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ABSTRACT 

 Huntington disease (HD) is a neurodegenerative disorder 

characterized by motor and cognitive symptoms. In HD patients, the 

protein huntingtin contains an abnormal expansion of a polyglutamine 

tract, which leads to the selective dysfunction and death of striatal and 

cortical neurons. Among other cellular dysfunctions, cholesterol and 

ganglioside GM1 synthesis are affected in HD neurons.  

 

 In this thesis I demonstrated that impaired cholesterol metabolism in 

HD cells results from aberrant interaction of mutant huntingtin with the 

transcription factor Sterol Regulatory Element-Binding Protein 2 

(SREBP2). I also showed that administration of GM1 restores normal 

motor behavior in HD mice.  

 

My studies have led to a better understanding of the causes of 

cholesterol metabolism dysregulation in HD, and have identified GM1 as a 

potential therapy for the disease.
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1.  INTRODUCTION 
 

 

 



1.1. HUNTINGTON DISEASE (HD) 

 

1.1.1. Introduction to the disease  

Huntington’s Disease (HD) also known as chorea of Huntington, is a 

fatal brain disease named after George Summer Huntington (Figure 1.1.) 

who first described the disorder in 1872 (1). The term chorea is derived 

from the Greek word ! " #$%& (=dance), as the quick movements of the feet 

or hands are comparable to dancing.  

The disease is the most common dominantly inherited neurodegenerative 

disorder and it is characterized by progressive striatal and cortical 

neurodegeneration leading to motor, cognitive and behavioral 

disturbances.  

 

 

1.1.2. Inheritance 

 
‘When either or both the parents have shown manifestations of the 

disease, and more especially when these manifestations have been of a 

serious nature, one or more of the offspring almost invariably suffer from the 

disease if they live to adult age. But if by any chance these children go 

through life without it, the thread is broken and the grandchildren and the 

great-grandchildren of the original shakers may rest assured that they are 

free from the disease. This you will perceive differs from the general laws of 

called hereditary diseases, as for instance in phthisis or syphilis, when one 

generation may enjoy entire immunity from their dread ravages, and yet in 

another you find them cropping out in all their hideousness.’

                                                                                     (Huntington 1872)



A second aspect of hereditary chorea, is dementia and depression. 

Mood and behavioral disturbance, memory impairment and personality 

changes are typical clinical features of the disorder, occurring in general 

before the onset of chorea. However, no universally accepted diagnostic 

criteria for HD dementia are currently available (2). Psychiatric symptoms 

like irritability, aggression and psychosis are also common manifestation 

of the disease that negatively impact upon quality of life and functional 

capacity (3-4), and are often associated with suicidal ideation (5-6). 

Suicide attempts are highly frequent in persons carrying the HD mutation, 

however, these aspects of the disorder are often ignored, as they are less 

obious than the motor dysfunctions. 

 

 ‘The tendency to insanity, and sometimes that form of insanity 

which leads to suicide, is marked. I know of several instances of 

suicide of people suffering from this form of chorea, or who belonged 

to families in which the disease existed. As the disease progresses the 

mind becomes more or less impaired, in many amounting to insanity, 

while in others both mind and body gradually fail until death relieves 

them of their sufferings. At present I know of two married men, whose 

wives are living, and who are constantly making love to some young 

lady, not seeming to be aware that there is any impropriety in it. They 

are suffering from chorea to such an extent that they can hardly walk 

and would be thought, by a stranger, to be intoxicated.”  

                                                                               (Huntington 1872) 

 

The disease typically manifests in midlife, with the average onset 

between 35 and 50 years (7-8). Approximately, 5% to 10% of all HD cases 

are juvenile forms, with an onset before the age of 20 (9-10).  

The progressive motor disorder with uncontrolled and involuntary 

movements is the most peculiar trait of the disorder.  

 
 

 ‘It begins as an ordinary chorea might begin, by the irregular and 

spasmodic action of certain muscles, as of the face, arms, etc. These 



movements gradually increase, when muscles hitherto unaffected 

take on the spasmodic action, until every muscle in the body 

becomes affected (excepting the involuntary ones), and the poor 

patient presents a spectacle, which is anything but pleasing to 

witness. I have never known a recovery or even an amelioration of 

symptoms in this form of chorea; when once it begins it clings to the 

bitter end. No treatment seems to be of any avail, and indeed 

nowadays its end is so well known to the sufferer and his friends, that 

medical advice is seldom sought. It seems at least to be one of the 

incurables’. 

                                                                              (Huntington 1872) 

 

1.2. EPIDEMIOLOGY OF HD AND THE DISCOVERY OF 
HUNTINGTIN (HTT) 

Huntington disease is the most prevalent disorder of a family of 

neurodegenerative diseases that are caused by a polyglutamine 

expansion in various unrelated proteins (11). HD affects both sexes with 

the same frequency. The highest prevalence is in Europe and North 

America, with 4-10 cases per 100.000 (12). An extremely high occurrence 

was found, for the first time, within the 15.000 members of a large group of 

inter-related families living in fishing villages along the borders of Lake 

Maracaibo in Venezuela (13). The first polymorphic DNA marker linked to 

HD gene locus was discovered in 1983 (14). Ten years later, in 1993, the 

gene was finally isolated and termed IT15 (interesting transcript 15). The 

IT15 gene, located on the short arm of chromosome 4 (4p16.3) (15) was 

found to code for huntingtin (Htt), a ubiquitous protein whose function is 

still unknown (16). 

 

1.3. MICROSCOPIC PATHOLOGY 

The neuropathological hallmark of HD is the progressive atrophy of the 

brain with the striatal medium size spiny neurons (MSNs) and cortical 

neurons being particularly vulnerable (Figure 1.2) (17). Why these cells 



are selectively affected remains unclear, but influence of specific growth 

factors, excitotoxicity, neurotransmitter gene expression, somatic CAG 

repeat instability and afferent anatomical connections have been 

suggested to contribute (18-19). Gross examination of the brain of HD 

patients reveals atrophy of the caudate nucleus, putamen and dilation of 

the anterior horns of the lateral ventricles. Beyond the striatum, most brain 

regions show pathological involvement to some extent. The frontal and 

prefrontal cortex has long been known to be affected in HD and cortical 

cell loss has been considered secondary to striatal atrophy (20).  

Furthermore, other brain regions with potentially important functional links 

to phenotypic traits of HD have been found to be involved, including the 

cerebellum (21), hypothalamus (22) and subcortical white matter (23).  

 

1.4. MOLECULAR AND CELLULAR PATHOLOGY 

The genetic cause of HD is the expansion of a CAG trinucleotide 

repeat (>35 repeats) in the gene encoding huntingtin (Htt). The mutation 

results in an elongated polyglutamine (polyQ) stretch in the N-terminus of 

the protein. Htt is a 348kDa protein widely expressed within the body. In 

the brain, it is particularly abundant in the cerebellar cortex, neocortex, 

striatum and hippocampus (24). Htt is expressed in all brain cells (25) and 

is required for normal embryogenesis, as knockout mice die at early 

developmental stages (26). In spite of many years of intense study, the 

normal function of Htt is still unclear: however it is thought to have diverse 

functions in vesicle transport, cytoskeletal anchoring, postsynaptic 

signalling, cytoprotection and transcriptional regulation (27). The 

expanded polyQ domain in the N-terminal portion of the protein confers 

toxic properties to mHtt (mHtt) induces protein conformation changes, 

protein misfolding and aggregation, and results in the disruption of 

multiple intracellular pathways including cell signaling, mitochondrial 



metabolism, neuronal survival and regulation of gene transcription that 

contribute to neuronal dysfunction and death (28-29) (Figure 1.3). 

 

1.4.1. Altered protein degradation and huntingtin 
aggregation  

In HD and other expanded polyglutamine disorders, neurodegeneration 

seems to be linked primarily to the neurotoxic “gain of function” of the 

expanded polyQ stretch. Because of the expanded tract, the mutant 

protein cannot be properly folded and this results in the formation of 

aggregates (30). Accumulation and aggregation of disease-causing 

proteins is a hallmark of several neurodegenerative disorders, including 

Parkinson’ disease, Alzheimer’ disease, and amyotrophic lateral sclerosis.  

Cleavage of mHtt into N-terminal fragments bearing the polyglutamine 

(polyQ) expansions is believed to contribute to disease pathogenesis. This 

hypothesis is supported by the observation of N-terminal fragments of 

mHtt both in HD models and brains from HD patients (31-35). Short 

fragments may induce toxicity in the cytoplasm by promoting aberrant 

interactions with proteins and by inducing formation of aggregates. 

Huntingtin fragments can also translocate from the cytoplasm into the 

nucleus, where they aberrantly interact with several transcription factors 

and form protein inclusions (36). The role of aggregates in the progression 

of HD has been extensively studied, and has yielded a plethora of 

ambivalent results. While many studies suggest that mHtt aggregates 

mediate neurotoxicity and may exacerbate neurodegeneration in HD, 

many others highlight a protective role of aggregates formation, and 

suggest it is a compensatory detoxification process by which cells promote 

sequestration of mHtt toxic oligomers (37). 

1.4.2. Dysregulation of gene transcription   

A number of pathways that have been implicated in the pathogenesis of 



HD involve transcriptional dysregulation caused by mHtt. Transcriptional 

dysregulation has been shown to occur early in HD, before the onset of 

symptoms (16). The elongated polyglutamine stretch might confer a ‘gain 

of function’ property that results in direct and abnormal binding of the 

mutant protein to DNA disrupting the normal pattern of transcription (38). 

In addition, mHtt has been reported to aberrantly bind to specific 

transcription factor proteins thus altering their activity, like in the case of 

DNA binding specificity protein 1 (Sp1) or TATA-box-binding protein-

associated factor II, 130kDa (TAFII130) (39-40). The mutant protein is 

believed to disrupt transcriptional machinery also through interaction with 

molecular mediators such as cyclic adenosine monophosphate (cAMP) 

response element binding protein (CBP) or p300/CBP associated factor, 

which affect histone acetylation, chromatin structure and gene 

transcription (41). Microarray studies conducted in HD models and in 

postmortem brain samples from HD patients have revealed a decrease in 

the expression of several genes necessary for neuronal function and 

survival, including the Brain Derived Neurotrophic Factor (BDNF), the co-

activator Peroxisome proliferator-activated receptor gamma coactivator 1-

alpha (PGC1-alpha), and cholesterogenic genes (41-46). 

 

1.4.3. Dysfunction of mitochondrial activity  

The mechanisms underlying neuronal vulnerability in HD are still unknown, 

however, evidence suggests that mitochondrial defects may play a central 

role. Mitochondrial dysfunction in HD has been demonstrated in numerous 

studies (47) and includes aberrant mitochondrial Ca2+ storage and 

handling, decreased expression of oxidative phosphorylation (OXPHOS) 

enzymes, production of reactive oxygen species (ROS) and loss of 

membrane potential (48). Although it is still unclear how mHtt interferes 

with normal mitochondrial activity, many studies indicate that mHtt can act 

at the transcriptional level, by inhibiting PGC1-alpha, the master regulator 

of energy homeostasis, and by affecting the function of dynamin related 



protein 1 (DRP1) and causing fragmentation and remodeling of the 

mitochondrial cristae. Other transcriptional abnormalities affecting 

mitochondria composition, reduced mitochondria trafficking to synapses, 

and direct interference with mitochondria may also contribute to striatal 

vulnerability in HD. 

