfunctional mitochondria might result from 

impaired selective autophagy of mitochondria (mitophagy) (67). The role of HTT in selective 

autophagy will be discussed in section 1.3.2.  

1.1.5.3 Excitotoxicity 

The term excitotoxicity describes the process by which neurons are damaged or destroyed 

by prolonged or excessive exposure to the neurotransmitter glutamate, leading to 

overactivation of NMDA receptors followed by increased and sustained Ca2+ influx and 

mitochondrial damage. Early studies found that injection of NMDA receptor agonists such 

as quinolinic acid can replicate, in mouse models, the selective loss of striatal neurons that 

occurs in HD (99). In addition, administration of the mitochondrial toxin 3-nitroproprionic acid 

caused striatal lesions resembling HD that were rescued by NMDAR antagonists (100). 

These early studies suggested that excitotoxicity could play an important role in the 

pathogenesis of HD. Indeed, increased glutamate release together with reduced reuptake 

by astrocytes was found in HD (101, 102). In addition, increased concentration and activity 

of extrasynaptic NMDAR, major players in excitotoxic neuronal death (103), were found in 

striatal neurons in a transgenic mouse model of HD (104-106). Activation of extrasynaptic 

NMDAR was also shown to increase levels of soluble and more toxic species of mHTT (105). 

The exact pathway that leads from expression of mHTT to increased extrasynaptic NMDARs 

in striatal neurons is still unknown. 



 
10 

 

1.1.5.4 Transcriptional dysregulation 

Transcriptional dysregulation in HD has been reported by many groups and was shown to 

occur early in the disease, even before the onset of symptoms. The expression of hundreds 

of genes is affected, including metabotropic and ionotropic receptor subunits (73). It was 

found that mHTT can bind to deoxyribonucleic acid (DNA) directly to disrupt transcription. In 

addition, it interacts with several specific proteins involved in transcription, including the 

nuclear receptor co-repressor (NCoR), the TATA-binding protein (TBP), the TATA box 

binding protein-associated factor, 30 kDa (TAFII30), p53, specificity protein 1 (Sp1), and 

REST, thereby altering their activity (55, 73, 107, 108). As described earlier mHTT has also 

been shown to bind the promoter of PGC-1α preventing cAMP response element binding 

protein/ TATA box binding protein-associated factor (CREB/TAF4) activation (98). In 

addition, mHTT causes a myriad of epigenetic changes in HD cells, including histone 

acetylation (109, 110), methylation (111, 112), ubiquitylation (113), and phosphorylation 

(114), as well as DNA methylation (115) at specific loci, leading to transcriptional 

dysregulation. Histone acetylation, which facilitates transcriptional activity, is reduced in HD 

models (109) as well as in HD patients (110). Hypoacetylation of histones H3 and H4 was 

also found in cells transfected with mHTT and administration of histone deacetylase (HDAC) 

inhibitors reversed this phenotype (116). Changes in histone methylation, which generally 

inhibits transcriptional activity, were also observed in HD. An increase in di-methylation and 

tri-methylation of histone H3 lysine 9 was detected in HD mice (111) and patients (117). A 

reduction in histone H3 lysine 4 trimethylation at transcriptionally repressed promoters in an 

HD mouse model and in human brain were also found (112). This latter methylation, 

however, is associated with activation of genes (118). Lastly, microRNA (miRNA) 

deregulation also contributes to altered gene transcription in HD. Various miRNAs have 

been shown to be decreased in HD, which in turn leads to de-repression and increased 

translation of target mRNAs (119-121). Interestingly, mHTT has also been shown to be 
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directly involved in the processing of miRNAs as it associates with Argonaute proteins that 

are catalytic components of the RNA-induced silencing complex (122). 

1.1.6 Treatment strategies 

A wealth of treatment strategies to target the above described pathogenic mechanisms 

induced by mHTT are under investigation. Treatments that target mitochondrial dysfunction 

and energy deficits, such as CoenzymeQ10 and creatine have failed to provide any 

significant benefit in clinical trials (123-125), in spite of initial encouraging results in animal 

models (126, 127). Strategies to target excitotoxicity (128, 129), to increase BDNF levels 

with gene therapy (130) or BDNF-releasing cell grafts (131, 132), to target transcriptional 

dysregulation with histone deacetylation (HDAC) inhibitors (133, 134), or to prevent 

proteolytic cleavage of mHTT into more toxic N-terminal fragments by inhibiting the 

responsible proteases (135-137) are still at the preclinical stage or very early clinical 

evaluation. Because of the vast array of cellular and molecular dysfunctions triggered by 

mHTT, treatments that target individual dysfunction might lead to only limited, if any, 

benefits.  

The best success in treating the disease might therefore be achieved by inhibiting mHTT 

expression by RNA interference or by the use of antisense oligonucleotides (ASOs). 

Strategies to lower HTT levels have been very successful in pre-clinical studies using animal 

models (138-140) and highly encouraging. In fact, one such strategy using an ASO called 

‘Isis HTT-Rx’ will enter phase I clinical trials this year (Prof. Sarah Tabrizi and Isis 

Pharmaceuticals, Inc will be lead investigators). A potential problem with this specific 

treatment is that it also targets normal HTT RNA (HD patients are generally heterozygous 

for the HD mutation and carry one mutant and one wt allele) and a loss of the normal HTT 

protein might result in side effects. Targeting only and specifically the mutant allele is 

desirable and also under investigation (141). 
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Another approach to diminish overall levels of the toxic mHTT protein in the cell is to 

enhance its cellular degradation. Indeed, a few studies have shown that upregulation of 

degradative pathways reduced mHTT levels and resulted in decreased toxic effects in both 

cell and animal models (142, 143).  

1.2 PROTEOSTATIC MECHANISMS IN HD 

1.2.1 Cellular degradation of mHTT 

Neurons rely heavily on intracellular protein quality control systems and protein degradation 

pathways as they are post-mitotic cells and cannot simply dilute misfolded or aggregated 

proteins by cell division. Mutant HTT is one such misfolded and aggregation-prone protein 

and can be degraded by the ubiquitin-proteasome system (UPS) or by autophagy. The 

process of autophagy can be further subdivided into macroautophagy, chaperone-mediated 

autophagy (CMA), and microautophagy. The UPS, macroautophagy and CMA are involved 

in the degradation of mHTT species, microautophagy is not. While the proteasome and CMA 

break down only certain species of mHTT, mostly soluble, macroautophagy can degrade all 

forms of mHTT from fragments and soluble misfolded monomers to protein aggregates. 

When cells age, both UPS (144) and autophagy (145, 146) become less efficient and HD 

cells are believed to eventually become overwhelmed with clearing the increased misfolded 

protein load caused by mHTT expression (147). 

1.2.2 UPS 

The UPS targets mainly short-lived and misfolded intracellular proteins. These proteins are 

marked with a poly-ubiquitin chain and targeted to the proteasome, where they are unfolded 

and proteolytically degraded (147). The proteasome can degrade full-length mHTT or its 

fragments. Whether the UPS is impaired in HD is controversial, as some groups found 

dysfunctions while others reported no changes in UPS function in various HD models (148, 
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149). The mechanism by which mHTT supposedly impairs the proteasome is also not clear. 

One theory is that polyQ-containing polypeptides might “clog” the proteasome thereby 

inhibiting its function (150, 151). Enhancing proteasomal degradation by overexpression of 

the ubiquitin protein ligase E3A (Ube3a), the expression of which is reduced with ageing, 

has been shown to have beneficial effects in HD cell and animal models (144). This E3 

ubiquitin ligase promotes K48-ubiquitination (a modification that targets proteins for 

proteasomal degradation) of mHTT and when overexpressed reduces K63-ubiquitination 

(which targets proteins for autophagic degradation) and aggregation of mHTT (144). 

1.2.3 CMA 

CMA is a degradative process with higher selectivity compared to other forms of autophagy. 

Only cytosolic proteins containing a specific recognition motif (KFERQ) for the heat-shock 

cognate protein of 70 kDa chaperone (Hsc70) are translocated into the lysosome via 

Lysosome-associated membrane glycoprotein 2 A (LAMP2A) for degradation (152). HTT 

contains two putative recognition motifs, one at amino acids 99-103, and a second one at 

amino acids 248-252. A third motif at amino acids 14-18 is considered KFERQ-like when it 

is phosphorylated at serine 16 (153, 154). Experimental evidence shows that a HTT 

fragment, HTT-552, is indeed transported into the lysosome for degradation (154). CMA 

selectively targets N-terminal HTT fragments while full-length mHTT is spared (154, 155). 

CMA activity has been reported to be increased in HD mouse and cell models (155). 

1.2.4 Macroautophagy 

Macroautophagy (hereafter referred to as autophagy) is important for cell nutrient and 

energy homeostasis, and it is upregulated during nutrient starvation to break down cell own 

material to generate energy and new building blocks for protein synthesis (156). In addition, 

damaged organelles, protein aggregates and intracellular pathogens are also targeted by 

this process (Figure 1.2.1) (157). Autophagy is the only degradative process in the cell that 
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can break down all forms of mHTT and therefore it represents an important therapeutic 

target to reduce overall levels of mHTT in the cell and decrease toxicity. In addition, the 

removal of dysfunctional mitochondria (mitophagy) is also carried out by autophagy and in 

HD, as well as in other neurodegenerative conditions, is key to preventing oxidative stress 

and reactive oxygen species damage (158).  

In the next chapter I will describe in detail the process of autophagy and its role in HD. 

1.3 ROLE OF AUTOPHAGY IN HD 

1.3.1 Molecular steps in autophagy 

Most of our knowledge on autophagy comes from studies in yeast (Saccharomyces 

cerevisiae). Many of the autophagy-related genes (ATGs) identified in yeast are conserved 

in mammals and orchestrate autophagy in a similar manner (156). The process of autophagy 

can be divided into five stages: i) phagophore formation; ii) ATG5-ATG12 conjugation, 

interaction with ATG16L and multimerization at the phagophore; iii) Microtubule-associated 

protein 1A/1B-light chain 3 (LC3) processing and insertion into the phagophore membrane; 

iv) capture of cargo (selective or unselective) and v) autophagosome-lysosome fusion, 

followed by degradation of cargo by lysosomal proteases (Figure 1.3.1). 

i) Phagophore formation: The phagophore is a double membrane system that, in mammals, 

is probably derived from the endoplasmic reticulum (ER), the trans-Golgi or endosomes 

(159, 160). The formation of phagophores requires the assembly of a large macromolecular 

complex consisting of class III phosphoinositide 3-kinase (PI3K), vacuolar protein sorting 34 

(Vps34), Beclin-1, ATG14 and ATG15. This complex generates phosphatidylinositol 3-

phosphate (PI3P), which is essential for phagophore elongation and recruitment of other 

ATG proteins to the phagophore. The activity of the mentioned complex is dependent on 



 
15 

 

Unc-51 like autophagy activating kinase 1 (ULK1) and Unc-51 like autophagy activating 

kinase 2 (ULK2), ATG13 as well as on focal adhesion kinase (FAK)-family interacting protein 

of 200 kDa (FIP200) (161). 

ii) ATG5-ATG12 conjugation: ATG7 (acts like an E1 ubiquitin activating enzyme) binds to 

ATG12 and activates it. Subsequently ATG12 is transferred to ATG10 (an E2-like ubiquitin 

carrier protein), which mediates conjugation of ATG12 to ATG5. Finally, ATG5-ATG12 forms 

a multimeric complex with ATG16L which is thought to induce membrane curvature into the 

phagophore by recruiting LC3-II (156). 

iii) LC3 processing: Upon induction of autophagy the mammalian homologue of ATG8, 

microtubule-associated protein light chain 3 (LC3), is proteolytically cleaved by ATG4 to 

generate LC3-I, which now presents a glycine residue on its carboxy-terminus. This residue 

is activated by ATG7 (again acting like an E1 ubiquitin-activating enzyme). Then LC3-I is 

transferred to ATG3 (an E2-like carrier protein) and a phosphatidylethanolamine (PE) 

residue is conjugated to the glycine at the carboxy-terminus. As mentioned in ii) the 

multimeric ATG5-ATG12-ATG16L complex recruits LC3-II to the phagophore where it can 

integrate into both sides of the double membrane system through its lipophilic PE molecule. 

LC3-II is necessary for hemi-fusion of phagophore membranes and for binding cargo 

recognition or adapter molecules. LC3-II is the only autophagy-related protein that remains 

attached to the autophagic membrane throughout the whole process of autophagy, whereas 

all other autophagy-related proteins diffuse off the phagophore when the latter closes into 

an autophagosome (156). The measurement of LC3-II levels in the presence of an inhibitor 

of autophagic flux (i.e. bafilomycin A1) is commonly used as a marker of induction of 

autophagy. 



 
16 

 

iv) Capture of cargo: Phagophores can engulf cargo in a non-selective manner by randomly 

trapping cytosolic cargo in their lumen, or they can target specific cargo. LC3-II is thought to 

be involved in selective cargo recognition as it interacts with cargo recognition or adaptor 

molecules on target structures such as protein aggregates or mitochondria. The best known 

adaptor molecule is p62, which recognizes and binds K63-polyubiquitinated proteins and 

protein aggregates. Since p62 is also degraded via autophagy it is commonly used as a 

marker for autophagic flux (a measure of how much cargo is being degraded in a certain 

time) (156). Other known adaptor molecules in mammalian cells are bcl2/adenovirus E1B 

19 kDa interacting protein 3 (BNIP3, which recognizes mitochondria) (162) or neighbor of 

BRCA1 gene 1 (NBR1, which - like p62 - recognizes polyubiquitinated protein aggregates) 

(163). An interdependence between NBR1 and p62 has been described, in which p62 body 

formation was reduced when NBR1 expression was inhibited (163). Interestingly, NBR1-

containing aggregates can form in cells lacking p62. It is not clear, however, if these 

aggregates can substitute for p62 bodies. Details on selective cargo recognition will be 

discussed below. 

v) Fusion with lysosome: Once the phagophore has engulfed the cargo, the two loose 

membrane ends fuse together to form an autophagosome. This autophagosome then fuses 

with lysosomes generating an autolysosome, which has an acidic lumen and contains 

degradative enzymes such as cathepsins B and D. It has also been suggested that 

autophagosomes can fuse with early and late endosomes as well (156, 164). As 

autophagosome formation in neurons occurs mainly in neurites and synaptic terminals in 

the distal axon, transport of autophagosomes along microtubules back to the cell soma, 

where the bulk of lysosomes is located (165), is crucial in neurons (166). In fact, drugs that 

disrupt microtubules also block the generation of autolysosomes (167). A very important 

protein for the transport of autophagosomes (168) and endosomes (169) along microtubules 
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is Rab7. This protein is also involved in the biogenesis and maintenance of lysosomes (170), 

as well as the fusion of autophagosomes with lysosomes (171).  

1.3.2 Nutrient-dependent and selective autophagy 

There are two different forms of autophagy, namely nutrient-dependent and selective 

autophagy. Nutrient-dependent autophagy is activated during nutrient (i.e. amino acids, 

growth factors, or glucose) deficiency and breaks down cytosolic proteins to provide the cell 

with recycled essential molecules. Due to its lack of specificity and the engulfment of random 

cargo this process is also called bulk autophagy. In contrast, selective autophagy, which is 

also active when nutrients are abundant, ensures quality control of proteins and organelles 

by degradation of specific targets such as protein aggregates, dysfunctional mitochondria or 

other organelles. As mentioned above, specific selection of cargo is carried out by adapter 

molecules such as p62, NBR1 (recognize protein aggregates) or BNIP3 (recognizes 

mitochondria) (172). Both forms of autophagy follow the same mechanism of phagophore, 

autophagosome, and autolysosome formation followed by degradation of the cargo 

(described above). So how are the two different forms of autophagy activated and 

regulated?  