 

1.4.4. Cytotoxicity  

Excitotoxicity was the first mechanism of neurodegeneration proposed for 

HD (49). The excitotoxic hypothesis in HD is supported by several studies 

showing excessive activation of N-methyl-D-aspartate (NMDA)-type 

glutamate receptors (NMDAR) in HD models, potentially due to increased 

glutamate release from cortical afferents and reduced uptake of glutamate 

by glia (50-53). Several studies have reported selective potentiation of 

striatal NR2B-containing NMDAR activity and concomitant early increase 

in extrasynaptic NMDAR activity, with subsequent exacerbation of striatal 

neurodegeneration in HD mouse models (54). Notably, overactivation of 

NMDAR is associated with an increase of intracellular free calcium levels 

in MSNs (55). While activation of extrasynaptic NMDARs is detrimental, 

the activity of synaptic NMDARs is protective in HD mice, and it correlates 

with the formation of non-toxic mHtt inclusion bodies by a process 

involving the transcriptional up-regulation of chaperonin tailless complex 

polypeptide-1 (TCP-1) and promotes cell survival (56). 

 

1.5. MOUSE MODELS OF HUNTINGTON DISEASE  

Researchers are using animal models of HD to study the disease 

pathogenesis, to elucidate areas of the brain involved in structural and 

functional decline, and to evaluate potential therapeutic interventions. The 

most reliable models of HD principally recapitulate the neuropathology in 

the striatum, as well as the genetic defect and symptomology of the 

human disease.  

 Transgenic mice that express the mHtt gene, or portions of it, have 



been the most commonly used animal models to investigate the molecular 

mechanisms underlying the disease and potential therapies. Several 

genetic mouse models of HD have been developed, using a variety of 

gene promoters and expressing Htt fragments and polyQ expansions of 

various lengths.  

Transgenic mice expressing the first exon of Htt with 155 CAG repeats 

(strain line R6/2), are the most commonly used transgenic mouse model of 

HD. The large number of repeats in the R6/2 model corresponds to a 

juvenile onset HD in patients. This model has a very severe phenotype 

and fast disease progression. R6/2 mice may develop symptoms as early 

as 4 weeks of age, although the average age at onset of symptoms is 9 to 

11 weeks. These mice rarely survive past 14 weeks of age (57).  

The yeast artificial chromosome (YAC) mouse model expresses full-

length human Htt with 128 CAG repeats (YAC128) from the human Htt 

promoter. This model accurately recapitulates age-dependent brain 

atrophy, including cortical and striatal atrophy, and striatal neuronal loss 

characteristic of HD (58). The onset of impairment in motor co-ordination, 

in pre-pulse inhibition and cognition, along with a biphasic activity profile 

composed of initial hyperactivity and late hypoactivity in the YAC128 mice 

recapitulates the clinical manifestation of the human disease. YAC128 

mice have been extensively used for the study of pathogenic mechanisms 

in HD, as well as to test therapeutics. The longer life-span of YAC128 

mice, compared to other HD models, allows for their use to study the 

effects of long-term therapeutic interventions. 

 

1.6. THE CRITICAL ROLE OF LIPIDS IN THE BRAIN   

Lipids are the most abundant component of the Central Nervous System 

(CNS). They comprise a large number of chemically distinct molecules 

arising from combination of fatty acids with various backbone structures. 

Overall, mammalian cells may contain approximately 1000-2000 lipid 

species (59).  



They are classified into eight categories (fatty acids, glycerolipids, 

glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, 

saccharolipids and polyketides) (60) and all increase during development.  

Among all the lipids, cholesterol and gangliosides are highly enriched in 

the brain. Both cholesterol and gangliosides are essential component of 

membrane micro-domains that serve as hubs for cell signaling and are 

crucial for many brain functions. They are involved in major biological 

processes such as intracellular transport, membrane trafficking, signaling 

transduction as well as myelin formation and maintenance, and 

synaptogenesis. 

The importance of cholesterol and gangliosides in the CNS is 

underlined by the fact that perturbations of the metabolism of these lipids 

negatively affect neuronal function and causes a number of 

neurodegenerative disorders (61, 62). The maintenance of balanced lipid 

homeostasis is, therefore, an important aspect of CNS function (63, 61) 

and it is critical during neurodevelopment, repair after traumatic brain 

injury and for the maintenance of efficient neurotransmission.  

 

1.6.1. Cholesterol  

5-Cholesten-3! -ol or cholesterol is the main sterol synthesized by 

animal cells. Although it represents only two percent of total body mass, 

the brain contains the highest levels of cholesterol in mammalian bodies. 

Approximately 25% of the total amount of the cholesterol present in 

humans is localized in the brain. Cholesterol has a number of crucial 

functions in the brain. Brain cholesterol is synthesized locally and is 

metabolically separated from other pools by the blood-brain-barrier (BBB) 

(63). Thus, dietary and peripherally-synthesized cholesterol cannot be 

utilized by brain cells. Cholesterol homeostasis is tightly regulated in the 

brain as well as in the rest of the body, and depends on three main 

aspects: synthesis, transport and catabolism.   

Cholesterol biosynthesis is a multi-step process involving nearly 30 



enzymes and is directly regulated by intracellular cholesterol levels (Figure 

1.4). The rate-limiting step of this pathway is the production of mevalonate 

by the enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 

reductase (HMGCR). HMGCR is a glycoprotein, anchored to the ER 

membrane and is one of the most highly regulated enzymes. HMGCR is 

subject to numerous modes of regulation, including feedback control of 

HMGCR stability (64-66). HMGCR reductase expression levels are 

regulated in response to sterols both transcriptionally, through a complex 

regulatory loop involving the ER Insig proteins, and posttranslationally by 

Insig-dependent protein degradation by the ubiquitin-proteasome system. 

Increased production of products of the mevalonate pathway causes an 

increase in the degradation rate of HMGCR by the proteosome and 

lowered steady-state level of the protein (64). Conversely, decreased 

production of pathway products causes a decrease in the degradation rate 

of HMGCR and increased steady-state levels of the protein. The primary 

sterol regulating HMGCR degradation is cholesterol itself. As the levels of 

free cholesterol increase in cells, the rate of HMGCR degradation 

increases. 

At the transcriptional level, the mevalonate pathway is regulated by a 

subfamily of basic helix–loop–helix leucine zipper (bHLH-LZ) transcription 

factors the sterol regulatory element binding proteins (SREBPs) (67). 

SREBPs directly activate the expression of a number of genes dedicated 

to the synthesis and uptake of cholesterol, fatty acids, triglicerides and 

phospholipids (68, 69).   

In the adult brain, astrocytes are the major site of cholesterol synthesis 

(70). In early developmental stages, neurons can synthesize cholesterol 

them selves. In contrast, mature neurons rely on astrocytes for the energy 

consuming process of cholesterol biosynthesis (70, 71).  Astrocytes 

synthesize and secrete cholesterol in order to supply neurons with the 

cholesterol that is needed for the formation of new synapses, axonal 

outgrow and vesicle exocytosis, which are all essential for learning and 



memory processes (72, 73). Neither peripheral cholesterol nor brain 

cholesterol can cross the BBB. Therefore, elimination of excess 

cholesterol from the brain occurs after cholesterol is metabolized into the 

oxysterol 24(S)-OH cholesterol, a more soluble sterol that is able to 

traverse the BBB (74). The role of cholesterol in the brain is complex and 

the maintenance of balance cholesterol homeostasis is an important 

aspect of CNS function (75). Smith-Lemli-Opitz syndrome (SLOS) is a well 

characterized and the most common disease caused by defects in 

cholesterol metabolism (76).  The clinical manifestations of SLOS may 

result from cholesterol deficiency or from the toxicity of accumulation of 

precursor sterols and their toxic metabolites (76). Deregulated cholesterol 

homeostasis appears to be involved in the pathogenesis of a number of 

neurodegenerative disorders including Alzheimer's disease (AD), 

Parkinson's disease (PD) and Niemann–Pick disease type C (NPC) 

diseases (77, 78), and interestingly also in HD (79, 80).  

 

1.6.2. Sterol regulatory element binding proteins (SREBPs)  
 

The synthesis and uptake of cholesterol in animal cells require 

membrane-bound transcription factors designated as sterol-regulatory 

element-binding proteins (SREBPs) (81, 82). SREBPs activate the 

expression of numerous genes that regulate not only the synthesis and 

uptake of cholesterol, but also the synthesis of fatty acids, triglycerides, 

and phospholipids (83, 84). SREBPs belong to the basic helix-loop-helix–

leucine zipper (bHLH-Zip) family of transcription factors but they differ from 

other bHLH-Zip proteins in that they are synthesized as inactive 

precursors bound to the endoplasmic reticulum (ER) (83, 84). The 

mammalian genome encodes three SREBP isoforms: SREBP-1a, 

SREBP-1c, and SREBP-2. SREBP-2 is encoded by a gene on human 

chromosome 22q13. Both SREBP-1a and -1c are derived from a single 



gene on human chromosome 17p11.2 through the use of alternative 

transcription start sites that produce alternate forms of exon 1, 1a and 1c 

(83).  SREBP-1a is a potent activator of all SREBP-responsive genes, 

including those that mediate the synthesis of cholesterol, fatty acids, and 

triglycerides. SREBP-1c preferentially enhances transcription of genes 

required for fatty acid synthesis but not cholesterol synthesis. Like 

SREBP-1a, SREBP-2 has a long transcriptional activation domain and it 

preferentially activates cholesterol synthesis (83).  In order to enter the 

nucleus and act as a transcription factor, the NH2-terminal domain of each 

SREBP must be cleaved and released by specific proteases (Figure 1.5). 

Three proteins are required for SREBP processing: one is an escort 

protein designated SREBP cleavage–activating protein (SCAP). The other 

two are proteases, designated Site-1 protease (S1P) and Site-2 protease 

(S2P). Newly synthesized SREBP is inserted into the membranes of the 

ER, where its COOH-terminal regulatory domain binds to the COOH-

terminal domain of SCAP. SCAP is both an escort for SREBPs and a 

sensor of sterols. When cells become depleted in cholesterol, SCAP 

escorts SREBP from the ER to the Golgi apparatus, where the two 

proteases reside. In the Golgi apparatus, S1P, a membrane-bound serine 

protease, cleaves SREBP (Figure 1.5). The NH2-terminal bHLH-Zip 

domain is then released upon intra-membrane proteolysis via a second 

cleavage mediated by S2P, a membrane-bound zinc metalloproteinase. 

The NH2-terminal domain, designated nuclear or “mature” SREBP 

(mSREBP), enters the nucleus and activates transcription, by binding to 

sterol response elements (SREs) in the promoter regions of target genes. 

The nuclear content of SREBPs declines rapidly as a result of 

proteasomal degradation to maintain a tight control of cholesterol and fatty 

acids synthesis.  

 
 
 
 



1.6.3. Nuclear transport  

Transport of macromolecules into and out of the nucleus occurs 

through large structures called nuclear pore complexes (NPCs) (85). 

Nuclear pore complexes allow passive diffusion of ions and small proteins 

(<40 kDa), but restrict passage of large molecules, the transport of which 

is an active process  (86). 

The active transport of macromolecular cargo between cytoplasmic and 

nuclear compartments is facilitated by specific soluble carrier proteins 

referred to as “karyopherins” (87), with those involved in import and export 

termed “importins” (88) and “exportins” (89), respectively. 

Cytosolic proteins bearing a classical nuclear localization signal (NLS) 

enter the nucleus bound to a heterodimer of importin-# and importin-!  

(90). The importin #/!  heterodimer targets hundreds of nuclear proteins 

that contain the classic nuclear localization signals (NLSs) (91) to the 

nuclear-pore complex (NPC) and mediates the classical nuclear transport 

by facilitating proteins translocation across the nuclear envelope. In the 

classical nuclear import importin-# recognizes and binds NLS-containing 

cargos and forms a complex with importin-!  (92). Importin-!  then 

mediates interaction of the trimeric complex with the phenylalanine–

glycine (FG) repeat domains of nucleoporins, in the nuclear pore complex, 

as it translocates into the nucleus. In the nucleus, binding of RanGTP to 

importin-!  causes a conformational change in the latter protein that results 

in the release of the cargo from the complex (93). 

Although most nuclear proteins follow the simple model of classical 

nuclear transport to enter nucleus, a few proteins are transported through 

a non-classical nuclear transport characterized by direct interaction of the 

cargo protein to importin-! . This alternative mode of nuclear entry is quite 

unique for SREBPs and a few other proteins (94, 95)

 

 



1.6.4. Gangliosides 

Gangliosides are sialic acid-containing glycosphingolipids ubiquitously 

expressed in the outer leaflet of the plasma membrane of the cells of all 

vertebrates and are particularly abundant in the nervous system (96). The 

synthesis of gangliosides occurs through a complex metabolic pathway 

that involves many enzymes (Figure 1.6). 

Unlike cholesterol biosynthesis, the factors that regulate de novo 

gangliosides biosynthesis for the most part remains enigmatic; this 

pathway does not appear to require a single class of master transcriptional 

regulators, or respond solely to cellular sphingolipid concentrations (97). 

Gangliosides are primarily localized in the outer leaflets the plasma 

membranes and are integral components of membrane microdomains or 

“lipid rafts” along with proteins, sphingomyelin and cholesterol. They 

participated in a number of essential biological processes including neurite 

outgrowth (98) cell–cell recognition and interaction adhesion and signal 

transduction (99), through modulation of membrane receptors and/or 

downstream signaling pathways (100).  

 Expression levels and patterns of brain gangliosides are known to 

change dramatically during development. For instance, the amount of total 

gangliosides increases almost 8-fold in adult mouse brains as compared 

with embryonic mouse brains (101). Simultaneously, the expression 

pattern of gangliosides shifts from simple gangliosides, such as GM3 and 

GD3, to complex gangliosides, such as GM1, GD1a, GD1b, and GT1b. 

Similarly, in the human brain, the amount of ganglioside increases 

approximately 3-fold from the gestational weeks to the infant period. GM1 

and GD1a are increased 12- to 15-fold during the same period (102). 

Gangliosides homeostasis is of vital importance in the CNS. As a matter of 

fact, defects in gangliosides synthesis cause severe neurological and 

neurodegenerative conditions (103). 

Disruption of ganglioside synthetic genes induces developmental defects 

and neural degeneration. Deficiency of GM2/GD2 synthase leads to 



impaired motor development, seizure and death in infancy (103).   Loss-of-

function mutation in the gene encoding GM3 synthase leads to a severe 

infantile neurodegenerative disorder characterized by progressive brain 

atrophy, epilepsy and chorea (104), symptoms that are also common to 

the juvenile form of HD (105). Aberrant gangliosides metabolism has also 

been described in AD and in HD (106, 107). 

 

1.6.5. Dysfunction of cholesterol and ganglioside 
metabolism in Huntington disease 

Among other dysfunctions that play a critical role in the pathogenesis 

of HD, disturbances in cholesterol and ganglioside homeostasis have 

been described in HD patients and animal models of the disease, raising 

the question of how changes in lipid metabolism might contribute to HD 

pathogenesis. 

Down-regulation of expression of key genes involved in cholesterol 

synthesis, such as HMGCR, Cyp51 and 7-dehydroxycholesterol 

reductase, was first reported in a study that analyzed global gene 

expression changes upon expression of mHtt in striatal cell lines (46).  

Further studies described similar changes in brain tissues of HD mouse 

models before the onset of motor and cognitive symptoms (108-110) 

suggesting that decreased cholesterol biosynthesis might play a role in the 

pathogenesis of the disease. Changes in the cholesterol content instead, 

were detected only at more advanced symptomatic stages (108-110)  

Expression of mRNA for cholesterol biosynthetic genes was found to be 

reduced also in fibroblasts and post mortem striatal and cortical tissues 

from patients with HD (108). 

Despite several studies have highlighted defective cholesterol synthesis in 

HD, very little attention has been paid to the underlying molecular 

mechanisms.  



The available data indicate that the decreased cholesterol biosynthesis in 

HD is attributable to the interference of mHtt with the function of SREBP2 

(108) although how exactly this is achieved is not clear.  

Defects in cholesterol metabolism in various models of HD are also 

accompanied by abnormal ganglioside metabolism, although it is currently 

unknown whether these two dysfunctions are linked to each other.   

Alteration in ganglioside concentration in the caudate and putamen of HD 

patients were first reported prior to the identification of HD gene (111). 

Later microarray data from the R6/1 mouse model of HD and from 

postmortem human caudate samples of HD patients, revealed a decrease 

in the expression of genes involved in glycosphingolipid synthesis, relative 

to disease-free controls (112). In line with these findings, our lab reported 

defects in ganglioside metabolism associated with transcriptional 

dysregulation of the ganglioside biosynthetic genes in various HD models 

and in fibroblasts from HD patients. We also showed that decreased levels 

of gangliosides GM1 contributes to increased susceptibility of HD cells to 

apoptosis (107) and that administration of exogenous GM1 dramatically 

increases cell survival in HD (107). These results are in agreement with 

previous studies reporting that administration of ganglioside GM1 has 

neuroprotective properties in models of other neuronal injury by growth 

factor withdrawal (113) or excitotoxicity (114), as well as in primate models 

of Parkinson’s disease (115) and in stroke (116). 

Although additional research is needed to clarify how ganglioside and 

cholesterol alterations contribute to human pathology, all together the 

information available suggest that aberrant metabolism of cholesterol and 

gangliosides may significantly contribute to the onset and development of 

HD. A better understanding of the precise impact of such dysfunctions in 

HD and of the underlying mechanisms might eventually guide the 

development of potential new therapeutic approaches for the treatment of 

this disease.  

 



1.7. AIMS OF THE THESIS 

The aims of this thesis were: 1) to elucidate the mechanism by which mHtt 

interferes with cholesterol synthesis and 2) to determine whether 

strategies that increase brain ganglioside levels have therapeutic potential 

in HD.   

Chapter II describes experiments that shed light on the causes of 

defective cholesterol biosynthesis in HD.   

In chapter III I describe the effects of exogenous ganglioside GM1 

administration in a mouse model of HD, and I provide evidence that GM1 

is a potential and innovative approach for the treatment of HD.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1.8. FIGURES  

              

 

 

 

 

 

 

 

       

 

                                              

Figure 1.1 Photograph of George  Summer Huntington. Born 1850, East Hampton, 

New York, USA –1916, died in Cairo, New York, USA (Okun, 2003). 

 

 

 

 

 

 

 

 



                                        

Figure 1.2. Comparison of coronal slices from fixed cerebral hemispheres of an HD 

patient and matched control subject. HD patient on left, control subject on right. White 

arrowheads, caudate nuclei; black arrowheads, putamina. Image courtesy of Harvard 

Brain Tissue Resource Center. 



Figure 1.3. Overview of the cellular pathogenesis in HD. Htt, huntingtin; Ub, ubiquitin 

(Adapted from Landles et al. 2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

                             

Figure 1.4. Cholesterol biosynthesis pathway. A biochemical pathway showing the 

major steps by which cholesterol is synthesized. 

 

 

 

 

 

 

 

                           

 



Figure 1.5. SREBP pathway. SREBP precursor is inserted in the membranes of the 

endoplasmic reticulum (ER). Both the amino-terminal transcription-factor domain (bHLH-

zip) and the carboxy-terminal regulatory domain (Reg) are located in the cytoplasmic 

compartment. When the cellular demand for sterols rises, the SREBP precursor protein 

travels to the Golgi apparatus, where the site-1 protease (S1P) cleaves at site-1 in the 

luminal loop, producing the membrane-bound intermediate form. The intermediate form is 

the substrate for the site-2 protease (S2P), which cleaves the intermediate at site-2. This 

second cleavage releases the mature transcription-factor domain (mSREBP) from the 

membrane, freeing it to enter the nucleus and direct transcription of target genes. bHLH-

zip, basic helix–loop–helix leucine-zipper. (Adapted from Rawson RB. 2003) 

 

                                      

   

 



 

 

Figure 1.6. Simplified scheme of the ganglioside biosynthetic pathway. Critical 

enzymes in the pathway are indicated in red. Ceramide (Cer);  glucosylceramide  

(GlcCer);  lactoceramide (LacCer) Trisialotetrahexosylganglioside (GM3); 

Disialotetrahexosylganglioside (GM2); Monosialotetrahexosylganglioside (GM1); 

Ganglioside GD1a; Ganglioside GT1a; Ganglioside Precursor Disialohematoside (GD3); 

Ganglioside GD2; Ganglioside GD1b; Ganglioside GT1b; Ganglioside GQ1b; Tri-

sialosyllactosylceramide (GT3).
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DYSREGULATION OF THE CHOLESTEROL BIOSYNTHETIC 
PATHWAY IN HD 

Mutant Huntingtin interacts with the transcription factor SREBP and 
impairs its nuclear translocation. 

 

2.1. INTRODUCTION  
 

Recent findings suggest that dysregulation of cholesterol synthesis 

occurs in HD (1-4). Brain cholesterol, almost all locally synthesized, plays 

a critical role in the regulation of neuronal functions and in the 

maintenance of CNS homeostasis (5). Cholesterol biosynthesis is tightly 

regulated by membrane-bound transcription factors known as sterol 

regulatory element binding proteins (SREBPs), normally located as 

inactive precursor proteins in the membrane of the endoplasmic reticulum 

(ER) (6) In humans, three different SREBP proteins with different role in 

lipid metabolism are expressed: SREBP1a, SREBP1c and SREBP2.  