For nutrient-dependent autophagy the induction process has been long known and is 

studied in detail. The main regulator of this autophagy pathway is the mammalian target of 

rapamycin complex 1 (mTORC1), which, when nutrient levels are high, represses autophagy 

by phosphorylating ULK1 at serine residue 757 to repress its kinase activity (173) and 

therefore its ability to induce phagophore formation through phosphorylation of beclin-1 

(174), FIP200 (175) and ATG13 (176) (Figure 1.2.1). Vice versa, when nutrient levels are 

low, mTORC1 is inhibited and releases ULK1 to activate nutrient-dependent autophagy 

(172). Additional activation of ULK1 occurs by phosphorylation at serine residues 317 and 

777 by adenosine monophosphate-activated protein kinase (AMPK) when glucose levels 
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are low (173). In contrast to the well-studied induction of nutrient-dependent autophagy, the 

activation of selective autophagy has long been elusive. Researchers are just beginning to 

shed light on key molecules involved in this process. Interestingly, normal HTT was found 

to be a crucial protein involved in selective autophagy (58). Genetic screens revealed that 

HTT contains regions with structural similarity to three yeast proteins that are involved in 

selective autophagy, namely ATG23, Vacuolar protein 8 (Vac8), and ATG11 (57). The N-

terminal part of HTT resembles ATG23 (1-586 amino acids (aa)), whereas the C-terminus 

is similar to ATG11 (1743-3144 aa). The central part of HTT corresponds to Vac8 (807-1653 

aa) (57, 177) (Figure 1.3.2). It was demonstrated that the C-terminal part of HTT co-

immunoprecipitated with human orthologs of yeast ATG11-interacting proteins, such as p62, 

BNIP3, ULK1, FIP200, ATG13, the ATG8 homolog (GABA) receptor-associated protein like 

1 (GABARAPL1), as well as with the N-terminal reagion of HTT. The central part of HTT that 

resembles Vac8 co-immunoprecipitated with beclin-1 (57). Studies performed by another 

group showed co-immunoprecipiation of the central part of HTT with ULK1 (58). It was found 

that the latter interaction with ULK1 is crucial for the induction of selective autophagy. HTT 

binds ULK1 and thereby releases it from its inhibitory association with mTORC1. ULK1, 

when bound to HTT initiates autophagosome formation for selective autophagy (58). 

Another group recently reported that a myristoylated (myr) caspase 3 - and 6- HTT cleavage 

product, myr-HTT553-586, induced autophagosome formation, even in nutrient-rich conditions. 

Myristoylation of HTT553-586 was reduced with polyQ expansion and blocking myristoylation 

resulted in abrogation of autophagosome induction (178). It was shown that HTT553-586 

shares sequence homology with the Barkor/ATG14L autophagosome-targeting sequence 

(BATS) domain of ATG14L (178). This BATS domain is involved in sensing and maintaining 

membrane curvature of the phagophore and in the recruitment of ATG proteins to the 

isolation membrane (179). Furthermore, it was shown that alkyl chains of fatty acids (such 

as those found in myristate) can sense membrane curvature (180). Based on these findings 
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it was postulated that the myr moiety of HTT553-586 may be involved in facilitating membrane 

curvature, while the HTT553-586 fragment may stabilize membrane curvature and/or recruit 

ATG proteins to the phagophore (178). 

Not only does normal HTT facilitate the induction of selective autophagy, but it also functions 

as a scaffold for p62-mediated cargo recognition. It was proposed that p62 needs to be 

bound to HTT in order to be able to recognize, bind, and guide K63-polyubiquitinated 

proteins to autophagosomes. In line with this, knockdown of HTT results in diminished 

formation of p62 bodies, which are made up mostly of p62 and K63-polyubiquitinated 

proteins that are meant to undergo autophagic degradation (58). Expansion of the polyQ 

stretch in HD might be expected to affect HTT interaction with autophagic proteins. As 

detailed below, autophagy is indeed affected at multiple levels in HD. 

1.3.3 Impaired autophagy in HD 

Changes in autophagy in HD patients’ brains were described already in the 1970s, when an 

abnormal proliferation of endosomes and lysosomes was reported (181). In line with this 

finding, striatal neurons from HD patients showed an increase in endosome-lysosome-like 

organelles and HTT-immunoreactive tubuvesicular structures compared to healthy controls 

(182). In addition, enhanced autophagosome counts have been reported in HD mouse 

models and human fibroblasts from HD patients (67). What triggers the enhanced formation 

of autophagy related structures? It was found that mTORC1 is sequestered by mHTT 

aggregates, leading to inhibition of its activity and to induction of autophagy (142). Given 

this evidence, one might think that the rate of protein degradation is increased in HD. This 

is, however, not the case. Although autophagosomes form at normal or even enhanced 

levels in HD cells, they fail to efficiently trap specific cargo such as mitochondria, protein 

aggregates, or lipid droplets in their lumen (67). In electron micrographs HD 

autophagosomes appear empty. It has been proposed that reduced amount of cargo in 
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autophagosomes might be due to an increased and aberrant interaction between mHTT and 

p62, which would decrease the efficiency by which p62 performs cargo recognition and 

recruitment (67).  

In addition to its recently recognized role in selective autophagy, HTT is also involved in 

vesicular transport through its interaction with HAP1 (see section 1.1.4). Retrograde 

transport of autophagosomes is crucial to fusion with lysosomes and formation of 

autolysosomes. Recent evidence shows that in neurons, HTT and HAP1 colocalize with 

autophagosomes and mediate their intracellular transport by regulating dynein and kinesin 

motors. When mHTT was expressed in the same neurons, autophagosome transport and 

subsequent degradation of cargo was impaired (166). In another study, expression of mHTT 

in fibroblasts from HD patients was found to affect lysosomal positioning and to result in 

perinuclear lysosomal accumulation entailed by increased basal mTORC1 activity (183). 

The increased basal mTORC1 activity measured in this study stands in contrast to previous 

work describing decreased mTORC1 activity due to the complex being trapped within mHTT 

aggregates (142). 

1.4 GANGLIOSIDES IN THE BRAIN 

1.4.1 Gangliosides: complex glycosphingolipids with pleiotropic functions 

Gangliosides are sialic acid containing glycosphingolipids comprising a ceramide backbone 

and a complex oligosaccharide headgroup. Highest levels of gangliosides can be found at 

the plasma membrane with the sugar residues facing the extracellular space (184). 

Gangliosides are also present in smaller quantities inside the cell located to organelles or 

vesicles (184). De novo synthesis of gangliosides (reviewed by (184) and demonstrated in 

Figure 1.4.1) begins with the formation of ceramide (Cer) at the endoplasmic reticulum from 
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which it is transported via a yet unknown mechanism to the Cis-Golgi where it is inserted 

into the membrane facing the cytosolic side (184), glucosylated by the UDP-glucose 

ceramide glucosyltransferase (Ugcg) (185) and flipped to the lumen of the cis-Golgi stack 

(184). There, lactosyl-ceramide synthase catalyses the galactosylation of glucosyl-ceramide 

(Glc-Cer) to lactosyl-ceramide (Lac-Cer). Lac-Cer is then sialosylated to GM3 by the 

Lactosylceramide alpha-2,3-sialyltranferase (St3gal5, also known as GM3 synthase). GM3 

is sialosylated to GD3 by Alpha-N-acetylneuraminide alpha-2,8-sialyltranferase 1 (St8sia1, 

also known as GD3 synthase), and GD3 is sialosylated to GT3 by Alpha-N-

acetylneuraminide alpha-2,8-sialyltranferase 3 (St8sia3, also known as GT3 synthase). 

GM3, GD3, and GT3 give rise to a-series, b-series, and c-series gangliosides, respectively 

(184). In the adult brain, the most common gangliosides are GM1, GD1a, GD1b and GT1b 

(186), with the first two belonging to the a-series and the latter two to the b-series 

gangliosides. Beta-1,4 N-acetylgalctosaminyltranferase 1 (B4galnt1, also known as 

GM2/GD2 synthase) is the first enzyme involved in the synthesis of more complex 

gangliosides from GM3 and GD3 by attaching N-acetylgalactosamine and giving rise to GM2 

and GD2, respectively (184). GM2 and GD2 are galactosylated by Beta-1,3-

galactosyltransferase 4 (B3galt4, also known as GM1/GD1b synthase) to produce GM1 and 

GD1b, respectively. Beta-Galactoside alpha-2,3-sialyltransferase 2 (St3gal2, also known as 

GD1a/GT1b synthase) generates GD1a from GM1 and GT1b from GD1b (184). All 

glycosylations occur in the Golgi, with earlier glycosylations taking place in the cis/medial 

Golgi and later ones in the trans Golgi (187). Gangliosides leave the Golgi via budding 

vesicles to reach their final destination (184). They are primarily found at the outer leaflet of 

the plasma membrane, but are also located to intracellular membrane systems (186). In the 

plasma membrane, gangliosides together with proteins, sphingomyelin and cholesterol are 

components of membrane microdomains called ‘lipid rafts’ (188). There they take part in 

cell-cell-adhesion through direct interaction with membrane proteins or facilitating interaction 
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of other binding partners. In addition, gangliosides modulate cell signaling through regulating 

membrane receptor activities (186). Examples of biological processes activated by such 

ganglioside actions in the brain include neurite outgrowth and axon-myelin interaction for 

example (189, 190). While GM1 ensures proper compartmentalization of glial (neurofascin-

155) and axonal (contactin-associated protein 1) proteins in paranodal structures (191), both 

GD1a and GT1b interact with myelin-associated glycoprotein to ensure proper myelination 

of axons (192). In intracellular membranes gangliosides play a role in modulating biological 

processes such as clathrin-independent endocytosis (193), apoptosis (194), and autophagy 

(195). GD3 specifically has been shown to interact with autophagic molecules PI3P, LC3-II 

and Lysosome-associated membrane glycoprotein 1 (LAMP1), where it takes part in the 

biogenesis and maturation of autophagic vacuoles (196). Vice versa, reduced GD3 levels 

by knockdown of St8sia1 (encodes the enzyme that generates GD3 from GM3) lead to 

impairments in autophagy (196). Other gangliosides could play a role in the induction of 

autophagy in astrocytes, as a ganglioside mix containing GM1, GD1a, GD1b, and GT1b 

activated autophagy via activation of Nuclear factor κ-light-chain-enhancer of activated B 

cells (NF-κB) (195). GM1, one of the molecules present in the ganglioside mix, might play a 

role in autophagy. In fact, brains of mouse models with GM1 gangliosidosis, a genetic 

condition that leads to impaired degradation and accumulation of ganglioside GM1 within 

lysosomes (197), show enhanced autophagy (198). Inhibition of ganglioside synthesis 

(including GM1) in PD models lead to autophagy inhibition due to impaired autophagosome-

lysosome fusion, downregulation of beclin-1 and ATG5 and upregulation of mTORC1. 

Interestingly, GM1 administration reversed both lysosomal pathology and impairment of 

autophagy in these models (199, 200). Further specific functions of GM1 in the brain are 

discussed below (Chapter 1.4.2). 
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Defects in ganglioside synthesis cause severe neurodegeneration and neurological 

symptoms (201, 202), highlighting the crucial role of gangliosides in the nervous system. In 

humans, mutation of the gene encoding GM3 synthase results in expression of a 

dysfunctional enzyme leading to infantile-onset epilepsy syndrome, brain atrophy, and 

blindness (201). GM2/GD2 knockout mice display motor dysfunction and deficits in strength, 

coordination, and balance (203). Aberrant ganglioside synthesis has been described in 

Alzheimer’s disease (AD) (204), amyotrophic lateral sclerosis (ALS) (205) and HD (66). 

1.4.2 GM1 and its functions in the brain 

GM1 (Figure 1.3) is a ganglioside the structure of which is constituted by ceramide attached 

to a glycan made of glucose, galactose (2x), acetylgalactosamine, and N-Acetyl-

neuraminidate (sialic acid). The ceramide moiety of GM1 can have differing lengths and 

saturation of its fatty acid chain (206). GM1 is enriched in the brain and is a component of 

membrane microdomains known as lipid rafts (186). Besides residing in the plasma 

membrane, GM1 can localize to many different places in the cell, such as early, recycling 

and late endosomes, lysosomes, as well as to the trans Golgi network, and the endoplasmic 

reticulum. Depending on the length and saturation of its fatty acid chain, GM1 is trafficked 

differently in the cell (206). GM1’s cellular functions are manifold as it plays a role in ion 

transport, neuronal differentiation, neurotrophin signaling, cell-cell interactions, and 

modulating protein aggregation. 

Ion transport: GM1 has been shown to be able to modulate ion transport both at the plasma 

membrane and at intracellular loci. At the plasma membrane GM1 regulates Ca2+ influx 

through T type channels and transient receptor potential channel 5 (TRPC5) (207, 208). 

Intracellularly, GM1 plays a role in the Na+/Ca2+ exchange at the level of nuclear membranes 

and Ca2+ transfer form nucleoplasm to the ER lumen (209, 210). 
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Neuronal differentiation: In developing neurons, Ca2+ signaling is important for neurite 

outgrowth. As described above, GM1 modulates Ca2+ flux and therefore might be involved 

in neuronal development. In fact, very little GM1 levels are found during neuron migration 

and mitosis, but levels drastically increase during neurite outgrowth (190). It was shown that 

endogenous upregulation of GM1 leads to axonal outgrowth via activation of extracellular-

signal-regulated kinase (ERK) (211, 212), whereas exogenous application of GM1 triggered 

the formation of dendrites (213). Dendrite induction needs higher concentrations of GM1 (as 

is the case for exogenously administered GM1). It has been speculated that exogenously 

administered GM1 might have additional or even different effects than the endogenously 

produced ganglioside (214), due to differences in concentrations achieved, intracellular 

traffic and kinetics of incorporation into various cellular membranes, including the plasma 

membrane. Whereas endogenous GM1 is integrated into the plasma membrane and other 

intracellular membranes, most of the exogenously administered GM1 has been shown to be 

loosely associated with the membrane glycocalyx (215), and only part of it is internalized by 

endocytosis and redistributed to cellular membranes (216). 

Neurotrophin signaling: GM1 associates with a number of membrane receptors thereby 

modulating their activity. It has been shown to enhance nerve growth factor (NGF)-mediated 

activation of tropomyosin receptor kinase A (TrkA) (217), BDNF-mediated activation of 

tropomyosin receptor kinase B (TrkB) (218), and glial derived neurotrophic factor (GDNF)-

mediated activity of GDNF family receptor alpha-1-Ret (GFRα1-Ret) (219). In contrast to 

this, GM1 was shown to block platelet-derived growth factor (PDGF) signaling by forcing the 

PDGF receptor outside of lipid rafts (220).  

Protein aggregation: GM1 has been shown to affect aggregation of β-amyloid (Aβ) and α-

synuclein (α-syn), two proteins involved in the pathogenesis of Alzheimer’s (AD) and 

Parkinson’s Disease (PD), respectively (221, 222). Aβ aggregation is a hallmark of AD 
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pathology and causes neurotoxicity. Intraventricular infusion of GM1 had beneficial effects 

on early onset AD patients (5 subjects) in an open-label and uncontrolled clinical study, 

potentially through sequestration of Aβ by GM1, although a direct effect of GM1 on patient 

Aβ levels and neuropathology was not measured (223). In contrast, several studies have 

demonstrated a direct interaction of GM1 with Aβ, in vivo (224) and in vitro (225), and linked 

this binding to increased seeding and aggregation of Aβ and increased cytotoxicity (226). 

Therefore, the role of GM1 in AD remains controversial, especially in light of recent studies 

showing that genetic disruption of ganglioside biosynthesis (resulting in lack of GM1, but 

increased levels of the precursor ganglioside GM3) does not improve, but rather worsen, 

Aβ-related phenotypes in an animal model of AD (227). GM1 is also able to interact with and 

inhibit fibrillation of α-syn (222), the aggregation of which is a hallmark of PD pathology 

(228). In short, depending on the specific protein, GM1 can modulate aggregation potentially 

through direct interaction with aggregate prone proteins and/or induce conformational 

changes that lead to enhanced or decreased aggregation. 

Due to its neurotrophic and neuroprotective properties, the effect of GM1 on various 

neurological disorders such as stroke, Parkinson’s disease, and spinal cord injury was 

tested in animal models and in clinical trials. GM1 was suggested to have neuroprotective 

actions during ischemic lesions in the rat cortex (229), and ameliorated MPTP-induced 

parkinson-like symptoms in primates while increasing striatal dopamine levels and 

enhancing dopaminergic innervation of the striatum (230). Moreover, GM1 significantly 

accelerated the recovery of motor functions in a rat model of spinal cord injury (231). 

However, the outcomes of early clinical trials using GM1 as a potential treatment for stroke 

(232, 233), PD (234), or spinal cord injury (235, 236) were not as promising as the 

experiments in animal models. This might have been due to inadequate dosage of GM1 or 

its poor blood-brain-barrier permeability (237). However, in both stroke and PD the blood-
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brain-barrier is at least partially compromised (238, 239), suggesting that in these conditions, 

some of the peripherally-administered GM1 could reach the brain. A recent clinical trial in 

which GM1 was administered to PD patients showed more promising results. PD patients 

received subcutaneous injections of 200 mg GM1/day for an extended period of 120 weeks 

(early-start group) (240). A delayed start group received placebo for the first 24 weeks of the 

trial (delayed-start group). While the early-start group showed a significant improvement in 

motor scores at week 24, the delayed-start group displayed significant decline on the same 

tests. The study also showed that use of GM1 for up to 120 weeks resulted in slower disease 

progression. Positron emission tomography analysis of dopamine transporter (DAT) binding, 

which correlates inversely with PD progression, revealed increased binding in some striatal 

regions in patients that had received GM1 (241). A long-term treatment study (5 years) in 

which PD patients received GM1 by subcutaneous injection supports long-term safety and 

efficacy of exposure to GM1 (242). 

1.4.3 Gangliosides in HD 

Recently, Dr. Sipione’s research group reported that HD cells produce decreased levels of 

specific gangliosides (66). While GD1a levels were reduced in YAC128 cortex, GT1b 

abundance was lower in the YAC128 striatum (the YAC128 mouse model is described in 

chapter 1.5.1). GM1 levels were decreased in three different cell models of HD (namely 

STHdh111/111 cells, HTT N548-128Q cells, and human fibroblasts from HD patients) and in 

YAC128 cortical and striatal tissue lysates. In the brain, the decrease in GM1 levels could 

be cell-type specific as it is recapitulated in primary cultures of HD neurons, but not in 

primary cultures of astrocytes (66). Whether astrocytes and other brain non-neuronal cells 

have impaired ganglioside synthesis in vivo remains to be investigated. Real-time PCR 

analysis of enzymes involved in the synthesis of GD1a, GT1b, and GM1 revealed decreased 

expression of B3galt4 (GM1/GD1b synthase) in the three HD cell lines mentioned above. 
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Expression of this enzyme was also downregulated in YAC128 cortex, along with St8sia1 

(GD3 synthase). In the YAC128 striatum, lower expression levels of Ugcg (UDP-glucose 

ceramide glucosyltransferase), St3gal5 (GM3 synthase), B4galnt1 (GM2/GD2 synthase), 

and St8sia3 (GT3 synthase) were detected. Together, these results suggest that mHTT 

affects the synthesis of specific gangliosides by interfering with expression of enzymes 

involved in this process. Two studies analyzing GM1 levels in postmortem HD patients 

showed an increase in the cerebellum, a brain area that is relatively spared in HD, and no 

statistically significant difference in the caudate, respectively (243, 244). However, due to 

the low number of human brains analyzed and potential confounding effects related to the 

stage of neurodegeneration, neuronal loss and astrogliosis in post-mortem tissue, it is still 

unclear whether GM1 levels are affected in HD patients’ brains. Reduced plasma membrane 

levels of GM1 made STHdh111/111 cells more susceptible to stressful stimuli and to undergo 

apoptosis. Exogenous administration of GM1 restored normal GM1 plasma membrane 

levels in these cells and protected them from cell death. Interestingly, when GM1 synthesis 

in normal STHdh7/7 cells was inhibited using the pharmacological Ugcg inhibitor D-threo-

PPMP (PPMP), the cells became more susceptible to apoptosis and resembled the 

STHdh111/111 cell phenotype, suggesting that reduced GM1 content in HD cells is causative 

of cell dysfunction. Further studies by our group revealed that chronic intraventricular 

infusion of GM1 restores motor and non-motor functions in HD mouse models (245-247). 

The precise mechanism underlying the profound therapeutic effects of GM1 are still unclear. 

There is evidence, however, that GM1 administration leads to the activation of the pro-

survival kinase protein kinase B (AKT) (66). Besides its pro-survival functions, AKT can 

phosphorylate mHTT at amino acid Ser421, a post-translational modification that was shown 

to decrease mHTT cleavage and toxicity (248). However, inhibiting the PI3K/AKT pathway 

led only to a partial loss of GM1 neuroprotection in an HD cell model, indicating that other 

pro-survival mechanisms must be activated at the same time (66). Another effect of GM1 
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administration is the phosphorylation of amino acid residues Ser13 and Ser16 in the N-

terminal region of mHTT (245). Phosphorylation at these residues has been shown to be of 

great therapeutic importance, as transgenic mice expressing phosphomimetic (S13D, S16D) 

mHTT showed reduced motor and psychiatric symptoms, decreased mHTT aggregates and 

decreased neurodegeneration (249). The mechanism/s by which phosphorylation at these 

residues decreases mHTT toxicity is/are still under investigation. It has been suggested that 

this post-translational modification might alter the kinetics of aggregation of mHTT fragments 

(249). In addition, phosphorylation at Ser13 and Ser16 has been shown to trigger mHTT 

acetylation at Lys444 and subsequent protein degradation by autophagy (250).  

1.5 MODELING HD 

1.5.1 Mouse models 

Mouse models of HD are meant to provide insight into disease pathology and mechanisms 

and into the effect of potential therapeutic strategies. HD mice, therefore, need to display 

typical neuropathology, cellular dysfunction, and symptoms found in human patients. Before 

the discovery of the HTT mutation in 1993, the study of HD in rodents involved the use of 

toxins such as quinolinic acid (251) or 3-nitropropionic acid (252), which induce excitotoxicity 

and mitochondrial impairment, respectively, and striatal neurodegeneration. The discovery 

of the disease-causing gene, however, lead to the generation of various transgenic and 

knock-in mouse models expressing full-length HTT or HTT fragments with polyQ expansions 

of various lengths. Since these mice carry a similar genetic defect to humans, both HD 

pathology and progression in these models mirror the human disease more closely than 

previous chemical animal models. The three mouse models used in my studies are 

discussed below. 
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The R6/2 mouse model is a very commonly used transgenic model with a CBAxC57BL/6 

background that overexpresses mutant exon 1 of the human HTT gene with 144 CAG 

repeats (87). The large number of repeats corresponds to HD with an early (or juvenile) 

onset in human patients. R6/2 mice show early behavioural symptoms that include resting 

tremor, chorea-like movements, and clasping behaviour (87). By 5 weeks of age R6/2 mice 

show progressive decline in motor ability as revealed by rotarod and beam walking test 

(253). These mice display progressive and more widespread brain atrophy than in human 

HD patients with loss of 44% total brain and 41% striatal brain mass at 12 weeks and 

neuropil aggregates can be found throughout the brain (87). R6/2 mice die young at 10 to 

13 weeks of age (87). 

The yeast artificial chromosome 128 (YAC128) mouse model is another commonly used 

transgenic model, originally developed on an FVB/N background, that overexpresses the 

full-length human HTT gene with 128 CAG repeats under control of the human HTT 

promoter (254). Motor symptoms in these mice occur between 8 and 12 weeks of age and 

are represented by hyperkinesia in an open field test and decreased performance on the 

rotarod. These behavioral changes correlate with reduced striatal and cortical volume, 

decreased striatal neuron count and brain weight. Striatal volume is decreased by 15% at 9 

months of age, and cortical volume is decreased by 7% at 12 months of age (254). Similar 

to the human disease, which progresses from chorea to dystonia and rigidity, in these mice 

an initial hyperkinetic behavior (at 3 months of age) is followed by hypokinesia (at 6 months 

of age) (255). YAC128 mouse brains show mHTT inclusions in striatal cells at 18 months 

(254). As these mice display a normal life span, they make a good model to study long-term 

therapeutic effects of drugs. 

The HdhQ140 (Q140) mouse model is a knock-in mouse model with a C57BL/6 background 

generated by knock-in of the first exon of the human HTT gene containing 140 CAG repeats 
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into the endogenous mouse HTT gene (256). Both heterozygous (Q7/Q140) and 

homozygous (Q140/Q140) mice were developed and characterized. Phenotypically, both 

HD mouse models are similar as they show the same extend of motor deficits by 10 weeks 

of age on both fixed and accelerated rotarod (257). In addition, both homo- and 

heterozygous Q140 mice show a progressive decrease in cortical thickness starting at 6 

months of age (257). A study focused on neuropathological changes in homozygous Q140 

mice, detected a 38% loss in striatal volume and 40% reduction in the number of striatal 

neurons compared to WT control mice (258). Nuclear and neuropil inclusion bodies can be 

found in the striatum, cortex, hippocampus, and cerebellum of Q140 mice (256). Like the 

YAC128 mouse model, Q140 mice display a normal life-span, which makes them another 

attractive model for long-term therapeutic studies (4). 

1.5.2 Cell models 

Cell models of HD represent a useful tool to study molecular mechanisms underlying cell 

dysfunction in HD in a cell type specific manner. Many neuronal and non-neuronal cell lines 

have been established to study the effects of full-length HTT or HTT fragments containing 

various lengths of the polyQ stretch on intracellular processes. Cell lines provide a good and 

fairly convenient approach to screen therapeutic compounds and to study their effects, 

before testing in more expensive and complex animal models. The two HD cell models used 

in my studies are described below. 

STHdhQ7/Q7 and STHdhQ111/Q111 cells are mouse striatal knock-in cells derived from striatal 

tissue of STHdh knock-in mice at embryonic day 14 and express full-length endogenous 

mouse HTT with a polyQ sequence containing either 7 or 111 glutamines (259). Both WT 

and HD cells were immortalized with a temperature-sensitive form of the SV40 Large T 

antigen (260), which is stable at 33ºC and binds p53, thereby keeping cells in a constant 

state of cell division and preventing apoptosis. When these cells are grown at 39ºC the SV40 
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Large T antigen is slowly degraded, with consequent release of p53 and induction of 

apoptosis. The striatal origin of STHdhQ111/Q111 cells and the fact that they show many of the 

cellular impairments and enhanced susceptibility to cell death seen in HD makes these cells 

a good model to study further the molecular mechanisms induced by mHTT and to 

investigate the effects of therapeutic compounds. 

The fact that mHTT fragments occur in HD cells and HD patients brains and are believed to 

be even more toxic than the full-length protein, have made cell lines expressing mHTT 

fragments a useful tool to study the cellular effects of fragments of various lengths. In my 

studies I used immortalized rat striatal cells (ST14A) stably overexpressing the first N-548 

amino acids of the human HTT protein with 15Q (HTT N548-15Q) or 128Q (HTT N548-

128Q) (48). I also used ST14A cells transiently overexpressing HTT exon 1 with 25Q (WT) 

or 72Q (HD) and fused to the green fluorescent protein (GFP) for easy detection of 

transgene expression. 
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1.6 GENERAL HYPOTHESIS AND AIMS OF THIS MASTER THESIS 

Based on the information summarized above, the overall goal of my thesis was to determine 

whether the therapeutic effects of GM1 in cell and animal models of HD are due, at least in 

part, to changes in the accumulation of mHTT soluble protein or protein aggregates and to 

increased aggregate clearance by autophagy. The overarching hypothesis of my thesis is 

that 

the beneficial effects of GM1 in HD models are at least in part mediated by stimulation 

of autophagy and restoration of cargo recognition in selective autophagy, with 

consequent enhancement of mHTT clearance. 

In chapter 3.1 I will address the question of whether GM1 decreases accumulation of soluble 

and insoluble forms of mHTT in HD mouse and cell models. I will present immunoblotting 

data for monomeric full-length HTT and N-terminal HTT fragment levels, and the results of 

a filter trap assay for mHTT aggregates. 

In chapter 3.2 I will address the question of whether GM1 can trigger autophagy induction 

and/or increase autophagic flux. I will show immunoblotting data for the autophagy markers 

LC3-II and p62 and the analysis of intracellular localization of the chimeric protein RFP-

EGFP-LC3, overexpressed in HD cells in order to measure autophagic flux. 

In chapter 3.3 I will test the hypothesis that GM1 restores a normal interaction between 

mHTT and p62. I will show the results of co-immunoprecipitation studies to assess the 

interaction of wt and mHTT with p62 before and after treatment with GM1. 
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1.7 FIGURES 

 

Figure 1.3.1: Molecular mechanism of autophagy. Autophagy can be induced by lack of 

nutrients such as amino acids and glucose or lack of serum and growth factors, which are 

sensed by AMPK and mTORC1. MTOR is a negative regulator of autophagy and represses 

autophagy by phosphorylating ULK1. AMPK can phosphorylate and activate ULK1 when 

glucose levels are low. Active ULK1 forms a pre-initiation complex with ATG13 and FIP200, 

which in turn activates the class III PI3K or initiation complex essential for phagophore 

elongation and recruitment of ATG proteins. LC3 processing and recruitment to the 

phagophore depend on two ubiquitin-conjugation systems: ATG4 cleaves LC3 to generate 

LC3-I to which a PE residue is attached with help from ATG7 and ATG3 to yield LC3-II. 

ATG7 and ATG10 mediate conjugation of ATG12 to ATG5 which, together, form a complex 

with ATG16L. This complex recruits LC3-II to the phagophore which engulfs cargo and 



 
34 

 

closes into an autophagosome. Autophagosomes fuse with lysosomes that contain 

degradative enzymes to form autolysosomes, where the cargo is degraded (157).  