Both SREBP1a and 1c are produced from a single gene through the use 

of alternative transcription sites (7), while SREBP2 is transcribed from a 

separate gene (8). SREBP1a is a potent activator of all SREBP-

responsive genes, including those that mediate the synthesis of 

cholesterol, fatty acids, and triglycerides. SREBP1c regulates the 

transcription of genes required for fatty acids, but not cholesterol 

synthesis. Finally, SREBP2 is specifically involved in the activation of 

cholesterol biosynthesis (9). 

SREBP-2 is synthesized as a large, transcriptionally inactive precursor 

localized in the endoplasmic reticulum (ER). When cholesterol levels are 

low, SREBP2 translocates from the ER to the Golgi apparatus through 

binding to an escort protein named SREBP cleavage activation protein 

(SCAP), a process that is blocked under cholesterol excess by insulin-

induced gene 1 (INSIG1) and insulin-induced gene 2 (INSIG2) proteins 

(10, 11). Once in the Golgi, SREBP-2 undergoes specific proteolytic 



cleavage by two membrane-associated proteases, the site 1 (S1P) and 

site 2 (S2P) proteases, which yields an active 68-kDa N-terminal fragment 

(mature SREBP-2, mSREBP-2) that translocates to the nucleus, together 

with the nuclear transporter importin-beta, binds the sterol response 

element (SRE) in the promoters of target cholesterogenic genes (Figure 

1.5) and activates their transcription. The subsequent accumulation of 

sterols in ER membranes prevents further proteolytic activation of SREBP-

2 by blocking the exit of SCAP-SREBP-2 complex from the ER; 

transcription of SREBP-2 target genes decline and cholesterol synthesis 

and uptake are suppressed.  

The possibility that changes in cholesterol homeostasis occur in HD 

has received substantial attention from many investigators over the past 

several years. MHtt has been shown to induce down-regulation of the 

expression of the genes involved in the cholesterol biosynthetic pathway in 

HD cell models (13), in HD transgenic mouse models and in human post-

mortem brains (1,2,4,). 

Although alterations in cholesterol content have been widely described 

across multiple HD models, little is know about the underlying molecular 

mechanism.  Our previous data suggested that altered cholesterol 

biosynthesis in HD is attributable to decreased presence of mSREBP2 in 

the nucleus (1). However, how mHtt might affect the SREBP2 pathway, 

remains to be determined. In this study we explored the possibility that 

mHtt might physically interact with mSREBP2 and impair its translocation 

into the nucleus. In support of this hypothesis, we showed that mHtt 

retains the complex SREBP2/importin-!  in the cytoplasm of HD cells, 

therefore reducing mSREBP2 availability in the nucleus and ultimately 

impairing its regulatory activity on cholesterogenic gene transcription.  

 

 
 
 
 



2.2. MATERIAL AND METHODS  
 

2.2.1. Animal and cell models  

YAC128 mice were purchased from the Jackson Laboratories (Jackson 

Laboratories, Bar Harbor, ME, USA). Female YAC128 mice were crossed 

with male FVB/N wild-type mice for colony maintenance. 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. Conditionally-immortalized rat striatal 

ST14A cells and ST14A cells expressing an N-terminal fragment of mHtt 

containing 120 glutamines (N548-120Q) were kindly provided by Dr. E. 

Cattaneo (University of Milan, Italy) and maintained in culture at the 

permissive temperature (33ºC) as previously reported (12). Conditionally-

immortalized mouse striatal knock-in cells expressing endogenous levels 

of wild-type (STHdh7/7) or mHtt (STHdh111/111) were a gift from Dr. M.E. 

MacDonald (Massachusetts General Hospital, Boston, MA, USA) and 

were maintained as previously described (12). Human skin fibroblasts 

isolated from HD patients (line GM03621, expressing one HD allele with 

61 CAG repeats) were purchased from Coriell Cell Repositories (Coriell 

Institute for Medical Research, Camden, NJ, USA) and grown in modified 

Eagle’s Medium (MEM, Invitrogen) supplemented with 15% fetal bovine 

serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, 100 $g/mL 

streptomycin and 0.11 g/L sodium pyruvate. Primary neuronal cultures 

were obtained from cerebral cortex and striatum of newborn mice (P0). 

Briefly, after dissection cerebral cortex and striatum were minced and 

digested with 1 mg/ml papain for 10 min at 37°C. DNase was added to the 

digestion mix in the last 5 min of incubation. Cells were centrifuged at 200 

x g for 1 min, resuspended in Neurobasal-A medium (Invitrogen) 

supplemented with 1% B27 (Invitrogen), and gently dissociated by 

pipetting up and down. Neurons were plated onto poly-D-lysine-coated 



wells at a density of 1 X 105 cells/cm2 and used for experiments at 9–11 d 

in vitro (DIV). 

 

2.2.1. Generation of mSREBP2-EGFP constructs  

The cDNA for the mature form of human SREBP2 (aa. 1-484) was 

cloned by RT-PCR from HeLa cells, the most widely used continuous cell 

line derived from human cervical cancer, using the following primers:  

Fw: 5’-AAACTCGAGCAATGGACGACAGCGGC-3’;  

Rev: 5’ GGGATCCTCACAGAAGAATCCGTGAGCG-3’.  

The forward primer included an Xho I restriction site upstream of 

SREBP2 start codon, while the reverse primers included a stop codon 

downstream to aminoacid 484 in the human SREBP2 protein sequence 

(S2P cleavage site), and BamH1 restriction site for in-frame directional 

cloning into pEGFP-C1 vector (Clontech). The resulting pEGFP-C1-EGFP 

plasmid (herein referred to as EGFP-SREBP) was sequenced to verify the 

absence of mutations in the SREBP2 cDNA and cloning in frame with 

EGFP.  

 

2.2.2. RNA extraction and real-time PCR analysis of gene 
expression 

Total RNA from WT and YAC128 mice brain and from human 

fibroblasts derived from control and HD patients was extracted using 

RNeasy kit (Qiagen) according to the manufacturer’s instructions. All RNA 

samples were subjected to in-column treatment with DNaseI (Qiagen) to 

eliminate genomic DNA contamination. One mg of total RNA was reverse-

transcribed using Superscript II reverse transcriptase (Invitrogen) and 

oligo-d(T) primer, and the resulting cDNAs were amplified using Power 

SYBR® Green PCR Master Mix (Applied Biosystems, Foster City, CA), 

following manufacturers’ instructions. Quantitative PCR analysis was 

carried out on a StepOnePlus™ instrument (Applied Biosystems, Foster 



City, CA), by comparison with a standard curve generated by cDNA serial 

dilutions. Gene-specific primers were designed using Primer Express 3.0 

software (Applied Biosystems, Foster City, CA, USA). The level of each 

mRNA was normalized to that of cyclophilin A. PCR cycling parameters 

were: 50°C for 2 min, 95°C for 5 min, followed by 40 cycles of 95°C for 20 

sec, 60°C for 1 min and 72°C for 40 sec. Primer sequences were: Fw 5’ 

TCC AAA GAC AGC AGA AAA CTT TCG 3’, Rev 5’ TCT TCT TGC TGG 

TCT TGC CAT TCC 3’. 

 

 

2.2.3. Subcellular fractionation  

Twenty-five  g/ml N-acetyl-leucyl-leucyl-norleucinal (ALLN) was added 

to ST14A cells 2 h before lysis. Cells and fresh brain tissues from WT and 

YAC128 mice were homogenized in buffer A (10mM HEPES-K+ pH7.5, 

250mM sucrose, 10mM KCl, 1.5mM MgCl2, 1mM EDTA, 1mM EGTA and 

Protease-Inhibitor Cocktail (SIGMA-Aldrich, St. Louis, MO, USA) by 

passing the cells 20 times through a 26-G needle. Cell lysates were 

incubated on ice for 20 min and then centrifuged at 1000 x g for 5 min. 

The supernatant (cytoplasmic fraction) was harvested and stored at –80°C 

until used. The nuclear pellet was washed once with buffer A and then 

resuspended in buffer B (20mM HEPES-K+ pH7.9, 420mM NaCl, 0.2mM 

EDTA, 1.5mM MgCl2, 0.5 DTT, 25% glycerol) and incubated for 1h at 4°C 

on a shaker. Following centrifugation at max speed of 14,500 rpm for 1h at 

4°C, the supernatant (nuclear extract) was collected and stored at –80°C 

until used.  

 

2.2.4. Immunoprecipitation 

Immunoprecipitation of transfected EGFP-mSREBP2 was performed 

from cytoplasmic (0.8mg) and nuclear (0.4mg) subcellular fractions, using 

goat anti-EGFP antibodies (a gift from Dr. Luc Berthiaume). Huntingtin 



was immunoprecipitated from cytoplasmic fractions from WT and YAC128 

mouse brain using anti-Htt antibodies Ab2166 and Ab2168 in combination. 

Antibodies were complexed with protein G-Sepharose beads (Zymed, 

Invitrogen) overnight at 4°C, before incubation with cytoplasmic or nuclear 

fractions for 4 h at r.t. Immunoprecipitated complexes were resolved on 

SDS-PAGE and detected by immunoblotting with anti-Htt (mAb2166 

1:5000, Chemicon), anti-EGFP and anti-SREBP2 (1:1000, AbCam) 

antibodies. 

 

2.2.5. Immunoblotting  

Thirty micrograms of total, cytoplasmic and nuclear proteins were 

resolved onto 10 % SDS-PAGE and transferred to nitrocellulose 

membranes (Bio-Rad Laboratories, Hercules, CA, USA). Membranes were 

blocked with 5% non-fat milk in TBS-T buffer, for 1 h at room temperature 

and then incubated overnight at 4°C with the primary antibodies: anti-

SREBP2 (rabbit polyclonal antibody 1:1000, AbCam), anti beta-tubulin 

(mouse monoclonal antibody 1:1000 Cell Signaling), anti Histone 1 (rabbit 

polyclonal antibody 1:1000 Santa Cruz) or anti Lamin A/C (rabbit 

polyclonal antibody 1:1000 Cell Signaling). After washing, incubation with 

HRP-conjugated secondary antibodies was performed for 1h at room 

temperature. Detection was performed using ECL Plus (Amersham 

Biosciences) chemiluminescence reagents. Densitometric analysis was 

performed using Quantity One® software (Bio-Rad Laboratories, Hercules, 

CA, USA).  