 

 

 

 

 

 

 



 
35 

 

 

Figure 1.3.2: Huntingtin is a key player in cargo recognition and induction of selective 

autophagy. The HTT protein contains regions with structural similarity to three yeast 

proteins that are involved in selective autophagy, namely ATG23, Vac8, and ATG11. HTT 

has binding sites for ULK1 and p62 (amongst binding sites for other autophagy related 

proteins that are not shown). HTT binds ULK1 and causes its release from its inhibitory 

interaction with mTORC1. ULK1 is subsequently activated by phosphorylation and induces 

autophagosome formation. P62 can only recognize K63-polyubiquitinated cargo and deliver 

it to the autophagosome, when it is bound to HTT (261). 
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Figure 1.4.1: Ganglioside biosynthesis. De novo synthesis of gangliosides begins with 

glycosylation of ceramide (Cer) to glycosylceramide (GlcCer) by UDP-glucose ceramide 

glucosyltransferase (Ugcg). Galactosylation of GlcCer leads to the synthesis of lactosyl-

ceramide (LacCer), which gives rise to the asialo-series of gangliosides, or which is further 

sialosylated to GM3 by Lactosylceramide alpha-2,3-sialyltranferase (St3gal5). GM3 is 

sialosylated to GD3 by Alpha-N-acetylneuraminide alpha-2,8-sialyltranferase 1 (St8sia1), or 

to GM2 by Beta-1,4 N-acetylgalctosaminyltranferase 1 (B4galnt1), giving rise to the a-series 

of gangliosides. GD3 is sialosylated by B4galnt1 to give rise to b-series gangliosides, and 

to GT3 by Alpha-N-acetylneuraminide alpha-2,8-sialyltranferase 3 (St8sia3) to give rise to 

the c-series of gangliosides (66). 
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Figure 1.4.2: Ganglioside GM1. GM1 contains a ceramide backbone and attached 

oligosaccharides, which contains one sialic acid residue. The ceramide backbone can vary 

in length and saturation of fatty acid chains. The hydrophobic ceramide moiety of GM1 

integrates into membranes where GM1 contributes to form microdomains known as lipid 

rafts (262). 
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2 MATERIAL AND METHODS 

2.1 CHEMICALS 

The following chemicals and reagents were used in my studies: GM1 (synthetic, Seneb 

BioSciences Inc. or bovine, Alexis Biochemical), artificial cerebrospinal fluid (CSF, Harvard 

Apparatus), Dulbecco’s modified Eagle’s medium (DMEM) high glucose (HyClone), fetal 

bovine serum (Sigma), L-glutamine (Gibco), Sodium (Na) pyruvate (Gibco), geneticin (G418, 

Gibco), Opti-Minimal Essential Medium (Opti-MEM, Gibco), Earl’s balanced salt solution 

(EBSS, Sigma), bafilomycin A1 (baf, Sigma), ammonium chloride (NH4Cl, Sigma), MG132 

(EMD), cycloheximide (Sigma), TRIZMA base (Tris, Sigma), hydrogen chloride (HCl, 

Fisher), Igepal CA-630 (NP40, Roche), ethylene diamine tetraacetic acid (EDTA, Sigma), 

ethylene glycol tetraacetic acid (EGTA, Sigma), protease inhibitor cocktail (Roche), 

PhosStop phosphatase inhibitor cocktail (Roche), acrylamide (Biorad), ammonium 

persulfate (APS, Sigma), tetramethylethylenediamine (TEMED, Sigma), sodium dodecyl 

sulfate (SDS, Sigma), glycine (Fisher), methanol (Fisher), Tween-20 (Sigma), dithiothreitol 

(DTT, Sigma), poly-L-lysine (Sigma), paraformaldehyde (PFA) (Sigma), ProLong gold 

mounting media (Life Technologies), urea (Sigma), dimethyl pimelimidate (DMP, Sigma), 

triethanolamine (Sigma)   

2.2 ANTIBODIES 

Primary antibodies used in this study were: Mouse monoclonal anti-HTT (MAB2166, 1:5000; 

Millipore) was used to detect monomeric full-length HTT and N548-terminal HTT fragments 

in HTT N548-15Q or HTT N548-128Q cells. Goat polyclonal anti-GFP (1:2000; gift from Dr. 

Luc Berthiaume, University of Alberta, Edmonton, AB, Canada) and rabbit polyclonal anti-

HTT (PW0595, 1:10,000, Enzo) were used to detect transiently transfected chimeric GFP-

HTT fragments in ST14A cells. Rabbit polyclonal anti-HTT (N18, 1:10,000; gift from Dr. R. 
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Truant, McMaster University, Hamilton, ON, Canada), mouse monoclonal anti-HTT (MW8, 

1:2000; Developmental Studies Hybridoma Bank), mouse monoclonal anti-HTT (EM48, 

1:1000; Chemicon), and rabbit polyclonal anti-HTT (PW0595, 1:2000; Enzo Life Sciences) 

were used to detect mHTT aggregates. The antibodies MW8 and EM48 recognize 

specifically aggregated forms of mHTT, but not the soluble protein. Mouse monoclonal anti-

HTT antibodies (MAB2166 and MAB2168, 2 μL per immunoprecipitation; Millipore) and 

mouse IgG1 isotype control (ab18448-500, 20 μL per immunoprecipitation; Abcam) were 

used for co-immunoprecipitation experiments. Rabbit polyclonal anti-LC3B (2775, 1:1000; 

Cell Signaling), mouse monoclonal anti-p62 (ab56416, 1:500; Abcam), mouse monoclonal 

anti-α-tubulin (T5168, 1:10,000; Sigma-Aldrich), mouse monoclonal anti-ubiquitin (3936, 

1:1000; Cell Signaling) were used for autophagy studies. 

Secondary antibodies: IRDye 800CW and IRDye680RD (1:10,000; LI-COR). 

2.3 ANIMAL MODELS 

Three different transgenic and knock-in mouse models of HD were used in this study. They 

differ for genetic background, severity of neuropathology and symptoms as indicated below.  

HdhQ140 mice: Knock-in mouse model on a C57BL/6 background (herein referred to as 

Q140) were generated by knock-in of the first exon of the human HTT gene containing 140 

CAG repeats into the endogenous mouse Htt gene (256). Both homozygous (Q140/Q140) 

and heterozygous (Q7/Q140) animals, as well as WT (Q7/Q7) littermates were used in this 

study.  R6/2 mice: Transgenic HD mice on a CBAxC57BL/6 background that overexpress 

exon 1 of the human HTT gene with 144 CAG repeats (87). YAC128 mice: Transgenic mice 

on an FVB/N background that overexpress the full-length human HTT gene with 128 CAG 

repeats (254). YAC128 and Q140 mice were originally obtained from the Jackson 
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Laboratories and maintained in our animal facility at the University of Alberta. R6/2 mice 

were purchased from the Jackson Laboratories at 5-7 weeks of age to use for experiments. 

All procedures on animals were approved by the University of Alberta’s Animal Care and 

Use Committee and were in accordance with the guidelines of the Canadian Council on 

Animal Care. 

2.4 CELL MODELS 

STHdhQ7/Q7 and STHdhQ111/Q111: Mouse striatal knock-in cells derived from striatal tissue of 

STHdh knock-in mice at embryonic day 14 (259) and immortalized with a temperature-

sensitive form of the SV40 Large T antigen (260). These cells will be referred to as 7/7 and 

111/111 cells in this thesis. They express full-length endogenous mouse HTT with a polyQ 

sequence containing either 7 or 111 glutamines. The cells were a gift from Dr. M.E. 

MacDonald (Massachusetts General Hospital, Boston, MA, USA) and were maintained in 

DMEM containing 4500 mg/L glucose, 10% fetal bovine serum, 2 mM L-glutamine, 0.11 g/L 

Na pyruvate, and 400 μg/mL G418.  ST14A, HTT N548-15Q or HTT N548-128Q: 

Immortalized rat striatal cells (ST14A), stably transfected with pLXSP vector expressing the 

first N-548 amino acids of the human HTT protein with 15Q (HTT N548-15Q) or 128Q (HTT 

N548-128Q) (48). These cells were a gift from Dr. E. Cattaneo (University of Milan, Milan, 

Italy) and were maintained in DMEM containing glucose, 10% fetal bovine serum, 2 mM L-

glutamine, and 0.11 g/L Na-Pyruvate. 

All cell lines used in this study were maintained at the permissive temperature of 33ºC (to 

ensure integrity of the immortalizing SV40 Large T Antigen – (260)) in 5% CO2 and used 

between passage number 8 and 36. All cells were seeded one day prior to the start of the 

experiment to reach a confluence between 80 and 90% with the exception of RFP-EGFP-

LC3 transfected cells that were seeded to reach a confluence between 55 and 65%. 
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2.5 CHRONIC GM1 ADMINISTRATION IN VIVO 

Chronic administration of synthetic GM1 was previously described (245). Briefly, mice were 

anesthetized either intraperitoneal injection of 100/20 mg/kg ketamine/xylazine 

(Wyeth/Bayer) for YAC128 or isoflurane (PPC, DIN 02237518) at 4% in oxygen for induction 

and 1-2% in oxygen for maintenance for Q140 and R6/2 mice. Then, a microcannula 

connected to an osmotic pump (Alzet, 28 d: flow-rate 0.25 μL/h; 42 d: flow-rate 0.15 μL/h) 

was stereotaxically inserted into the right ventricle (1.25 mm right lateral, 0.6 mm posterior 

to bregma, 3 mm deep). The osmotic pump – implanted subcutaneously in the mouse’s back 

- infused a solution of 3.6 mM (28 d-pump, in R6/2 and YAC128 mice) or 6 mM GM1 (42 d-

pump in Q140 mice) for 28 or 42 days, respectively. Synthetic GM1 was used in experiments 

with R6/2 and YAC28 mice, while bovine GM1 was used in Q140 mice. Treatment started 

when mice displayed motor symptoms, i.e. between 6 and 8 months of age for Q140, 8 

weeks of age for R6/2 and between 5 and 6 months of age for YAC128 mice. 

2.6 CELL TREATMENTS 

i) Analysis of steady-state HTT levels: ST14A cells were transiently transfected 24 h before 

treatment (for details on transfection, see section 2.7) and plated for experiments 6 h after 

transfection. Transiently transfected ST14A cells and HTT N548-15Q/128Q cells were 

treated with 50 μM synthetic or bovine GM1, respectively, in serum-free medium (SFM) at 

33ºC for the indicated time. 

ii) Analysis of autophagy markers: For bafilomycin titration experiments, 7/7 and 111/111 

cells were treated with the indicated bafilomycin A1 concentrations (50 - 200 nM) or 20 mM 

NH4Cl in serum-free medium for 4 h. To assess GM1 effects on autophagy, 7/7, 111/111, 

HTT N548-15Q and HTT N548-128Q cells were treated with 50 μM bovine GM1 (except for 

the experiment where cells were incubated with GM1 for 4 h, where synthetic GM1 was 
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used) in SFM for the indicated time. Where indicated, cells were exposed to 100 nM 

bafilomycin 1A (1 - 4 h) (to block autophagic flux and protein degradation). Incubation with 

5 μg/mL cycloheximide for the indicated time at 33ºC was used to inhibit protein synthesis 

and to study autophagic degradation of p62. To measure autophagic flux using the RFP-

EGFP-LC3 chimeric protein, 111/111 cells were transiently transfected (for details on 

transfection see section 2.7) 24 h before starting treatment with 50 μM synthetic GM1 (or 

vehicle) in SFM for 3 h. Controls with low or high levels of autophagy were generated by 

growing cells in nutrient-rich growth medium or nutrient-depleted medium (EBSS), 

respectively, for 3 h. 

iii) Co-immunoprecipitation of HTT with p62 and p62 sequestosome studies: Cells were 

grown in regular growth medium. Where indicated, cells were exposed to 10 μM MG132 for 

5 h to enhance proteasome inhibition-induced autophagy prior to incubation with 50 μM GM1 

(bovine) for 10 min to study possible GM1 effects on HTT-p62 interaction. 

2.7 TRANSIENT TRANSFECTION 

For assessment of steady-state HTT fragment levels in response to GM1, ST14A cells were 

transiently transfected with pEGFP/C1 control vector (Clontech), or with wt (Exon 1-25Q-

GFP) or mHTT (Exon 1-72Q-GFP) N-terminal fragments tagged with the green fluorescent 

protein (GFP) as a fusion protein. These constructs were a gift from Dr. D. Housman 

(Massachusetts Institute of Technology, Cambridge, MA, USA). Transient transfection was 

performed using Lipofectamine® 2000 (Invitrogen) according to manufacturer’s instructions. 

Briefly cells were seeded in 100 mm dishes one day prior to transfection to reach a 

confluence between 80 and 90%. Eight μg of DNA were used together with 10 μL Plus 

reagent and 48 μL Lipofectamine in 1000 μL Opti-Mem and added to cells. Six h after 
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transfection cells were trypsinized and plated to reach a confluence of 75-80% the next day 

for experiments (see section 2.6 i).. 

To determine autophagic flux, 111/111 cells were transiently transfected with a vector 

expressing an RFP-EGFP-LC3 chimeric protein (gift from Dr. I. S. Goping, University of 

Alberta, Edmonton, AB, Canada). Transfections were performed with the NucleofectorTM 2b 

Device (Lonza) and the Amaxa Cell Line Nucleofector Kit V (Lonza) according to the 

manufacturer’s instructions. Briefly, 2 X 106 cells were resuspended in 100 μL SG solution 

containing 8 μg DNA and transfected by applying the Amaxa program CM137. 

2.8 PREPARATION OF CELL AND BRAIN LYSATES 

All steps were performed on ice or at 4ºC. Unless otherwise stated, cells were washed once 

with PBS and lysates were prepared in NP40 lysis buffer (NLB: 20 mM Tris-HCl, pH 7.4, 1% 

NP40, 1 mM EDTA, 1 mM EGTA, 50 μM MG132, 1 X protease inhibitor cocktail and 1 X 

PhosStop phosphatase inhibitor cocktail) by homogenization through a 27-gauge needle (10 

times) using an 1 mL syringe followed by sonication (2 x 10 sec, power intensity 1). Lysates 

were incubated on ice for 30 min and centrifuged at 14000 rpm for 10 min at 4ºC.  

Mice were euthanized by cervical dislocation, then cortex and striatum were dissected out 

and snap-frozen in liquid nitrogen. Brain areas were immediately homogenized in NLB using 

a motor-driven Potter-Elvehjem PTFE pestle and performing 10 (cortex) or 8 (striatum) 

strokes at approximately 800 rpm. Lysates were incubated on ice for 30 minutes, then 

sonicated 2 x for 10 sec and finally centrifuged at 14000 rpm for 10 min at 4ºC. Supernatants 

were used as tissue lysates for detection of HTT and autophagic markers. Lysates for Filter 

Trap Assay were not centrifuged after sonication. 
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BCA Assay (Pierce) was carried out according to manufactures instructions to determine 

protein concentrations. Briefly, 25 μL of 1:10 diluted lysate were used per well (96-well 

plate). Quantitation was carried out in duplicates for cell lysates and in quadruplicates for 

tissue lysates.  

2.9 DETECTION OF SOLUBLE AND INSOLUBLE P62 FRACTIONS 

Cells were homogenized in Triton lysis buffer (TLB: 20 mM Tris-HCl, pH 7.4, 1% Triton X100, 

150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 50 μM MG132, 

1 X protease inhibitor cocktail and 1 X PhosStop phosphatase inhibitor cocktail) by 

homogenization through a 27-gauge needle using an 1 mL syringe, followed by incubation 

on ice for 30 min. Protein concentrations were measured by BCA-Assay (see section 2.8). 

Forty μg of protein lysates were diluted in equal volumes of TLB. After centrifugation at 

14,000 rpm for 10 min at 4ºC, supernatants (soluble p62 fraction) were resolved by SDS-

polyacrylamide gel electrophoresis (PAGE). Pellets (insoluble p62 fraction) were washed 

once with 50 μL TLB, centrifuged at 14,000 rpm for 10 min at 4ºC, resuspended by 

incubation in SDS-urea buffer (2% SDS, 6 M urea) for 30 min at rt with vortexing every 10 

min and finally resolved by SDS-PAGE using 4-15% gels. 

2.10 CO-IMMUNOPRECIPITATION OF HTT AND P62 

Cells were lysed in TLB as reported in section 2.9. Co-immunoprecipitation (co-IP) was 

performed on whole lysates that were not subjected to a clearing centrifugation step, to avoid 

loss of HTT insoluble aggregates. 0.8 mg protein in 300 μL TLB and a combination of 

MAB2166 and MAB2168 antibodies (2 μL/co-IP) cross-linked to 50 μL/co-IP Dynabeads® 

Protein G (Life Technologies) were used for the co-IP overnight at 4ºC. Antibody cross-

linking was performed as follows: After incubation of beads with the indicated antibodies for 

30 min at rt on a rotating shaker, beads were washed twice in 1 mL 0.2 M triethanolamine, 
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pH 8.2. Then antibodies were cross-linked by resuspending beads in 1 mL 20 mM DMP in 

0.2 M triethanolamine and incubating at rt for 30 min. The reaction was terminated by 

resuspending the beads in 1 mL 50 mM Tris, pH 7.5 and incubation at rt for 15 min. The 

beads were then washed 3 x with 1 mL 0.01% Tween-20/PBS before use for co-IP. 

Immunoprecipitated material, supernatants (one tenth of the co-IP volume), and inputs (80 

ug) were resolved by SDS-PAGE using 4-15% gels.  

2.11 IMMUNOBLOTTING 

4-12% SDS-PAGE gradient gels were used for separation of most proteins. Exceptions were 

LC3-II, which was separated on 14% SDS-PAGE gels, transiently transfected N-terminal wt 

and mHTT fragments, which were loaded on 10% SDS-PAGE gels, and samples from co-

IP and p62 sequestosome studies, which were loaded on 4-15% gels. Protein samples 

boiled in SDS-Laemmli buffer were separated by SDS-PAGE and transferred to Immobilon-

FL PVDF membrane (Millipore). Transfer conditions for all but full-length HTT protein were 

100 V for 1 h in 25 mM Tris and 192 mM glycine transfer buffer containing 20% methanol. 

Full-length HTT and protein aggregates were transferred at 30 V overnight at 4ºC in 25 mM 

Tris and 192 mM glycine buffer containing 0.05% SDS and 16% methanol. After transfer, 

membranes were blocked with 5% BSA in Tris-buffered saline (TBS) containing 0.1% 

Tween-20 (TBS-T) (exception: membranes from co-IP and p62 sequestosome studies were 

blocked in 5% BSA/TBS without Tween-20) for 1 h at rt and incubated with primary 

(overnight at 4ºC) and appropriate IRDye (LICOR) secondary antibodies (1 h at rt) in 5% 

BSA/TBS-T. Signals were detected by the Odyssey Infrared Imaging System (LICOR) and 

quantified using Odyssey application software version 3.0 (LICOR). 
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2.12 FILTER TRAP ASSAY 

Thirty μg of protein lysates (which had not been subjected to centrifugation to remove 

cellular debris) were denatured and reduced in 2% SDS and 100 mM DTT (final sample 

volume: 100 μL) at 100 °C for 10 min. Samples were then filtered through a cellulose acetate 

membrane (0.2 μm pore size, Sterlitech) in a Bio-Dot microfiltration unit (Bio-Rad), using a 

manifold vacuum pump. The membrane was washed 2 x with 200 μL PBS and then left to 

dry for 30 min prior to further washing 3 x with 2% SDS in PBS to remove all SDS-soluble 

proteins. The membrane was then blocked with 5% BSA/TBS-T and incubated with the 

indicated primary (overnight at 4ºC) and appropriate IRDye secondary antibodies (1 h at rt) 

in 5% BSA/TBS-T. Signals were detected by the Odyssey Infrared Imaging System (LICOR) 

and quantified using the Odyssey application software version 3.0 (LICOR). 

2.13 ANALYSIS OF AUTOPHAGIC FLUX BY CONFOCAL MICROSCOPY 

111/111 cells transfected with RFP-GFP-LC3 were plated onto poly-L-lysine-coated 

coverslips. The following day, cells were incubated with nutrient-rich growth medium, EBSS, 

or with 50 μM synthetic GM1 (or vehicle) in SFM for 3 h and then fixed with 4% PFA in PBS 

for 15 min at rt. Coverslips were mounted using ProLong gold mounting media and let dry 

for 1 d at rt. Images were acquired as 0.3 μm z-stacks using a Zeiss LSM 710 confocal 

microscope and 63X objective, and underwent deconvolution using Huygens Essential X11 

software (Scientific Volume Imaging). Whole cell images were reconstructed from z-stacks 

using Imaris 7.4 software (Bitplane). Yellow (RFP-GFP-LC3 in autophagosomes) and red 

puncta (RFP-GFP-LC3 in autolysosomes) were counted in each transfected cell. A total 

number of 23 untreated and 31 GM1 treated cells were examined. An estimate of autophagic 

flux was obtained by calculating the ratio of red puncta over yellow puncta. 
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2.14 STATISTICAL ANALYSIS 

Two-way ANOVA followed by multiple comparisons Bonferroni test was used to compare 

genotype and treatment groups in all experiments that involved WT and HD mice treated 

with GM1 or vehicle. One-way ANOVA analysis followed by Bonferroni post-test was used 

to compare differences among three groups (WT CSF, HD CSF, and HD GM1). Unpaired 

two-tailed t-test analysis was performed to compare soluble and aggregated HTT levels in 

HD mice, and to compare soluble N-terminal fragment levels in HTT-N548-15Q/128Q- and 

transiently transfected ST14A cells at individual time-points. Unpaired t-test analysis was 

also performed to assess potential differences in autophagic markers LC3-II and p62 in 

striatal cells at individual time-points and to compare untreated and GM1-treated RFP-GFP-

LC3 transfected 111/111 cells. All comparisons were performed using a statistical 

significance level of 0.05. 
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3 RESULTS 

3.1 EFFECTS OF GM1 TREATMENT ON MHTT LEVELS AND MHTT 

AGGREGATES 

Decreasing mHTT levels by activation of autophagy was shown to be beneficial in HD cell 

and animal models (142, 143). We have demonstrated that ganglioside GM1 confers 

neuroprotection to HD cells and restores motor deficits in HD mouse models (66, 245). GM1 

increased phosphorylation of mHTT at serine residues 13 and 16 (245), a post-translational 

modification that has been proposed to increase mHTT degradation (250). To investigate, 

whether treatment with GM1 results in decreased mHTT levels, WT (Q7/Q7), heterozygous 

(Q7/Q140) and homozygous Q140/Q140 knock-in mice underwent chronic ventricular 

infusion with GM1 (or vehicle) for 42 days. Motor and non-motor tests were performed before 

and during the treatment phase and showed a dramatic improvement of motor and non-

motor dysfunction in GM1-treated Q7/Q140 and Q140/Q140 mice (246, 247). At the end of 

treatment, mice were euthanized and cortical tissue was used to measure HTT levels by 

immunoblotting. No statistically significant differences in mHTT levels could be observed 

after GM1 treatment in Q7/Q140 or Q140/Q140 mice (Figure 3.1.1 A and B). However, levels 

of wtHTT were significantly decreased in Q7/Q7 and Q7/Q140 mice treated with GM1 

compared to vehicle-treated animals (Figure 3.1.1 A). Wild-type HTT levels were also 

significantly reduced in Q7/Q140 compared to Q7/Q7 mice. The latter finding is expected 

since Q7/Q7 mice express two wtHtt alleles whereas Q7/Q140 mice only express one.  

To more specifically investigate the effects of GM1 on cells of neuronal origin, we used 

striatal rat cell clones expressing the first N-548 amino acids of the human HTT protein 

containing a polyQ stretch of 15Q (HTT N548-15Q) or 128Q (HTT N548-128Q). Expression 

levels of HTT N548-128Q are 1.5-fold higher than HTT N548-15Q in basal conditions (Figure 
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3.1.2 A). When growing the cells in serum-free medium (SFM), HTT fragment levels 

decreased most likely due to enhanced autophagic degradation during growth factor and 

lipoprotein deprivation in SFM. However, there was no difference in the degradation rate 

between wt and mHTT N-terminal fragments in a 48 h time-course (Figure 3.1.2 A). 

Treatment with GM1 for 24, 48, or 72 h in SFM did not further enhance degradation of wt or 

mHTT N-terminal fragments (Figure 3.1.2 B). 

To exclude confounding effects related to the clonal origin of HTT N548-15Q and HTT N548-

128Q cell lines, rat striatal ST14A cells were transiently transfected with a vector carrying 

the cDNA for a chimeric HTT fragment encoding exon 1 of the human HTT gene with 25 or 

72 CAG repeats, fused to the nucleotide sequence for GFP. These vectors allow for the 

expression of chimeric HTT N-terminal fragments containing the first 67 amino acids of the 

protein with either 25 (Exon 1-25Q-GFP) or 72 glutamines (Exon 1-72Q-GFP), fused to GFP. 

Transfected cells were incubated with GM1 for 1, 4, or 12 h in SFM. GM1 did not change 

levels of wt or mHTT N-terminal fragments, nor did it affect levels of GFP compared to 

untreated cells (Figure 3.1.3). 

Next, we sought to determine whether GM1 could affect levels of mHTT insoluble 

aggregates. To this aim, we performed filter trap assay (263) on cortical and striatal tissue 

lysates from R6/2 mice (overexpressing the first exon of the human HTT gene) and Q7/Q140 

and Q140/Q140 mice (expressing full-length mHTT) that had been treated with either vehicle 

(artificial CSF) or GM1 for 28 or 42 days, respectively. Equal amounts of tissue lysate were 

filtered through a cellulose acetate membrane and SDS-insoluble aggregates trapped on 

the membrane (263) were detected by dot-blotting with anti-HTT antibodies. Treatment with 

GM1 resulted in decreased mHTT aggregates in R6/2 cortex as well as in Q140/Q140 

striatum, while there was no effect of GM1 on R6/2 striatum or Q140/Q140 cortex (Figures 
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3.1.4 and 3.1.5). Q7/Q140 mice had very little amount of mHTT aggregates detectable by 

filter-trap assay, and GM1 did not affect their levels (Figure 3.1.5).  

In summary, GM1 did not significantly decrease levels of full-length mHTT or N-terminal 

fragments, but reduced mHTT aggregates in some brain areas in HD mouse models. 

3.2 EFFECTS OF GM1 TREATMENT ON AUTOPHAGY AND AUTOPHAGIC FLUX 

Decreased mHTT aggregates in specific HD mouse brain regions could result from 

decreased aggregate formation or increased degradation. Since levels of soluble mHTT 

were not significantly changed by treatment with GM1 (Figures 3.1.1, 3.2.1, and 3.1.3), I 

sought to determine whether GM1 increases autophagy induction and/or flux as a possible 

explanation for the reduction of mHTT aggregates after GM1 treatment. It has been shown 

previously that a ganglioside mix containing GM1 can induce autophagy in astrocytes (195). 

Cortical and striatal LC3-II and p62 levels were measured by immunoblotting as markers of 

induction of autophagy (264) and autophagic flux (265), respectively, in the Q140 mouse 

model of HD.  

No statistically significant differences in LC3-II or p62 levels could be detected in striatal or 

cortical tissue from Q7/Q7 and Q7/Q140 mice after GM1 treatment (Figure 3.2.1). However, 

due to the high variability in levels of LC3-II within each experimental group (Figure 3.2.1 A), 

it is likely that a much higher number of animals than used in this study will have to be 

analyzed to obtain conclusive results. Of note, two-way ANOVA revealed statistically 

significant differences in cortical LC3-II and p62 levels between Q7/Q7 and Q7/Q140 mice 

(Figure 3.2.1 A). As argued in more detail in the “Discussion”, decreased LC3-II levels in 

combination with reduced p62 might indicate enhanced autophagic flux in the Q7/Q140 

mice.  
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As in the Q7/Q140 mice, GM1 did not have an effect on LC3-II levels in the cortex of 

Q140/Q140 mice (Figure 3.2.1 B). Unfortunately, striatal tissue was not available from these 

mice and therefore I could not determine whether the observed decrease in mHTT 

aggregates in the striatum of mice treated with GM1 (Figure 3.1.5) correlated with changes 

in LC3-II or p62 levels. 

I also measured LC3-II levels in the cortex of R6/2 and YAC128 mice, two additional mouse 

models of HD where GM1 was shown to have therapeutic effects (245-247). LC3-II levels 

were unchanged in the cortex of R6/2 mice (Figure 3.2.2 A). Due to technical difficulties, 

p62 levels could not be detected in these mice. In YAC128 mice, no effect of GM1 on LC3-

II or p62 levels could be detected (Figure 3.2.2 B). However, p62 levels were slightly but 

statistically significantly lower in YAC128 cortex compared to WT (Figure 3.2.2 B).  

To more directly look at potential GM1 effects on initiation of autophagy and autophagic flux 

in cells of neuronal origin, cell lines expressing either full length (7/7 and 111/111 cells) or 

N-terminal (HTT N548-15Q or HTT N548-128Q) HTT fragments were used. Bafilomycin was 

used in these experiments to block autophagic protein degradation and to get insights into 

autophagic flux in the cell lines mentioned above (265).  

First, the bafilomycin concentration that completely blocks autophagic degradation of 

proteins in our cell lines was investigated. In 7/7 and 111/111 cells, 100 nM bafilomycin 

efficiently inhibited autophagy as no further increase in LC3-II levels could be observed with 

higher bafilomycin concentrations or another autophagy inhibitor, NH4Cl (265) (Figure 3.2.3 

A and B).  

Next, 7/7 and 111/111 cells were treated with GM1 for 4 h in the absence or presence of 

100 nM bafilomycin to inhibit autophagic flux (Figure 3.2.4 A). LC3-II levels were increased 

in bafilomycin-treated samples (compared to bafilomycin-untreated) to about the same 
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amount in both 7/7 and 111/111 cells, regardless of the presence or absence of GM1. This 

indicates, that in the 4 h-treatment, autophagy was induced and flux occurred at similar rates 

in all samples.  