 

2.2.6. Detection of mHtt aggregates and filter-trap assay  

Cell lysates from wild-type and HD cells transfected with EGFP-

mSREBP2 were prepared as described. Thirty ug of total or cytoplasmic 

cellular proteins were resolved on 6% SDS-PAGE and both stacking and 



resolving gel were transferred to a nitrocellulose membrane (Bio-Rad 

Laboratories, Hercules, CA, USA) for immunoblotting. SDS-insoluble mHtt 

aggregates were detected in the stacking gel by immunoblotting with the 

rabbit polyclonal antibody EM48 (Chemicon). To detect EGFP-mSREBP2, 

goat anti-GFP antibodies were used (a gift from Dr. Luc Berthiaume, 

University of Alberta).  To perform the filter trap assay, cytoplasmic cell 

fractions were centrifuged at 13,000 x g for 10 min. The resulting pellet 

was resuspended in 2% SDS, incubated for 15 min at room temperature 

and sonicated for 10 s, before being filtered through a cellulose acetate 

membrane (Schleicher and Schuell, 0.2-$m pore size), using a dot-blot 

filtration unit (BioRad). The membrane was washed with PBS + 1% SDS. 

SDS-insoluble aggregates retained on the membrane were detected with 

anti-Htt antibodies (mAB2166, 1:1000, Chemicon) followed by incubation 

with anti-mouse-HRP antibodies (1:10,000, BioRad) and ECL 

chemiluminescence (Amersham Biosciences, Inc.). 

 

2.2.7. Cell transfection  

Rat and mouse striatal cell lines were transiently transfected with 

EGFP-mSREBP2 or EGFP alone using Lipofectamine 2000 (Invitrogen) 

according to the manufacturer’s instructions. Primary cortical and striatal 

neurons were transfected prior to plating, using the Mouse Neurons 

Nucleofector Kit (Amaxa Biosystems Inc.) according to the manufacturer’s 

instructions. Briefly, 2 % 106 neurons were suspended in 100  l of 

Nucleofector reagent and 1  g of plasmid was added for nucleofection. 

Electroporated neurons were immediately plated on coverslips previously 

coated with poly-L-lysine, and cultured for 36 h at 37°C before confocal 

microscopy analysis. 

 

2.2.8. Immunocytochemistry and confocal microscopy  



Twenty-four to thirty-six hours after transfection with the indicated 

plasmids, cells were washed in Dulbecco’s phosphate buffered saline 

(PBS), fixed in 4% paraformaldehyde for 10min at room temperature and 

permeabilized with 0.5% Triton-X-100 in PBS for 5 min. After blocking with 

4% donkey serum for 1 h at room temperature, cells were incubated with 

anti-Htt antibodies: mAb2166 (1:500, Chemicon) or EM48 (1:500, 

Chemicon), followed by Alexa 555-conjugated donkey anti mouse 

antibodies (1:500, Molecular Probes). Nuclei were counterstained with 

4’,6-diamidino-2-phenylindole (DAPI, Vector Laboratories, Burlingame, 

CA) for10 min at room temperature). Coverslips were mounted using 

ProLong Gold antifade reagent (Molecular Probes). Slides were analyzed 

with an LSM510 laser scanning confocal microscope mounted on a Zeiss 

Axiovert 100M microscope, using a 63X oil immersion lens. Images for 

wild-type and HD cells were acquired using the same confocal settings. A 

minimum of 100 cells were analysed to determine the percentage of cells 

with cytoplasmic localization of EGFP-mSREBP2. Analysis of 

colocalization was performed using ZEN 2009 software (Carl Zeiss 

Mikroskopie, German). 

 
 

2.2.9. Transfection in cortical neurons  

Dissociated cortical neurons were transfected using the mouse Neuron 

Nucleofector kit available from Amaxa Biosystems, Inc. Following 

dissociation, approximately four million cells were pelleted and re-

suspended in 100  l of mouse Nucleofector Solution containing 2  g of 

eGFP-hnSREBP2 plasmid. The neuron/Nucleofector suspension was 

transferred to a sterile cuvette and electroporated by using program 0-005. 

500  l of warmed neuron growth media was added to the cell suspension 

and cells were then immediately plated on coverslips and cultured for 48 

hrs at 37°C. 

 



2.2.10. Statistical Analysis  

All the data are expressed as the mean +/- standard deviation. Statistical 

analysis was performed using the two-tail t test (Prism 4.0 software, 

GraphPad). A cut-off value of p<0.05 was used for statistical significance. 



 
2.3. RESULTS 
 

2.3.1. Altered subcellular distribution of mature SREBP2 in 
cortical tissue from YAC128 mice 

Levels of SREBP2 precursor (pSREBP2) protein (Figure 2.1A) and 

cleaved (mature) SREBP-2 (mSREBP-2, Figure 2.1B) in total lysates from 

cortex and striatum were comparable between 6 month-old YAC128 mice 

and WT littermates. However, following subcellular fractionation of cortical 

tissue, we observed a partial but significant redistribution of mSREBP2 

from the nuclear to the cytoplasmic fraction of YAC128 mice (Figure 2.1B). 

This suggested that, in spite of normal SREBP2 processing, nuclear 

localization of mSREBP2 is affected in the cerebral cortex of HD mice. 

Partitioning of mSREBP2 between cytoplasmic and nuclear fractions was 

not affected in the striatum of 6 month-old YAC128 mice compared to 

controls (Figure 2.1B). In agreement with these findings, expression of two 

SREBP2-responsive genes, SREBP2 and HMGCR, was decreased in the 

cortex, but not in the striatum of 6 month-old YAC128 mice (Figure 2.1C). 

However, SREBP2-dependent transcription was found to be affected in 

the striatum of older YAC128 mice (Figure 2.2), suggesting that SREBP2 

nuclear translocation might be affected in the cortex earlier than in the 

striatum. 

2.3.2. Aberrant intracellular localization of mSREBP2- and 
mSREBP1c-EGFP in cells expressing mHtt  

To confirm that the intracellular localization of mSREBP2 is affected in 

HD cells we expressed a chimeric form of mSREBP2 fused to the 

fluorescente protein  EGFP (mSREBP2-EGFP) in immortalized rat striatal 

cells (ST14A) expressing either wild-type (N548-15Q) or mutant (N548-

128Q) Htt N-terminal fragments. As expected, in parental cells and in cells 

expressing wild-type Htt the chimeric protein was localized in the nucleus 



in most of the cells (Figure 2.3A). On the contrary, in cells expressing mHtt 

SREBP2 was localized both in the nucleus and in the cytoplasm (Figs. 

2.3A and 2.3B). Aberrant localization of the chimeric protein was also 

observed in other cell models of HD, including knock-in cells expressing 

full-length mHtt (STHdh111/111) (Figs. 2.3B and 2.3C), primary cortical 

YAC128 neurons (Figure 2.3D), and fibroblasts isolated from HD patients 

(Figs. 2.3E). Similar results were obtained after subcellular fractionation 

and detection of mSREBP2-EGFP in the cytoplasmic fraction of 

STHdh111/111 (Figure 2.3C) and N548-128Q cells (Figure 2.4). In line 

with the observation that mSREBP2-EGFP is mislocalized in HD cells we 

found that transcription of an SREBP2-responsive gene, HMG-CoA 

reductase, was increased to a greater extent in normal cells transfected 

with mSREBP2 than in HD cells transfected with the same cDNA (Figure 

2.5). Similarly to mSREBP2, mSREBP1c-EGFP was also mislocalized in 

transfected human HD fibroblasts (Figure 2.6A) and in HD mouse striatal-

derived cells (Figure 2.6B), indicating that mHtt interferes not only with the 

transcriptional activity of both members of the family, thus potentially 

affecting cholesterol as well as fatty acid metabolism. Aberrant mSREBPs 

localization in the cytoplasm of HD cells was not due to overall impaired 

nuclear transport, as shown by correct nuclear localization of EGFP 

containing a classic nuclear localization signal (NLS-EGFP) in HD cells 

(Figure 2.7).  

 

2.3.3. mSREBP mislocalization is not due to entrapment in 
insoluble aggregates of mHtt  

MHtt protein aggregates can bind and sequester a number of proteins 

and transcription factors (14). To determine whether mSREBP2 was 

trapped into insoluble mHtt aggregates we performed filter-trap assay after 

transfection of HD cells with mSREBP2-EGFP. SDS-insoluble aggregates 

of mHtt were retained on the acetate filter, but no mSREBP2-EGFP2 was 



detectable by immunoblotting in the SDS-insoluble fraction (Figure 2.8A). 

Results were confirmed by SDS-PAGE and immunoblotting showing no 

detectable mSREBP2-EGFP in the insoluble material in the stacking gel 

(Figure 2.8B). Similarly, no colocalization of mSREBP2-EGFP with mHtt 

aggregates (detected with EM48 antibodies) was observed by confocal 

microscopy (Figure 2.8C).  

 

2.3.4. mSREBP2 interacts with mHtt  

Although mSREBP2 was not sequestered in insoluble aggregates with 

mHtt, it colocalized with soluble mHtt (Figure 2.8D). To determine whether 

mSREBP2 and Htt interact with each other we expressed and 

immunoprecipitated mSREBP2-EGFP from the cytoplasmic fraction of 

various HD cell model. In N548-128Q cells, N-terminal fragments of mHtt 

co-immunoprecipitated with mSREBP2-EGFP (Figure 2.9A). The 

interaction was specific for mSREBP2, as no Htt was co-

immunoprecipitated from control cells expressing EGFP only (Figure 

2.9A). Wild-type Htt N-terminal fragments also co-immunoprecipitated with 

mSREBP2-EGFP, but to a much less extent than mHtt (Figure 2.9A). 

Similar results were obtained using striatal cells that express full-length Htt 

(Figure 2.9B). When immunoprecipitation was performed from nuclear 

fractions, both wild-type and mHtt co-immunoprecipitated with mSREBP2-

EGFP to a similar extent (Figure 2.10), suggesting that in the nucleus Htt 

might be part of a transcriptional complex with mSREBP2 even in normal 

conditions. To determine whether endogenous mSREBP2 interacts with 

mHtt in vivo we immunoprecipitated Htt from the cytoplasmic fraction of 

cortical brain tissue of YAC128 mice and WT littermates. As in the cell 

models, endogenous mSREBP2 was co-immunoprecipitated from 

YAC128 tissue to a much larger extent than from WT tissue (Figure 2.9C), 

demonstrating an aberrant interaction occurs between mHtt and 



mSREBP2 in vivo. No Htt or mSREBP2 were immunoprecipitated using 

control IgG (Figure 2.9C). 

 

2.3.5. MHtt is in a complex with and stabilizes the 
interaction between mSREBP2 and importin-!  

Both Htt and importin-!  are characterized by the presence of HEAT 

repeats that mediate protein-protein interactions. In the case of importin-!  