To determine whether the time-course of autophagy induction and protein degradation might 

be affected by GM1 at different time-points, cells were incubated in SFM with GM1 or vehicle 

in the absence or presence of bafilomycin for 1, 4, and 12 h. Autophagy was induced already 

1 h after incubation in SFM, as revealed by the increase of LC3-II levels in the presence of 

bafilomycin (to block autophagic flux and LC3-II degradation) (Figure 3.2.4 B). A further 

increase of LC3-II levels was detected in bafilomycin-treated cells at 4 and 12 h in SFM, as 

expected. Accumulation of LC3-II in cells treated with bafilomycin occurred at a similar rate 

up to the 4 h timepoint. At 12 h, 7/7 cells treated with GM1 displayed higher levels of LC3-II 

compared to cells that did not receive GM1. On the contrary, in 111/111 cells in SFM for 12 

h, levels of LC3-II were slightly higher if the cells had not been treated with GM1.  

The protein p62 is a common marker of autophagic flux and levels of p62 often decrease 

over time when autophagy is induced and as p62 is degraded through the autophagic flux 

along with its cargo (265). However, in our experiment, levels of p62 did not change upon 

incubation of the cells in SFM, nor did they change upon treatment with GM1 (Figure 3.2.5). 

These data suggest that, in spite of published literature (265), levels of p62 might not be a 

very reliable marker of autophagic flux, especially when one considers that p62 expression 

can be induced during autophagy at the same time that p62 is degraded (266). This was 

probably the case in my experiment, as p62 levels did decrease in 111/111 cells in SFM 

(autophagy activated), when cells were concomitantly treated with cycloheximide (an 

inhibitor of protein synthesis) (267, 268) (Figure 3.2.6). Overall levels of ubiquitinated 

proteins (potential cargo) decreased over time along with p62 levels. 
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To make sure that clonal effects in the 7/7 and 111/111 cell lines would not interfere with 

our analysis, similar experiments were carried out in HTT N548-15Q or HTT N548-128Q 

cells. When these cells were grown in SFM for 48 h, LC3-II levels increased steadily and 

were comparable between HTT N548-15Q or HTT N548-128Q (Figure 3.2.7 A). GM1, 

however, did not further enhance autophagy or autophagic flux in HTT N548-15Q or HTT 

N548-128Q cells over a timecourse of 72 h, as LC3-II (Figure 3.2.7 B) and p62 (Figure 3.2.7 

C) levels did not change with the treatment. As in previous experiments, p62 levels did not 

decrease over time in SFM (Figure 3.2.7 C), suggesting once again that p62 is not a good 

marker of autophagic flux in our cell models. 

Because of the limitations of p62 as a marker of autophagic flux, as revealed by my studies, 

I measured autophagic flux by confocal microscopy after transfecting 111/111 cells with 

RFP-EGFP-LC3. This chimeric form of LC3 is fused to a pH-sensitive form of the green 

fluorescent protein (EGFP), as well as with the red fluorescent protein (RFP) (269). 

Consequently, the chimera gives a yellow signal when present in autophagosomes and a 

red signal after fusion of the autophagosomes with lysosomes, when EGFP is quenched 

due to low pH in autolysosomes. The red/yellow ratio, measured by confocal microscopy, 

provides information on autophagic flux. In nutrient-rich growth conditions, nutrient-

dependent autophagy is not active and RFP-EGFP-LC3 is mostly distributed diffusely in the 

cytosol (Figure 3.2.8). Only few puncta point towards basal levels of active selective 

autophagy. When cells were grown in EBSS under nutrient-depletion, nutrient-dependent 

autophagy and autophagic flux were activated as can be seen by the increase in yellow and 

red puncta (Figure 3.2.8). Incubation of 111/111 cells in SFM for 3 h (UNTR, Figure 3.2.9), 

also resulted in the appearance of autophagic puncta, suggesting that autophagy was also 

activated in the absence of growth factors (SFM), as expected. Treatment with GM1 in SFM 

for 3 h did not result in changes in the total autophagosome (yellow puncta) and 
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autolysosome (red puncta) count. Also the red/yellow ratio did not yield a significant 

difference (Figure 3.2.9) indicating no change in autophagic flux after GM1 treatment. 

In summary, GM1 did not enhance autophagy induction or flux in the HD mouse and cell 

models analyzed and in the experimental conditions used in this study.  

3.3 EFFECTS OF GM1 ON HTT-P62 INTERACTION 

Autophagic cargo recognition is impaired in HD (67). Studies in 111Qhtt mice (that express 

full-length mHTT with 111 polyQ repeats, (270)), primary striatal neurons of HD94 mice (that 

express a chimeric mouse/human exon 1 under control of a tet-regulated system in the CNS, 

(271)), in 111/111 striatal cells and in lymphoblasts from HD patients showed that 

autophagosomes form at normal or even enhanced levels, but fail to efficiently trap cargo. 

This impairment has been linked to an enhanced binding of p62 to mHTT, which might block 

p62 ability to recognize and guide cargo to autophagic structures (67). It has been recently 

shown however, that binding of p62 to wtHTT is crucial for induction of selective autophagy 

and cargo recognition (58). As indicated earlier, GM1 triggers phosphorylation of mHTT at 

serine residues 13 and 16 (245). These post-translational modifications could potentially 

lead to conformational changes of the protein and affect protein-protein interactions, 

including binding to p62. To determine whether treatment with GM1 affects the interaction 

of HTT with p62, co-immunoprecipitation experiments for HTT and p62 after GM1 treatment 

were carried out in 7/7 and 111/111 cells.  

Cells were grown in nutrient-rich medium, a condition in which only selective autophagy 

should be active. In some cases cells were treated for 5 h with the proteosomal inhibitor 

MG132 (10 μM) to induce proteotoxic stress and stimulate selective autophagy of misfolded 

and aggregated proteins (58). These conditions were also shown to stimulate binding of p62 

to wtHTT (58). In line with these observations, in our experiments treatment of cells with 
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MG132 increased the amount of p62 that co-immunoprecipitated with HTT, from both 7/7 

and 111/111 cell lysates (Figure 3.3.1). However, more p62 co-immunoprecipitated with 

mHTT than with wtHTT, both in the presence or absence of MG132. These findings are in 

accordance with previously published results (67) and suggest that our cell models are 

suitable for the study of HTT-p62 interaction. 

Next, formation of p62 bodies in WT or HD cells was analyzed. P62 bodies form during 

selective autophagy and consist mostly of polyubiquitinated proteins and p62 (272) that are 

eventually degraded by autophagy (273, 274). P62 bodies are recovered in a Triton X100-

insoluble cell fraction, while soluble p62 remains in the supernatant. Upon proteasome 

inhibition with MG132, the amount of insoluble p62 increased in 7/7 cells (Figure 3.3.2), as 

expected for cells where misfolded proteins and aggregates accumulate following inhibition 

of proteasomal degradation. In 111/111 cells, insoluble p62 levels were comparable to those 

in 7/7 cells, both in the presence or in the absence of MG132 (Figure 3.3.2). This likely 

indicates that p62 body formation is not impaired in HD. 

To determine, if GM1 can restore normal binding of p62 to mHTT, 7/7 and 111/111 cells 

were grown in nutrient-rich conditions in the absence or presence of MG132 and then treated 

with GM1 or vehicle for 10 min. In previous studies (245), incubation of cells with GM1 for 

10 min was sufficient to trigger phosphorylation of HTT. In these experimental conditions, 

overall levels of p62 were slightly lower in cell lysates from 111/111 cells compared to 7/7 

cells, both in the presence and in the absence of MG132 (Figure 3.3.3). As in the previous 

experiment, more p62 co-immunoprecipitated with mHTT than with wtHTT. Treatment with 

GM1 decreased the amount of p62 that co-immunoprecipitated with mHTT by 40% in normal 

and 18% in proteotoxic stress (MG132) conditions, while it increased p62 co-

immunoprecipitation with wtHTT from cells treated with MG132 (Figure 3.3.3). In summary, 
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these data suggest that GM1 modulates the interaction of p62 with HTT, and decreases the 

abnormal interaction with mHTT. 
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3.4 FIGURES 

 

Figure 3.1.1: GM1 does not change monomeric full-length mHTT levels in the 

cortex of the Q140 mouse model. Q7/Q7, Q7/Q140, and Q140/Q140 mice were 

treated with GM1 or vehicle (CSF) by chronic intraventricular infusion. A) 

Representative immunoblot and densitometric analysis of wtHTT and mHTT protein 

levels in Q7/Q7 and Q7/Q140 mice. Mutant HTT levels were not significantly affected 

by GM1 treatment (n=9, T-test, p>0.05). On the contrary, levels of wtHTT were 

decreased by treatment with GM1 in both Q7/Q7 and Q7/Q140 mice. The reduction 

of wtHTT levels in untreated Q7/Q140, compared to untreated Q7/Q7, reflects the 

gene-dosage effect in the homozygous wild-type compared to heterozygous mice. 

Graphs show the mean ± SD of 3 Q7/Q7 mice per group (CSF- or GM1-treated) and 

9 Q7/Q140 per treatment group (CSF- or GM1-treated).Two way-ANOVA with 

Bonferroni’s multiple comparisons post-test: *p<0.05 (effect of treatment); **p<0.005 

(effect of genotype). B) Representative immunoblot and densitometric analysis 

showing no significant different in the levels of mHTT protein in CSF- or GM1-treated 

Q140/Q140 mice. Graphs show the mean ±SD of 4 mice treated with CSF and 5 

mice treated with GM1. T-test: p>0.05.  
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Figure 3.1.2: GM1 does not affect degradation rate of wt or mHTT N-terminal 

fragments in immortalized striatal cells grown in serum-free medium. 

Representative immunoblot and densitometric analysis of HTT N-terminal fragments 

in HTT N548-15Q and HTT N548-128Q cells grown in serum free medium (SFM) 

(A) and treated with or without GM1 (B) for the indicated time periods. A) Both wt 

and mHTT fragments have similar degradation rates when cells are grown in serum-

free medium. Graph shows the mean ± SD of 2 independent experiments. B) GM1 

did not change the rate of degradation of wt or mHTT fragments at any timepoint. 

Graph shows the mean ±SD of 3 independent experiments. Unpaired two-tailed t-

test comparing levels of wt and mHTT fragments at any individual time-point: p>0.05. 
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Figure 3.1.3: Treatment with GM1 does not change wt or mHTT N-terminal 

fragment levels in transiently transfected striatal ST14A cells. Representative 

immunoblot and densitometric analysis of ST14A cells that were transiently 

transfected with A) GFP, B) Exon 1-25Q-GFP or C) Exon 1-72Q-GFP and treated 

with GM1 or vehicle in serum-free medium (SFM) for the indicated time. HTT 

fragments were detected with either anti-GFP or anti-HTT (PW595) antibodies. T-

test analysis showed that GM1 treatment did not change levels of wt (B) or mHTT 

N-terminal fragments (C) at any of the indicated timepoints.  GFP levels were also 

unaffected by GM1 treatment (A). Graph shows the mean ± SD of 3 (GFP, Exon 1-

72Q-GFP) or 4 (Exon 1-25Q-GFP) independent experiments. 
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Figure 3.1.4: GM1 decreases mHTT aggregates in the cortex of R6/2 mice. R6/2 

mice were treated with GM1 or vehicle (CSF) by chronic intraventricular infusion. 

Cortical and striatal tissues were collected and lysed and mHTT aggregates were 

analyzed by filter trap assay. Representative filter trap assays and densitometric 

analyses for R6/2 cortex and striatum are shown. In R6/2 cortex, aggregates were 

detected using 4 different anti-HTT antibodies (indicated on the left side of the 

immunoblot). Results were similar with all antibodies used. In R6/2 striatum, 

aggregates were detected using anti-HTT N18 antibody. Only quantification using 

anti-HTT N18 antibody are shown. T-test analysis shows significantly decreased 

mHTT aggregates in R6/2 cortex (*p<0.05) after GM1 treatment. The amount of 

aggregates detected in the striatum of R6/2 mice was highly variable, and not 

significantly affected by GM1. Graphs show the mean ±SD of 5 (R6/2 CSF/GM1 

cortex) or 6 (R6/2 CSF/GM1 striatum) individual mice.  
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Figure 3.1.5: GM1 decreases mHTT aggregates in the striatum of Q140/Q140 

mice. Q7/Q140 and Q140/Q140 mice were treated with GM1 or vehicle (CSF) by 

chronic intraventricular infusion. Cortical and striatal tissues were collected and lysed 

and mHTT aggregates were analyzed by filter trap assay. Representative filter trap 

assays and densitometric analyses for A) Q140/Q140 and B) Q7/Q140 cortex and 

striatum. In Q140/Q140 striatum, aggregates were detected using 4 different anti-

HTT antibodies (indicated on the left side of the immunoblot). Results were similar 

with all antibodies used. In all other shown filter trap assays aggregates were 

detected and quantified using only anti-HTT N18 antibody. Black lines in (A) 

Q140/Q140 cortex indicate empty wells. A) T-test analysis shows significantly 

decreased mHTT aggregates in Q140/Q140 striatum (*p<0.05) after GM1 treatment. 

Mutant HTT aggregates in Q140/Q140 cortex were unchanged. Graphs show the 

mean ±SD of 4 (Q140/Q140 CSF cortex), 5 (Q140/Q140 GM1 cortex), 6 (Q140/Q140 

CSF striatum), or 9 (Q140/Q140 GM1 striatum) mice. B) MHTT aggregates in 
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Q7/Q140 cortex and striatum were unchanged by GM1 treatment. Graphs show the 

mean ±SD of 4 (Q7/Q140 CSF striatum), 5 (Q7/Q140 CSF cortex/ GM1 striatum), or 

6 (Q7/Q140 GM1 cortex) mice. 
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Figure 3.2.1: Levels of LC3-II and p62 in the striatum and cortex of Q140 mice 

are not modulated by GM1 treatment. Q7/Q7, Q7/Q140, and Q140/Q140 mice 

were treated with GM1 or vehicle (CSF) for 42 days by chronic intraventricular 

infusion. A) Representative immunoblots and densitometric analyses of LC3-II and 

p62 levels in Q7/Q140 striatum and cortex. No significant changes in LC3-II or p62 

levels were observed in cortical and striatal tissue after GM1 treatment. However, a 

significant effect of genotype was detected, with decreased LC3-II and p62 levels in 

the cortex of Q7/Q140 mice. Graph for striatum shows the mean ±SD of 3 mice per 

genotype and treatment group. Graph for cortex shows the mean ±SD of 3 (Q7/Q7 

GM1), 7 (Q7/Q7 CSF), and 8 (Q7/Q140 CSF/GM1) mice. Two-way ANOVA with 

Bonferroni multiple comparisons post-test: *p<0.05. B) Representative immunoblot 

and densitometric analysis of LC3-II levels in Q140/Q140 cortex. LC3-II levels were 

not significantly changed by GM1 treatment. Graph shows the mean ±SD of 7 

(Q140/Q140 CSF/GM1) or 10 (Q7/Q7 CSF) mice. One-way ANOVA analysis with 

Bonferroni post-test. 
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Figure 3.2.2: Levels of LC3-II and p62 are not significantly affected by 

treatment with GM1 in the cortex of R6/2 or YAC128 mice. R6/2 and YAC128 

mice and WT littermates were treated with GM1 or vehicle (CSF) for 28 days by 

chronic intraventricular infusion. LC3-II and p62 levels in cortical tissue were 

analysed by immunoblotting. A) Representative immunoblots and densitometric 

analysis of LC3-II levels in R6/2 mice. Two-way ANOVA with Bonferroni multiple 

comparisons post-test revealed no significant changes of LC3-II levels after GM1 

treatment. The graph shows the mean ±SD of 6 (R6/2 CSF), 7 (WT GM1, R6/2 GM1) 

and 8 (WT CSF) mice. B) Representative immunoblots and densitometric analyses 

of LC3-II and p62 levels in YAC128 mice. Two-way ANOVA with Bonferroni multiple 

comparisons post-test revealed no significant changes of LC3-II or p62 levels after 

GM1 treatment. However, there was a statistically significant effect of genotype with 

p62 levels being decreased in YAC128 mice compared to WT littermates (*p<0.05). 

Graphs show the mean ±SD of 3 (WT CSF, WT GM1, and YAC128 GM1) and 2 

(YAC128 CSF) mice. 
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Figure 3.2.3: 100 nM bafilomycin efficiently blocks autophagic degradation in 

striatal 7/7 and 111/111 cells. Immunoblots and relative densitometric analyses of 

A) 7/7 and B) 111/111 cells that were grown in serum-free medium and treated with 

the indicated concentrations of bafilomycin (baf) or ammonium chloride (NH4Cl). 

Bafilomycin at a concentration of 100 nM efficiently blocked autophagic degradation. 

Lanes for NH4Cl were in the same gel, but intervening irrelevant bands were cut. 
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Figure 3.2.4: GM1 does not change LC3-II levels in striatal 7/7 or 111/111 cells. 

A) Representative immunoblot and densitometric analyses of LC3-II levels in 7/7 and 

111/111 cells grown in SFM and treated with the indicated compounds for 4 hours. 

T-test analysis shows that GM1 does not change autophagy induction (measured as 

total LC3-II levels after bafilomycin treatment) or autophagic flux (measured as the 

difference between LC3-II (+baf) and LC3-II (-baf), (267)). Graphs show the mean 

±SD of 3 independent experiments. B) Immunoblots and densitometric analyses of 

LC3-II levels in 7/7 and 111/111 cells grown in SFM and incubated with GM1 and/or 

bafilomycin (baf) for the indicated time. In the 12 h-treatment, cells were treated with 

bafilomycin for the last 4 h only, to avoid cell toxicity. GM1 treatment did not 

significantly change levels of LC3-II at 1 and 4 h, but increased LC3-II levels at 12 

h, both in 7/7 and 111/111 cells, in the absence of bafilomycin. GM1 also affected 
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LC3-II levels at 12 h in the presence of bafilomycin, increasing it in 7/7 cells 

compared to untreated cells and decreasing LC3-II in 111/111 cells. 
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Figure 3.2.5: GM1 does not change p62 levels in striatal 7/7 or 111/111 cells. 

Immunoblots and densitometric analyses of p62 levels in 7/7 and 111/111 cells 

grown in SFM and incubated with GM1 for the indicated times. GM1 treatment did 

not significantly change levels of p62 at any time-point. 
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Figure 3.2.6: P62 levels decrease in serum-free conditions when protein 

synthesis is inhibited. Immunoblot and densitometric analysis of levels of p62 and 

ubiquitinated proteins in 111/111 cells grown in SFM and treated with cycloheximide 

for the indicated time. The graph shows the densitometric analysis of the immunoblot 

for p62 on the left. 
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Figure 3.2.7: GM1 does not change levels of autophagy markers in striatal HTT 

N548-15Q or HTT N548-128Q cells. A) Representative immunoblot and 

densitometric analysis of LC3-II levels in HTT N548-15Q or HTT N548-128Q cells 

grown in SFM for the indicated time. No changes in LC3-II levels between HTT N548-

15Q and HTT N548-128Q cells could be observed. Graphs show the mean ±SD of 

2 independent experiments. Representative immunoblots and densitometric 

analyses of LC3-II (B) and p62 (C) levels in HTT N548-15Q and HTT N548-128Q 

cells incubated with GM1 or vehicle in SFM for the indicated time and in the presence 
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of bafilomycin (baf) for the last 4 h of treatment. T-test analysis revealed no 

statistically significant difference in LC3-II and p62 levels after GM1 treatment at any 

timepoint in either genotype. Graphs show the mean ± SD of 3 independent 

experiments, with the exception of bafilomycin treatments for which only two 

experiments were performed. 
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Figure 3.2.8: RFP-EGFP-LC3 intracellular distribution and localization in 

nutrient-rich and nutrient-deficient conditions. Confocal images of 111/111 cells 

transiently transfected with RFP-EGFP-LC3 and grown in either nutrient-rich (RM – 

regular medium) or nutrient-deficient (Earl’s balanced salt solution, EBSS) 

conditions for 3 h. In RM, nutrient-dependent autophagy is not active and RFP-

EGFP-LC3 is diffuse in the cytosol. Only few yellow and red puncta can be detected 

and those most likely reflect basal levels of selective autophagy. When cells were 

grown in the nutrient-deficient growth medium EBSS, autophagy and autophagic flux 

was activated as detected by an increase in yellow (autophagosomes) and red 

(autolysosomes) puncta. The white line corresponds to 10 μm. 
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Figure 3.2.9: GM1 does not affect autophagic flux in striatal 111/111 cells 

transiently transfected with RFP-EGFP-LC3. Representative confocal images of 

111/111 cells transiently transfected with RFP-EGFP-LC3 and treated with GM1 or 

vehicle in SFM for 3 h. Autophagic flux was assessed by counting total, yellow and 

red LC3 punctae per cell and determining the ratio red/yellow. T-test analysis did not 

reveal statistically significant differences after GM1 treatment. Graphs show the 

mean ± SD of 23 untreated (UNTR) and 31 GM1-treated (GM1) transfected cells 

from two independent experiments. The white line corresponds to 10 μm. 
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Figure 3.3.1: P62 binding to HTT in striatal cells is enhanced when the polyQ 

stretch is expanded. 7/7 and 111/111 cells were grown in nutrient-rich medium and 

incubated with 10 μM MG132 (or vehicle) for 5 h to induce proteasome inhibition and 

trigger selective autophagy. HTT was immunoprecipitated from cell lysates using 

anti-HTT antibodies MAB2166 and MAB2168. The graph shows the densitometric 

analysis of the ratio of p62 over HTT (detected with MAB2166 antibody). P62 co-

immunoprecipitated with HTT to a greater extent in samples treated with MG132 and 

more p62 co-immunoprecipitated with mHTT than with wtHTT, both in the presence 

and absence of MG132.  
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Figure 3.3.2: Normal p62-body formation in striatal 111/111 cells. 7/7 and 

111/111 cells were grown in nutrient-rich medium and treated with 10 μM MG132 or 

vehicle for 5 hours to block proteosomal degradation and induce selective 

autophagy. Immunoblot and densitometric analysis of soluble and insoluble p62 

(p62-bodies or sequestosomes) levels are shown. The graph shows total p62 

(soluble (light grey bars) and insoluble (black bars)) levels. With MG132 treatment 

p62-body formation increases as autophagy is induced, however, there is no obvious 

difference in p62 (soluble and insoluble) levels between 7/7 and 111/111 cells. 
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Figure 3.3.3: GM1 modulates binding of p62 to mHTT. 7/7 and 111/111 cells were 

grown in nutrient-rich medium in the presence or absence of 10 μM MG132 for 5 h. 

After preincubation with MG132, GM1 was added for 10 minutes where indicated. 

Cell lysates were used to immunoprecipitate (IP) HTT. Immunoblots and relative 

densitometric analyses are shown. Both in the presence or absence of MG132, p62 

binding to mHTT, as detected by co-immunoprecipitation, was enhanced compared 

to binding to wtHTT. GM1 treatment decreased the amount of p62 that co-

immunoprecipitated with mHTT, but enhanced p62 co-immunoprecipitation with 

wtHTT in cells treated with MG132. 
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4 DISCUSSION 

4.1 GM1 DOES NOT CHANGE MONOMERIC MHTT LEVELS, BUT DECREASES 

MHTT AGGREGATES 

Huntington’s disease is caused by mHTT, which triggers a myriad of different toxic molecular 

processes in the cell, such as mitochondrial dysfunction, excitotoxicity, transcriptional 

dysregulation, impaired intracellular transport, aberrant lipid metabolism, and impaired 

selective autophagy (4, 67). Many researchers invest great effort towards finding a cure for 

the disease by targeting specific and individual pathogenic mechanisms downstream of 

mHTT expression. Although some of those interventions might be beneficial, a much better 

approach would be to target more directly the disease-causing gene/protein. As mentioned 

in the introduction of this thesis, approaches to lower mHTT protein content by gene 

silencing or by enhancing its degradation are under investigation. Both strategies have been 

shown to be neuroprotective in various HD cell and animal models (275, 276). Although 

gene silencing approaches are very promising, the HTT silencing agents that are currently 

in clinical trials do not exclusively target the mHTT allele, but also the allele for wtHTT. This 

might lead to potential complications or side effects, given the many functions that normal 

HTT carries out in the cell.  

The ganglioside GM1 was shown by our group to protect HD cells from cell death (66) and 

to restore motor functions in an HD mouse model (245). Data from our laboratory suggests 

that the effects of GM1 extent beyond treatment of motor symptoms. In fact, both motor and 

non-motor manifestations of the disease, including impaired cognition, anxiety and 

depression, are corrected by treatment with GM1 in two different mouse models of the 

disease (246). Moreover, GM1 slows down the neurodegenerative process in R6/2 mice 

(247). These profound and widespread therapeutic effects can perhaps be explained, at 
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least in part, by the fact that GM1 is able to affect mHTT itself, by stimulating a post-

translational modification of the protein (phosphorylation at serine 13 and serine 16) (245) 

that reduces mHTT toxicity (249). The role of this post-translational modification in HD 

pathology is still not completely understood. However, in vivo studies showed reduced 

mHTT aggregate formation in HD mice expressing phosphomimetic mHTT. This finding was 

confirmed by in vitro studies showing decreased amyloid fibril formation of a 

phosphomimetic mHTT peptide (249). In addition, the phosphorylation of HTT at serines 13 

and 16 can lead to increased HTT degradation (153). 

Here, I investigated, if the neuroprotective functions of GM1 in HD models were in part 

mediated through lowering mHTT protein levels, potentially by increasing its autophagic 

clearance. In support of this hypothesis, a ganglioside mix containing GM1 (amongst other 

gangliosides) was previously shown to enhance autophagy in cells (195). In addition, a 

ganglioside mix containing GM1 (amongst other gangliosides) reversed lysosomal 

pathology and suppression of autophagy induced by inhibition of ganglioside synthesis in a 

cellular model of PD (199, 200). 

In my studies, I did not detect a change in the steady-state levels of N-terminal mHTT 

fragments in cells overexpressing Exon 1-72Q-GFP after GM1 treatment, compared to 

untreated controls (Figure 3.1.2). One potential caveat in these experiments was the 

timecourse of autophagic induction (up to 12 h), which might have been too short to induce 

autophagic degradation of mHTT N-terminal fragments. In previous work, a longer 

incubation in the presence of gangliosides, up to 24 h, was used to induce autophagy in 

astrocytes (195). However, in experiments using stable cell lines expressing HTT N548-

128Q (Figure 3.1.3) there was no reduction in steady-state levels of mHTT N-terminal 

fragments even after 24, 48, or 72 h of exposure to GM1. Another factor to take into account 

is that cells were treated in SFM as done in previous experiments that investigated GM1’s 
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ability to rescue cells from death in apoptotic conditions (66). SFM is devoid of growth factors 

that usually activate the AKT pathway and subsequently mTORC1, thereby repressing 

nutrient-dependent or “bulk” autophagy (156). Vice versa, when growth factors are absent 

mTORC1 is inhibited and nutrient-dependent autophagy is upregulated. Indeed, Figures 

3.1.2 and 3.2.7 show that in our experimental conditions, autophagy was activated leading 

to autophagic degradation of HTT N-terminal fragments in HTT N548-15Q or HTT N548-

128Q cells. This raises the question of whether upregulation of bulk autophagy in our 

experimental conditions might have masked stimulatory effects on autophagy by GM1. 

Analysis of soluble mHTT levels in the brain of HD mouse models also showed no changes 

induced by GM1 treatment in vivo. In these experiments that used whole striatal and cortical 

tissue, the relative contribution of neuronal and non-neuronal cell types to the phenotype 

analyzed (overall levels of soluble mHTT) could not be assessed. Therefore, any potential 

neuronal-specific effect of GM1, if any, could have been masked by the predominance of 

non-neuronal cells in the tissue. Another important point to consider is that steady-state 

levels of mHTT might not be an accurate and sensitive readout of protein turn-over, which 

would be more properly assessed with metabolic labeling experiments. 

Another challenge in the detection of mHTT levels is that this protein is present in cells in 

many different forms, such as soluble full-length, N-terminal and C-terminal fragments (75), 

oligomers, fibrils, or aggregates (4). These various protein species cannot all be detected 

by the same method or antibodies, and an accurate measurement of total mHTT levels, 

which includes all protein forms, is extremely difficult, if not impossible, to achieve. 

Thus, although the data presented in this thesis overall point at the inability of GM1 treatment 

to change soluble mHTT levels, the caveats highlighted above must be kept under 

consideration when drawing conclusions on the effects of GM1. 
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Interestingly, I detected a decrease of wtHTT levels in the brain of Q7/Q7 and Q7/Q140 mice 

treated with GM1 compared to untreated littermates (Figure 3.1.1). Although I did not 

measure wtHTT mRNA expression, it is unlikely that GM1 would modulate transcription of 

the wt but not the mutant allele (levels of mHTT did not change). Therefore, decreased 

wtHTT levels in Q7/Q140 might be due to increased protein degradation. The significance 

of these findings will be discussed in section 4.1. 

Despite the lack of effect on soluble mHTT levels, chronic infusion of GM1 resulted in a 

significant reduction of mHTT insoluble aggregates in R6/2 cortex and Q140/Q140 striatum, 

as detected by filter trap assay (Figure 3.1.4). Mutant HTT aggregates have been shown to 

be neurotoxic or neuroprotective depending on the context (73). In this case, the term 

‘neuroprotective’ refers to the aggregates’ role in capturing the more toxic N-terminal 

fragments of mHTT, which in turn decreases toxicity. Despite this beneficial effect, 

aggregates are still harmful for a cell as they can physically impair axonal transport and trap 

transcription factors (73). Therefore, overall reduction of aggregate burden, when more toxic 

soluble mHTT does not increase, is highly desirable in HD. 

One puzzling observation in my studies was that GM1 decreased aggregates in R6/2 cortex 

and in Q140/Q140 striatum, but not in the R6/2 striatum or Q140/Q140 cortex. If the same 

mechanism was at play in both mouse models, one would have expected to see similar 

changes in the same brain region(s) across models. Drug distribution cannot explain the 

differences observed. As a matter of fact, the site of cannulation and GM1 infusion - the 

lateral right ventricle - was the same across models, ensuring that drug distribution would 

occur in similar manner in all mice treated. Moreover, the striatum is anatomically located 

right under the site of infusion, and therefore GM1 infused into the ventricle should more 

easily reach the striatum than the cortex. One possible explanation for the discrepancies 

observed across models is that the relatively low number of mice analyzed, together with 
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the very high variability within each experimental group, might not have allowed for the 

detection of differences among treatment groups. More animals will need to be analyzed in 

the future to reach statistical power and draw conclusions. Regardless of where changes 

occurred, another question arising from my experiments is whether the observed reduction 

of aggregates in GM1-treated mice was due to increased autophagic degradation or 

decreased formation.  Both scenarios are possible. GM1 has been shown to directly interact 

with Aβ and α-syn thereby modulating their aggregation (221, 222). While GM1 mediates 

Aβ fibrillation (221, 277), it was shown to inhibit fibrillation of α-syn (222). Aβ can interact 

with the glycan group of GM1 on the outer leaflet of the plasma membrane (278), and might 

also interact within the endosomal compartment which both proteins can traffic to (206, 279). 