, one of the HEAT domains is essential for binding to mSREBP2 and 

transport of the transcription factor to the nucleus (15). Therefore, we 

hypothesized that mHtt might prevent mSREBP2 transport to the nucleus 

by competing with importin-!  for the binding to mSREBP2. To test this 

hypothesis, we measured the amount of import beta that co-

immunoprecipitated with mSREBP2-EGFP in cells expressing wild-type or 

mHtt. The expectation was that we would detect less importing beta in 

complex with mSREBP2-EGFP in HD cells than in control cells. To our 

surprise, the opposite was true. More importin-!  was in complex (co-

immunoprecipitated) with mSREBP2 in HD cells than in normal cells 

(Figure 2.11), in spite similar levels of importin-!  in wild-type and HD cells 

(Figs. 2.11A and 2.11B). Importin-!  was immunoprecipitated in complex 

with mHtt (both N-terminal fragments and full-length protein) and 

mSREBP2-EGFP (Figs. 2.11A and 2.11B), suggesting that by binding to 

mSREBP2, mHtt might stabilize its interaction with importin-! . Upon 

binding to importin-!  , mSREBP2 is delivered into the nucleus. Here, 

binding of RanGTP to importin-!  triggers the release of the cargo molecule 

(mSREBP2). Free importin-!  diffuses back in the cytoplasm, ready to bind 

new cargo. Factors that interfere with this process would be expected to 

increase the pool of importin-!  bound to mSREBP2 in the cytoplasm, as 

we observed in HD cells. To confirm that mHtt stabilizes the complex 

mSREBP2-importin-! , rather than binding importin-beta itself, we 

incubated the complex immunoprecipitated with anti-GFP antibodies 



(recognizing the chimeric mSREBP2-EGFP) and containing mSREBP2-

EGFP, mHtt and importin-! , with purified Ran GTP. As expected, binding 

of RanGTP to importin-!  triggered the release of importin-!  from the 

complex and into the supernatant (Figure 2.11C). However, all muHtt 

remained bound to mSREBP2-EGFP (Figure 2.11C), indicating that its 

interaction is with mSREBP2-EGFP, not directly with importin-! . 



2.4. DISCUSSION  

Cholesterol is an important and abundant molecule of the brain that 

acts as an essential structural and regulatory component of cell 

membranes. It is involved in numerous crucial biological processes 

including development of the central nervous system (CNS), transduction 

of cell signaling, membrane trafficking, neurotransmitter release and 

synaptogenesis (5). Neuronal cells rely on cholesterol for most of their 

activities, therefore and not surprisingly, defect in cholesterol homeostasis 

is likely to have a profound impact on brain functions. Abnormalities in 

brain cholesterol content have been associated with a number of common 

neurodegenerative disorders (5,16,17) including HD (1-2,13,18). 

In spite of a large body of evidence showing perturbed cholesterol 

biosynthesis in HD models and HD patients, little is known about the 

underlying molecular mechanism. A previous study implicates perturbation 

of the SREBP2 pathway as the possible mechanism causative of altered 

cholesterol biosynthesis in HD (1). In particular, levels of active SREBP2 

were found reduced in the nucleus of HD cells, suggesting that mHtt might 

mechanistically interfere with SREBP activation (1).

Processing of SREBP2 is a multistep process involving sensing of 

cholesterol levels by SCAP, escort of SREBP bound to SCAP from the ER 

and to the Golgi and proteolytic activation of the transcription factor by two 

different proteases proteases.  Mature SREBP2 binds importin-beta and 

translocates to the nucleus where it activates the transcription of genes 

involved in the cholesterol metabolism (19). Where in this pathway mHtt 

affects its inhibitor activity was not known, and this study was designed to 

answer this question. 

I found that levels of both precursor and mature form of SREBP2 protein 

were similar in total lysates from cortex and striatum of WT and HD mice, 

indicating that processing of SREBP2 was not affected in HD. However, 

mSREBP2 was decreased in nuclear fractions and significantly increased 



in the cytoplasmic fractions of HD cerebral cortex, compared to controls. 

This suggested that trafficking of mSREBP2 to and localization in the 

nucleus might be affected by mHtt.

Nuclear translocation of SREBP2 is critical for the regulation of genes 

involved in cholesterol biosynthesis, including HMGCR and SREBP2 itself 

(20). In line with the abnormal localization of SREBP2 in HD cortex, I also 

found that the transcription of SREBP2 target genes, specifically HMGCR, 

and SREBP2, was significantly down-regulated HD mouse brain cortex 

when compared to controls.

Taken together, these findings suggest that altered cholesterol 

biosynthesis in HD is likely due to the interference of mHtt with the normal 

nuclear translocation of SREBP2. In support of this hypothesis, 

immunofluorescence analysis showed that in HD cells overexpressing 

tagged mSREBP2 (mSREBP2-EGFP), at least in part the chimeric protein 

was localized in the cytoplasm of HD cell lines. Similar results were 

observed in primary neurons from YAC128 mice and interestingly also in 

fibroblasts from HD patients.  

A major pathological feature of HD is the formation of insoluble aggregates 

of mHtt which are able to sequester transcription factors, thus decreasing 

their availability in the nucleus and altering the expression of target genes 

(22, 23). 

In our study we demonstrated that the retention of mSREBP2 in the 

cytoplasm of HD was not due to its sequestration into aggregates of mHtt, 

but rather to physical interaction with the mutant protein in the cytoplasm 

of HD cells. This was shown by co-immunoprecipitation studies where 

mHtt co-immunoprecipitated in complex with mSREBP2. In experiments 

where Htt was overexpressed I could also observe some wild-type Htt co-

immunoprecipitating with mSREBP2 from cytoplasmic fractions of 

transfected cells, but to a much smaller extent than with mHtt. Much less 

interaction with wild-type Htt, if any, was found in models that expressed 

physiological levels of Htt (knock-in cells as well as wild-type brain), 



suggesting that the observed interaction between wild-type Htt and 

mSREBP2 in the cytoplasm of normal cells might be an artifact of protein 

overexpression. Alternatively, wild-type Htt might interact with mSREBP2 

with much weaker affinity or more transiently than mHtt. Interestingly, 

when I immunoprecipitated mSREBP2 from nuclear fractions, both wild-

type and mHtt were found in complex with the transcription factor in similar 

amounts, suggesting that in the nucleus Htt might be part of a 

transcriptional complex with mSREBP. 

The majority of cytosolic proteins enter the nucleus through the classical 

nuclear transport by binding a heterodimer of importin-alpha and importin-

beta. Conversely, as previously described, mSREBP2 does not require the 

presence of importin-alpha and enters the nucleus through a non-classical 

nuclear transport, by direct binding to importin-!   (19, 24). 

This alternative mode of nuclear entry is quite unique for SREBP and a 

few other proteins (25, 26).  

Classic nuclear transport was not affected in HD cells, as shown by 

correct nuclear targeting of a chimeric NLS-containing protein (GST-NLS-

EGFP). Therefore, mHtt specifically affected the alternative pathway of 

nuclear entry and/or mSREBP2 interaction with importin-! . 

Importing beta has been shown to bind SREBP proteins through a protein 

region known as HEAT domain. The name of this domain involved in 

protein-protein interactions derives from the proteins where the domain 

was first identified: Huntingtin elongation factor 3 (EF3), protein 

phosphatase 2A (PP2A), and the yeast kinase TOR1 (19). Because Htt 

contains several HEAT domains, we hypothesized that it competes with 

importin-!  for the binding to mSREBP2 in HD cells, thus disrupting 

mSREBP2 nuclear import. 

However, contrary to our expectations, we found that not only mHtt does 

not interfere with the binding of mSREBP2 to importin-! , but it actually 

stabilizes this interaction. This is suggested by the fact that more importin-

!   was found in complex with mSREBP2 in HD than in normal cells.  



Since mHtt, mSREBP2 and importin-!  were always co-

immunoprecipitated together, we asked the question of whether mHtt 

interacted with SREBP2 directly or through binding to importin-! . To 

answer this question we exposed the immunoprecipitated complex to 

saturating concentrations of RanGTP. In the nucleus of normal cells 

RanGTP binds importin-!  and triggers a conformational change in this 

protein that results in the release of importin-!  from its cargo.  

When I added purified RanGTP to the immunoprecipitated complex, 

importin-!  was dissociated from mSREBP2, as expected, and released 

into the supernatant, while both SREBP2 and mHtt remained attached to 

the beads, demonstrating that mHtt binds to mSREBP2 independently of 

importin-! . Future studies will examine whether the impairment of 

SREBP2 transport to the nucleus in HD cells is specific for SREBPs or 

generalized to other cargo proteins, such as SMADs, that are transported 

to the nucleus by direct binding to importin-!   (26). 

The studies presented in this thesis have uncovered a novel toxic effect of 

mHtt and shed light on the mechanism underlying defective cholesterol 

biosynthesis in HD. All together my findings indicate that cholesterol 

dysregulation in HD stems from an aberrant interaction between mHtt and 

SREBP2. Whether this is a direct interaction, or rather mediated by other 

proteins remains to be determined. 

 



2.5. FIGURES 

           

 

 

Figure 2.1 Decreased mature SREBP2 in the nuclear fraction of YAC128 cerebral 

cortex correlates with decreased SREBP2-dependent gene transcription. A) 

Representative immunoblot showing that levels of the precursor form of SREBP2 

(pSREBP2) are similar in total lysates of 6 month-old WT and YAC128 cerebral cortex 

(Cx) and striatum (St). The graph shows the mean densitometric values ± SD calculated 

over 4 mice per genotype. B) Total (T), cytoplasmic (C) and nuclear (N) fractions were 

prepared from cerebral cortex and striatum of WT and YAC128 mice and probed with 

anti-SREBP2 antibody to detect the cleaved mature form of SREBP2 (mSREBP2). A 

positive control (+ CTRL) for mSREBP2 expression was generated by transient 

transfection of STHdh7/7 cells with mSREBP2 cDNA. Representative immunoblots are 

shown. Graphs show the densitometric analysis of 3 independent experiments. ! -actin 

was used as loading control for total and cytoplasmic fractions, lamin A/C was used as a 

loading control for nuclear fractions. C) Expression of SREBP2 and HMGCoA reductase 

(HMGCR), were decreased in the cortex, but not in the striatum of 6 month-old YAC128 

mice, as measured by real-time PCR. Data were normalized over cyclophilin expression 

and expressed as ratio over WT. *p<0.05. 



  

                                                 

Figure 2.2 Decreased expression of HMG-CoA reductase in the striatum of 9 

month-old YAC128 mice. Expression of HMGCoA reductase (HMGCR) was measured 

by real-time PCR. Data were normalized over cyclophilin expression and expressed as 

ratio over WT. *p<0.05. 