In the case of α-syn, a direct interaction between the protein and the sugar head group of 

GM1 has also been detected, but only in in vitro studies using small unilamellar vesicles 

loaded with GM1 (222). How and where exactly this interaction would occur in cells is less 

clear. In fact, α-syn is a cytosolic protein, while the glycan moiety of GM1 faces either the 

extracellular space (when GM1 is located in the plasma membrane) or the lumen of 

intracellular compartments (Golgi, endosomal membranes and lysosomes) (206). However, 

recent studies suggest that α-syn might be “excreted” by cells in the extracellular 

environment, and then taken up by neighboring cells through a vesicle-mediated process 

(280). In such cases, α-syn would potentially come in contact with the sugar headgroup of 

GM1 present at the plasma membrane or in the endosomal compartment. Considerations 

similar to those raised in the case of an interaction of GM1 with α-syn also apply to a potential 

interaction of GM1 with soluble and aggregated forms of mHTT. The latter are mainly located 

in the cytosol or nucleus, but it has been recently proposed that cell-to-cell transmission of 

mHTT may occur with mechanisms similar to those described for α-syn (281). Thus, GM1 

could directly interact with mHTT aggregates “excreted“ by cells, after endocytosis of the 

latter and/or within the endosomal compartment or autolysosomes.  



 
82 

 

Even in the absence of a direct interaction GM1 could still modulate mHTT aggregation, by 

triggering protein post-translational modifications that affect protein folding. Phosphorylation 

of mHTT at serines 13 and 16 could play a major role. As a matter of fact, this post-

translational modification that can be triggered by administration of GM1 (245) was shown 

to slow down the aggregation kinetics of mHTT N-terminal peptides in vitro (249).  

Alternatively, decreased aggregate load in animals treated with GM1 could be the result of 

increased autophagic degradation. This could be achieved by a general upregulation of this 

degradative process by GM1. In the next section I will discuss the experiments I performed 

to test this hypothesis and the results obtained.  

4.2 GM1 DOES NOT INDUCE AUTOPHAGY OR ENHANCE AUTOPHAGIC FLUX 

Autophagy is one of the major degradation pathways in cells beside the proteasome. While 

the proteasome mainly targets short-lived nuclear and cytosolic proteins (282), autophagy 

substrates have generally long half-lives and include cytosolic proteins, protein aggregates, 

and damaged organelles (283). Autophagy is of great importance especially for post-mitotic 

neurons that cannot ensure dilution of misfolded proteins and damaged organelles through 

cell division. This is shown by the fact that inhibition of basal autophagy in mouse neurons 

results in neurodegeneration (273, 284). Many proteins linked to neurodegenerative 

disorders, such as α-syn, tau, superoxide dismutase 1, ataxin-3, and HTT itself have been 

shown to be targets for autophagic degradation (283). Several studies showed that 

upregulation of autophagy with compounds such as rapamycin (142), lithium (285), or 

trehalose (143) resulted in decreased levels of soluble and aggregated mHTT in various HD 

cell and animal models, leading to reduced toxicity and neuroprotection. Upregulation of 

autophagy in PD, AD, Amyotrophic Lateral Sclerosis (ALS), or Spinocerebellar ataxia type 
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3 (SCA3) might therefore also have beneficial effects in clearing the proteins associated with 

each disease. 

Gangliosides might regulate autophagy through inhibition of the Akt-mTORC1 pathway 

(286). In contrast, our group and others have shown that the ganglioside GM1 activates Akt 

(66, 287, 288). Another ganglioside, GD3, has been shown to be involved in autophagosome 

formation and maturation (196). It is not known, whether GM1 plays a role in autophagy.  

Reduced mHTT aggregates (Figures 3.1.4 and 3.1.5) and lowered wtHTT levels (Figure 

3.1.1) after GM1 treatment, as detected in my studies, might suggest increased autophagy. 

However, I could never detect changes in autophagic markers such as LC3-II and p62 after 

GM1 treatment in any of the models used in my studies (Figures 3.2.1, 3.2.2, 3.2.4, 3.2.7 

and 3.2.8). LC3-II and p62 levels were unchanged in GM1-treated R6/2 mice compared to 

untreated controls (Figure 3.2.2), in spite of decreased mHTT aggregates. Unfortunately, I 

could not measure autophagy markers in the striatum of Q140/Q140 mice, where a 

reduction of aggregates was also observed (Figure 3.1.5) due to unavailability of tissue for 

these measurements. In the heterozygous Q7/Q140 mouse model, where very little mHTT 

aggregates were detected (Figures 3.1.4 and 3.1.5), p62 levels were significantly decreased 

compared to controls (Figure 3.2.1 A). This most likely indicates enhanced autophagic flux 

in the cortex of Q7/Q140 mice compared to Q7/Q7 littermates, since both LC3-II and p62 

are degraded in the autophagic process. Decreased p62 levels were also detected in the 

cortex of YAC128 mice (Figure 3.2.2 B), which overexpress full-length mHTT (254). These 

data are in line with previous observations of increased autophagic flux in HD models (67). 

Once again, GM1 treatment did not significantly affect any autophagic marker in these mice. 

One important limitation of the in vivo studies described in this thesis is that only steady-

state levels of autophagic markers could be measured. The latter might be influenced by a 
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number of factors, including rate of autophagic flux and de novo synthesis, which cannot be 

easily accounted for in in vivo studies and can therefore confound results. 

To overcome these potential problems and to get a better insight on the potential effects of 

GM1 on autophagy, I performed experiments in cell models. In the conditions used in this 

thesis (serum deprivation) all cell lines, regardless of genotype, were able to activate and 

sustain autophagy in a similar manner, as measured by levels of LC3-II and p62 (Figures 

3.2.4 and 3.2.7). Incubation with GM1 did not have significant or reproducible effects in the 

cell lines tested. However, and as previously mentioned, I cannot exclude that induction of 

autophagy in serum-free medium would have masked any further GM1-induced increase in 

autophagy or autophagic flux. As outlined earlier, a ganglioside mix was able to induce 

autophagy within 24 h (195) and therefore I would have expected GM1 to do the same in 

the timecourse tested (1-72 h incubation with GM1).  

Another observation was that steady-state levels of p62, often used as a surrogate marker 

of autophagic flux (267) did not decrease when cells, both WT and HD, were grown in SFM 

and autophagy was induced (Figures 3.2.4 and 3.2.7). My data show that this is likely due 

to de novo p62 synthesis as the protein is degraded by autophagy: blocking protein 

translation with cycloheximide led to a time-dependent reduction of p62 levels (degradation) 

when autophagy was activated (Figure 3.2.6). 

Because of the limitations of using the autophagic flux marker p62, I measured autophagic 

flux by confocal microscopy upon transfection of 111/111 cells with RFP-EGFP-LC3 and 

treatment with GM1 or vehicle for 3 h. The assessment of yellow and red puncta yielded no 

difference in the total amount of autophagic structures. In addition, the red/yellow ratio - 

which provides information on autophagic flux - revealed no changes in GM1-treated 
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compared to untreated cells (Figure 3.2.9). Whether a longer incubation with GM1 can 

modulate autophagic flux remains to be investigated.  

Overall, the experiments herein described suggest that GM1 does not significantly affect 

induction of autophagy and autophagic flux in cells exposed to SFM. 

A major problem concerning autophagy in HD models is that autophagosomes fail to 

efficiently trap cargo (67). This, of course, would lead to accumulation of mHTT protein 

aggregates, as well as dysfunctional organelles, including damaged mitochondria, among 

other problems. Could the effects of GM1 on protein aggregates (Figures 3.1.4 and 3.1.5) 

be the result of enhanced selective uptake of mHTT aggregates into autophagic structures? 

Could GM1 specifically modulate selective rather than bulk autophagy? 

4.3 GM1 MODULATES THE INTERACTION OF MHTT WITH THE CARGO 

RECOGNITION MOLECULE P62 

Selective autophagy is impaired at the level of cargo recognition in HD cell and animal 

models. Autophagosomes form at normal or even enhanced levels but fail to efficiently trap 

cytosolic cargo (67). This impairment might be due to aberrant interaction of mHTT with p62. 

While interaction between wtHTT and p62 was shown to be necessary to induce selective 

autophagy (58) in co-immunoprecipitation experiments it was also shown that mHTT 

displays increased binding to p62 compared to the wt protein (67). It was proposed that this 

aberrant interaction impairs the ability of p62 to recognize cargo (67). 

In my experiments, I was able to confirm, in our HD cell model, the existence of an aberrant 

interaction between mHTT and p62, as measured by the higher amount of p62 co-

immunoprecipitated with mHTT than wtHTT (Figure 3.3.1). As expected from the role of HTT 

in selective autophagy, conditions that induce proteotoxic stress (proteasome inhibition by 
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MG132) and stimulate selective autophagy resulted in a higher amount of p62 co-

immunoprecipitated with wtHTT and even higher with mHTT (Figure 3.3.1). 

Proteotoxic stress also leads to increased formation of Triton X100-insoluble p62 bodies 

(also called sequestosomes), which consist of ubiquitin-labeled protein aggregates and are 

found in the cytosol of many different cell types, including neural cells (289). These 

membrane-free bodies are degraded by autophagy (289) and their formation is enhanced 

upon proteotoxic stress (58). WtHTT was shown to be necessary for p62 body formation, as 

its knockdown results in decreased levels of sequestosomes (58). Whether expansion of the 

polyQ stretch in the mHTT protein results in loss of function and decreased p62 body 

formation, as observed when wtHTT is knocked down (58) is not known. My experiments 

show similar levels of p62 bodies in WT and HD cells in basal or proteotoxic stress conditions 

(Figure 3.3.2). This suggests that mHTT does not impair p62 body formation. As an 

alternative explanation, similar steady-state levels of p62 bodies would be detected if mHTT 

impaired both their formation and degradation at the same time. Although this second 

possibility seems to be less likely, in order to exclude it one would have to measure the 

abundance of insoluble p62 in sequestosomes in conditions in which autophagic 

degradation is blocked. 

The most intriguing observation in my study was that incubation of cells with GM1 for as 

short as 10 min affected the aberrant interaction between p62 and mHTT. In fact, GM1 

decreased the amount of p62 co-immunoprecipitated with mHTT by 40% in basal and by 

18% in proteotoxic stress (MG132) conditions (Figure 3.3.3). The short incubation time with 

GM1 in this experiment (10 min) suggests that the effect of the ganglioside on p62-mHTT 

interaction might be mediated by rapid cell signaling mechanisms and induction of protein 

post-translational modifications. Phosphorylation of HTT at serine residues 13 and 16 is a 

likely candidate. As previously mentioned, GM1 triggers phosphorylation of HTT at these 
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residues (245). How, in turn, this post-translational modification would result in changes in 

the interaction between p62 and mHTT remains to be investigated. It is likely that HTT 

phosphorylation would lead to conformational changes of the protein with potential far-

reaching effects (249, 290, 291). Future studies will determine whether the interaction of 

mHTT with p62 is indeed modulated by the phosphorylation events mentioned above. 

It is still unknown whether decreased interaction between p62 and mHTT would result in 

improved cargo recognition and selective autophagy in HD and whether this, in turn, would 

translate into beneficial effects on disease progression. 

Although our data on the reduction of mHTT aggregates after treatment with GM1 suggest 

improvement of cargo recognition, additional experiments will be required to determine 

whether this is indeed the case. 

Interestingly, my studies also revealed that levels of wtHTT are decreased by GM1 in Q7/Q7 

and Q7/Q140 mice (Figure 3.1.1). It is not known whether wtHTT is degraded together with 

p62 upon cargo recognition and autophagy (58), but such a scenario might not be unlikely. 

Therefore, one might speculate that decreased levels of wtHTT after treatment with GM1 

could potentially be due to increased autophagic degradation of the complex HTT-p62 that 

is involved in cargo recognition. 

In summary, although GM1 did not reduce soluble mHTT levels, it decreased mHTT 

aggregates in specific brain areas of select HD mouse models. This reduction was not the 

result of a GM1-mediated upregulation of autophagy, but could be due changes in the 

interaction between mHTT and p62 and to restored or improved cargo recognition. 
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5 CONCLUSIONS 

My initial hypothesis was that the beneficial effects of GM1 in HD models are at least in part 

mediated by stimulation of autophagy and restoration of cargo recognition in selective 

autophagy, with consequent enhancement of mHTT clearance. 

Contrary to the initial hypothesis, I could not detect, in the models and experimental 

conditions used in this thesis, any general effects of GM1 on autophagy or autophagic flux, 

as analysis of autophagy markers LC3 and p62 in HD mouse and cell models showed no 

differences after GM1 treatment. GM1 did not reduce soluble mHTT levels in HD mouse or 

cell models, but decreased mHTT aggregates in specific brain areas in two HD mouse 

models. This reduction in mHTT aggregates together with no changes in soluble mHTT 

levels, suggests that selective autophagy of protein aggregates might be increased by GM1. 

As a matter of fact, GM1 decreased an aberrant interaction of mHTT with p62 that was 

previously shown to impair selective (67), thereby potentially improving cargo recognition 

and the degradation of mHTT aggregates.  

Future studies will need to specifically address this point and determine whether cargo 

recognition is restored after GM1 treatment. 

The mechanism underlying decreased interaction between mHTT and p62 after GM1 

treatment remains to be investigated. We have proposed that mHTT post-translational 

modifications – in particular phosphorylation at Ser13 and Ser16 – might play a crucial role, 

by affecting polyQ conformation and mHTT binding to p62 and other proteins. Future 

experiments will address this hypothesis. 

Enhancing selective autophagy in HD would have more profound consequences than just 

reducing mHTT aggregate burden. It would improve removal of dysfunctional mitochondria 
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which are a hallmark of the disease (24, 61, 292), and would potentially correct downstream 

problems linked to impaired energy supply to cells and increased oxidative stress (89, 293). 

Other interventions that decrease mHTT aggregate burden and/or correct mitochondrial 

metabolism have been linked to neuroprotection (294-296). 

The use of GM1 for the treatment of neurological disorders is not new and clinical trials in 

PD (234, 240, 241), stroke (232), and spinal cord injury (235, 236) have shown that 

peripheral administration of GM1 is safe and in some cases leads to beneficial effects. The 

long-term safety of GM1 in patients (242) together with its neurotrophic properties on cells 

(217-219) and profound effects on motor- and non-motor symptoms in three different HD 

mouse models (245-247) make GM1 a potential candidate for HD therapy. One important 

point to consider, is GM1 bioavailability in the brain after peripheral administration due to its 

poor ability to cross the blood-brain-barrier. Although recent evidence shows disrupted 

integrity of the blood-brain-barrier in HD patients, at least to a certain extent (297), whether 

this is enough to ensure that peripherally administered GM1 reaches therapeutic 

concentrations in the brain will have to be determined. 
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