 

 

 

 

 

 

 

 

 



   

 

Figure 2.3. mSREBP2-EGFP is mislocalized in the cytoplasm of HD cells. Confocal 

microscopy images showing the intracellular localization of transiently transfected 

mSREBP2-EGFP in parental cells (ST14A) and in cells expressing an N-terminal 

fragment of wild-type (N548-15Q) or mutant (N548-128Q) Htt. Cell nuclei were 

counterstained with DAPI. B) Percentage (mean ± SD) of cells with cytoplasmic 

localization of mSREBP2-pEGFP after transient transfection of the indicated cell lines 

with the chimeric protein. A minimum of 80 mSREBP2-EGFP expressing-cells per cell 

line was counted in each of three independent experiments. ***p<0.001. C) Immunoblot 

showing the subcellular distribution of mSREBP2-EGFP in STHdh7/7 (7/7) and 

STHdh111/111 (111/111) knock-in cells following transient cell transfection and subcellular 

fractionation. Tubulin and histone H1 were used as loading controls for total/cytoplasmic 

and nuclear fractions, respectively. Data were normalized over wild-type cells. D) 

Localization of mSREBP2-EGFP in primary WT and YAC128 cortical neurons (10 DIV). 

Confocal microscopy images were taken 24 hours after nucleofection of neurons with 

mSREBP2-EGFP. Nuclei were counterstained with DAPI. The percentage of neurons 

with cytoplasmic localization of mSREBP2-EGFP is shown in the bar graph. Data are the 

mean ± SD of three independent experiments. A minimum of 100 cells per genotype was 

counted. BF, bright field. E) Extranuclear localization of mSREBP2-EGFP in transiently 

transfected human fibroblasts isolated from normal subjects (CTRL) or HD patients. 
***p<0.001 



                                             

Figure 2.4. Immunoblot and densitometric analysis showing the subcellular distribution of 

transiently transfected mSREBP2-EGFP in cells expressing an N-terminal fragment of 

wild-type (N548-15Q) or mutant (N548-128Q) Htt. Tubulin and histone H1 were used as 

loading controls for total/cytoplasmic and nuclear fractions, respectively. Data were 

normalized over wild-type cells. 

 

 

 

 

 

 

 

 

 



                                        

 

Figure 2.5. HMGCoA reductase expression after cell transfection with mSREBP2 is 

increased to a greater extent in normal than in HD primary fibroblasts. Primary 

fibroblasts from normal or HD patients were co-transfected with pEGFP-C1 and 

mSREBP2 (1:10 ratio). Transfected cells were sorted by fluorescence-activated cell 

sorter and used for mRNA extraction and real-time PCR. Average expression of 

HMGCoA reductase (HMGCR), normalized over cyclophilin and relative to non 

transfected cells is shown. *p<0.05; ***p<0.001.  

 

 

 

 

 



                           

Figure 2.6. mSREBP1c-EGFP is mislocalized in the cytoplasm of HD cells. A) 

Confocal microscopy images showing the intracellular localization of transfected 

mSREBP1c-EGFP in normal and HD human primary fibroblasts. The graph shows the 

percentage of cells with cytoplasmic localization of the chimeric protein. Data are means 

± SD of three independent experiments. B) Immortalized striatal cells expressing a N-

terminal fragment of wild-type (N548-Q15) or mutant (N548-Q128) Htt were transfected 

with mSREBP1c-EGFP and the number of cells with cytoplasmic localization of the 

chimera was counted. Data are the mean ± SD of three independent experiments. 
*p<0.05; ***p<0.001.   

 

 

 

 



                                  

Figure 2.7. The classic nuclear import is not affected in HD cells. Representative 

confocal microscopy images of immortalized striatal cells expressing an N-terminal 

fragment of Htt (N548) with 15Q (WT) or 128Q (HD), and transiently transfected with 

EGFP fused to the classic nuclear localization sequence (NLS-EGFP). The chimeric 

protein is detected only in the nucleus, both in WT and HD cells. 

 

 

 

 

 



 

 

Figure 2.8. mSREBP2-EGFP co-localizes with soluble mHtt, but is not sequestered 

into insoluble huntingtin aggregates. A) Filter trap retention assay performed on total 

cell lysate from N548-128 cells, 24 hours after transfection with mSREBP2-EGFP. MHtt 

aggregates trapped on cellulose acetate membrane filter were detected with anti-Htt 

antibodies (mAb2166). No mSREBP2-EGFP was detected in the insoluble material using 

anti-GFP antibodies. B) Total cell lysate and cytoplasmic fraction isolated from N548-15Q 

and N548-128Q cells after transfection with mSREBP2-EGFP were separated on SDS-

PAGE. Insoluble aggregates of mHtt were detected in the stacking gel by immonoblotting 

with anti-Htt antibodies (mAb2166). mSREBP2-EGFP was detected in the resolving gel, 

but not in the stacking gel. C) Representative confocal images and fluorescence intensity 

profiles of N548-128 cells transfected with mSREBP2-EGFP and immunostained with 

EM48 antibodies to detect mHtt inclusions. The line-scan graph shows lack of co-

localization between the signal generated by EM48 (red line) and mSREBP2-EGFP 

(green line). D) Representative confocal microscopy images and fluorescence intensity 

profiles of primary human fibroblast transiently transfected with mSREBP2-EGFP and 

immunostained with anti-Htt antibodies (PW095). The line-scan graphs show the 

immunofluorescence intensity of Htt (red line) and mSREBP2-EGFP (green line) signals 

along the white arrow, and colocalization of mSREBP2-EGFP with Htt in the cytoplasm of 

HD cells.  

 

 



                    

 

 

Figure 2.9. mSREBP2 co-immunoprecipitates with mHtt from cytoplasmic fractions 

of HD cells and brains. A) mSREBP2-EGFP was transiently transfected in striatal cells 

expressing wild-type (15Q) or mutant (128Q) Htt N-terminal fragments (N548) and 

immunoprecipitated from cytoplasmic cell fractions using anti-EGFP antibodies. MHtt 

fragments were co-immunoprecipitated to a greater extent than wild-type fragments. Nor 

wild-type neither mHtt interacted with the control protein, EGFP. A representative 

immunoprecipitation is displayed, while the graph shows the mean densitometric ratios ± 

SD of four independent experiments. B) mSREBP-EGFP co-immunoprecipitate with full-

length mHtt from the cytoplasmic fraction of STHdh111/111 . The graph shows the mean 

ratio Htt/mSREBP2-EGFP ± SD of three independent experiments. See also Figure 5A 

for a representative immunoblot. C) Htt was immunoprecipitated from cytoplasmic 

fractions prepared from WT and YAC128 mouse cerebral cortex. Endogenous mSREBP2 

co-immunoprecipitated with Htt from YAC128 tissue, to a much greater extent than from 

WT tissue. The graph shows the mean mSREBP2/Htt ratio ± SD measured after protein 

immunoprecipitation from three mouse brains per genotype. *, p<0.05; ***, p<0.001 

 

 

 

 

 

 

 



 

                             

 

 
 

 

 

Figure 2.10. Both wild-type and mHtt co-immunoprecipitate with mSREBP2-EGFP 

from nuclear fractions of HD cells. mSREBP2-EGFP was transiently transfected in 

striatal cells expressing  wild-type (15Q) or mutant (128Q) Htt N-terminal fragments 

(N548 aa.). mSREBP2-EGFP was immunoprecipitated from nuclear fractions using anti-

GFP antibodies. The graph shows the densitometric analysis of 3 experiments. Data are 

expressed as mean ratios relative to control ± SD. 

 



 

                                       

 

Figure 2.11. MHtt is in a complex with and stabilizes the interaction between 

mSREBP2 and importin-! . A) Immunoblotting showing that more importin-!   co-

immunoprecipitates with mSREBP2-EGFP from cells expressing mHtt (N548-128Q) than 

from cells expressing wilt-type Htt (N548-15Q). Importin-!   is also co-immunoprecipitated 

by anti-Htt antibodies in complex with mHtt fragments (N548-128Q) and mSREBP2-

EGFP. B) Immunoblotting showing that importin-!   co-immunoprecipitates with 

mSREBP2-EGFP and full-length mHtt from STHdh111/111 (111/111) cytoplasmic fractions, 

in spite of similar levels of importin-!   being expressed in the two cell lines. 7/7, STHdh7/7. 

C) RanGTP (5 $M) was added to the mSREBP2-EGFP/mHtt/importin-!   complex 

immunoprecipitated using anti-GFP antibody, in order to trigger the release of importin-!   

from its cargo.  In the presence of RanGTP importin-!   was released in the supernatant, 

but mHtt remained in the pellet (beads), indicating that mHtt does not directly interact with 

importin-!   in these experimental conditions.
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THERAPEUTIC POTENTIAL OF GANGLIOSIDE GM1 FOR THE 
TREATMENT OF HD 

 

3.1. INTRODUCTION 

Huntington disease (HD) is an inherited neurodegenerative monogenic 

disorder caused by the expansion of a polyglutamine stretch beyond 36 

residues in the amino-terminal domain of huntingtin (Htt), a protein expressed 

in most tissues and cells. The mutation causes huntingtin to acquire toxic 

conformation/s and to affect neuronal function and viability. Medium-sized 

spiny neurons (MSNs) in the corpus striatum are most affected, but 

neurodegeneration also occurs in the cerebral cortex and, to a minor extent, in 

other brain areas, resulting in motor and psychiatric symptoms, as well as 

cognitive decline. The cellular and molecular mechanisms underlying HD 

pathogenesis are complex. Both loss and gain of function of mutant huntingtin 

contribute to cause a wide array of neuronal dysfunctions affecting cell 

signaling, gene transcription, axonal transport, cell and mitochondrial 

metabolism as well as neurotransmission (1). 

In recent years, a breakthrough in HD research has been the discovery 

that posttranslational modifications of mHtt are crucial modulators of mHtt 

toxicity (2–4). Phosphorylation at various serine residues prevents cleavage of 

mutant huntingtin into more toxic fragments, decreases neural cell death in 

vitro (5–10), and/or restores Htt functions that are compromised by the 

mutation (8, 11). The most dramatic effects have been described for huntingtin 

phosphorylation at serine 13 and serine 16. These two amino acid residues 

are part of the highly conserved amino-terminal “N17” domain of huntingtin, a 

domain that regulates huntingtin intracellular localization and association to 

cellular membranes (12, 13), as well as kinetics of mutant huntingtin 

aggregation (14, 15). Phosphomimetic mutations of serine 13 and serine 16 

by aspartic or glutamic acid substitution (S13D and S16D or S13E and S16E) 

decrease the toxicity of mutant huntingtin fragments in vitro (10, 16). In line 

with these studies, expression of a phosphomimetic (S13D and S16D) mutant 



form of expanded full-length huntingtin in a BACHD transgenic mouse model 

was shown to result in a normal phenotype, with no detectable signs of HD 

pathology by 12 months (17). 

These findings suggest that pharmacological interventions that modulate 

cell signaling and mutant huntingtin phosphorylation might slow down or even 

stop disease progression. Recently, we and other groups reported that levels 

of GM1, a ganglioside involved in cell signaling (18), are decreased in HD 

models (19–21), in fibroblasts isolated from HD patients (19), and in 

postmortem human HD brain samples (20, 21). Gangliosides are sialic acid-

containing glycosphingolipids highly abundant in the brain, where they exert a 

plethora of important cell regulatory functions (18). They are major 

components of membrane microdomains known as “lipid rafts” (22) and are 

important players in cell signaling (23) and cell–cell interaction (24). By 

influencing membrane properties and/or by direct interaction with membrane 

proteins, gangliosides modulate the activity of many tyrosine kinase (25–28) 

and neurotransmitter receptors (29), ion channels (30, 31), and downstream 

cell signaling pathways. In addition, gangliosides regulate axon–myelin 

communication and the maintenance of myelinated axons in the adult central 

and peripheral nervous systems (32–34). Consistent with the pivotal role of 

gangliosides in the nervous system and in cell signaling, defects in their 

biosynthetic pathway lead to a severe infantile neurodegenerative disorder 

characterized by progressive brain atrophy, chorea, and epilepsy (35), 

symptoms that are also common to the juvenile form of HD (36). We 

hypothesized that in HD, decreased GM1 levels contribute to neuronal 

dysfunction and disease pathogenesis. Supporting this hypothesis, we 

demonstrated that restoring normal GM1 levels in an HD neural cell line 

stimulates the activation of prosurvival cell signaling pathways and provides 

protection from apoptosis. As a corollary, inhibiting GM1 synthesis in wild-type 

striatal cells recapitulates the increased susceptibility to apoptosis that is 

observed in HD neuronal cells (19). In this study, we have explored the 

therapeutic potential of restoring GM1 levels in a transgenic HD mouse model. 



We demonstrate that GM1 infusion abrogates the motor deficit of yeast 

artificial chromosome (YAC)128 mice, an effect that is accompanied by 

increased expression and activation of striatal dopamine and adenosine 3",5"-

monophosphate–regulated phosphoprotein (32 kDa) (DARPP-32), as well as 

phosphorylation of huntingtin at serine 13 and serine 16, in vivo. 

 



3.2. MATERIAL AND METHODS  

 

3.2.1. Animal Models  

YAC128 mice were purchased from The Jackson Laboratory and 

maintained in our animal facility at the University of Alberta. 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. All in vivo experiments were performed in 5- to 6-mo-

old male YAC128 mice and WT littermates that showed no sign of distress 

and weighed no less than 26 g and no more than 34 g. 

 

3.2.2. Cell Models  

Conditionally immortalized mouse striatal knock-in cells expressing 

endogenous levels of WT (STHdh7/7) or mutant huntingtin (STHdh111/111) 

were a gift from M. E. MacDonald (Massachusetts General Hospital, Boston) 

and were maintained in culture as previously described (1). Human skin 

fibroblasts isolated from HD patients (lines GM03621 and GM04208, each 

expressing one mutant HD allele with 61 and 45 CAG repeats, respectively) 

were purchased from Coriell Cell Repositories and grown as previously 

described (2). Cultures of primary striatal neurons were prepared from 

newborn mice (P0) as previously described (2). 

 

3.2.3. Chronic GM1 Administration in Vivo  

A microcannula was stereotaxically inserted into the right ventricle (1.25 

mm right lateral and 0.6 mm posterior to bregma, 3mm deep) of anesthetized 

mice, and connected to an osmotic pump (Alzet; model 2004) that was 

implanted s.c. on the back of the mouse. The pump infused a solution of 3.6 

mM GM1 in artificial CSF into the brain ventricle at a constant rate (0.25  L/h) 

for 28 d. On the basis of volume and rate of synthesis/ renewal of the mouse 

CSF (57), these conditions result in a concentration of 50  M GM1 in the 



mouse CSF at equilibrium. Experiments were performed with both natural 

GM1 (highly purified, #98%, from bovine brain; Alexis) and synthetic GM1 

provided by Seneb BioSciences Inc., with virtually identical results. Animals 

were monitored on a daily basis for signs of treatment-related toxicity, such as 

poor grooming, lethargy, loss of body weight, and abnormal behavior. 

 

 

3.2.4. Huntingtin Immunoprecipitation and Immunoblotting  

Conditionally immortalized mouse striatal knock-in cells expressing 

endogenous levels of WT (STHdh7/7) or mutant huntingtin (STHdh111/111), 

were incubated with 50  M GM1 for 10 min or 5 h and then lysed in 

20mMTris, pH 8.0, 150mM NaCl, 1% Triton X-100, 0.5% Na-deoxycholate, 

0.1% SDS, 1 mM EDTA, 1 mM EGTA, containing protease inhibitor mixture 

(1:100; Sigma-Aldrich), 50  M proteosomal inhibitor MG132 (Sigma-Aldrich), 

and phosphatase inhibitors (20 mM NaF, 2 mM Na3VO4). Cells were 

homogenized through a 26-gauge syringe needle and sonicated three times, 

10 s each, followed by incubation on ice for 30 min. Lysates were centrifuged 

at 10,000 Å~ g for 10min to remove debris. Immunoprecipitation was 

performed on 0.8 mg of total lysate using polyclonal anti-huntingtin (N17) or 

anti-phospho huntingtin (pN17) (16) complexed to protein G sepharose 

(Zymed, Invitrogen). The immunoprecipitated protein was resolved on 6% 

SDS/PAGE and transferred overnight on PVDF membrane (Millipore) in 25 

mM Tris, 192 mM glycine containing 0.05% SDS and 16% methanol. These 

transfer conditions allow for optimal transfer of high molecular-weight forms of 

huntingtin. Huntingtin detection was performed by immunoblotting with 

polyclonal anti-huntingtin (PW0595 and N17; 1:10,000), polyclonal anti-pN17 

antibody (1:10,000 (16), monoclonal anti-huntingtin (mAb2166, 1:5,000; 

Chemicon), polyclonal antipSer13 (1:1,000), and anti-pSer16 (1:500 (10). 

HRP-conjugated secondary antibodies were used at 1:10,000 dilution (Bio-

Rad Laboratories). Protein bands were detected by ECL Plus and quantitated 

with Quantity One software (Bio-Rad Laboratories).  



 

 

3.2.5. Motor Behavior Tests   

All behavior tests were carried out during the light phase of the light/dark 

cycle. Six mice per experimental group were used in each test. In order to 

establish a baseline and the effect of GM1 on motor function, mice were 

tested before and after implantation of the Alzet pump at the indicated time 

points. Before training and testing, mice underwent a period of habituation to 

the testing room and equipment. All mice received training for 2 consecutive 

days on each instrument and task before performing motor behavior 

measurements. Mice were tested at fixed speed (20 rpm) on a rotarod 

apparatus (Ugo Basile) for 1 min. Each mouse was tested in three 

consecutive trials of 1 min each, with 1 min rest between trials. The time spent 

on the rotarod in each of the three trials was averaged to give the overall time 

for each mouse. A similar training protocol was used to test the mice on an 

accelerating rotarod (from 4 to 40 rpm in 1 min). In the narrow beam test, mice 

were placed at the extremity of a 100-cm-long wooden narrow beam (0.75 cm 

wide, suspended 30 cm above the floor) and allowed to traverse the beam 

from one extremity to the other three times. During the test, animal 

performance was recorded with a videocamera. The number of footfalls 

(errors) was counted in each crossing, the balance control, the number of slips 

and body coordination were evaluated during the walking and were analyzed 

frame by frame and using a footfall scoring system. In the horizontal ladder 

task, mice were recorded with a videocamera as they spontaneously walked 

along a horizontal ladder with variable and irregular spacing between rungs. In 

each test session, the mouse performance was evaluated using an 

established footfall scoring system (3), which allows for qualitative and 

quantitative evaluation of forelimb and hindlimb placement on the ladder 

rungs. All motor tests were conducted by the same experimenter who was 

blinded to mouse genotype and experimental group throughout the entire 

course of the analysis. 



 

 

3.2.6. Immunocytochemistry  

Knock-in cells were grown on glass coverslips coated with 50  g/mL poly-L-

lysine and treated with GM1 (Alexis; 50  M) for 5 h. Cells were then washed in 

Dulbecco’s PBS (DPBS), fixed in 4% paraformaldehyde for 10 min at room 

temperature (RT) and permeabilized with 0.5% Triton X-100 in PBS for 5 min. 

After blocking with 4% donkey serum in PBS for 1 h, cells were in- cubated 

with polyclonal rabbit pN17 antibody (1:1,000) for 1 h at RT. Antirabbit Alexa 

488- and Alexa 555-conjugated secondary antibodies (Molecular Probes, 

Invitrogen) were used at 1:500 dilution for 1 h at RT. Cell nuclei were stained 

with 4",6 dia-midino-2-phenildindole (DAPI) (Vector Laboratories) for 10 min at 

RT. Coverslips were mounted using Prolong Gold antifade reagent (Molecular 

Probes, Invitrogen).  

Confocal analysis was performed using an LSM510 laser scanning confocal 

microscope mounted on a Zeiss Axiovert 100M microscope. Images of 

untreated and GM1-treated cells were acquired using the same confocal 

settings. The mean fluorescence intensity (MFI) per pixel in each cell was 

calculated with ImageJ software (National Institutes of Health) after manual 

selection of cell area. 

 
 
 

3.2.7. Dot-Blotting for GM1  

Fifty picograms of proteins from total lysates prepared from cortical and 

striatal tissue were spotted on ni- trocellulose membrane using a dot-blot 

apparatus (Bio-Rad). Membranes were then blocked in 5% milk in TBS-T and 

in- cubated with HRP-conjugated cholera toxin B (5  g/mL) for 30 min at room 

temperature. Densitometric analysis was performed after ECL 

chemiluminescence detection using Quantity One software (Bio-Rad). 

 

 



3.2.8.  Brain Lysate Preparation and Immunoblotting  

Mice were euthanized by cervical dislocation, brain regions including 

cortex and striatum were dissected out, snap frozen in liquid N2, and 

pulverized in a mortar with a pestle. Pulverized tissue was homogenized in 

lysis buffer containing 10 mM Tris, pH 7.4, 1% Nonidet P-40, 1 mM EGTA, 1 

mM EDTA, 50  M proteosomal inhibitor MG132 (Sigma-Aldrich), 20 mM NaF, 

2 mM Na3V04, and 1:100 protease inhibitor mixture (Sigma-Aldrich), 

sonicated with 2 % 10 s pulses and then centrifuged for 10 min at 10,000 % g. 

Fifty micrograms of supernatant proteins were re- solved on 6% SDS/PAGE 

and detected by immunoblotting with polyclonal anti-pN17 (1:8,000 dilution in 

Li-Cor blocking buffer) and monoclonal ant-talin (clone 8d4; Sigma; 1:1,000) 

and anti-huntingtin (mAb2166; 1:5,000; Chemicon) antibodies. For analysis of 

DARPP-32 expression, 30  g of total lysate from striatum were immunoblotted 

with anti–DARPP-32 (BD Transduction Laboratories; 1:1,000 dilution) or anti–

pDARPP-32(Thr34) (Cell Signaling; 1:1,000 dilution) antibodies. IR dye 

800/680CW-conjugated secondary antibodies were used at 1:10,000 dilution. 

Relative protein quantitation was performed using an Odyssey Infrared 

Imaging system (Li-Cor). 

 

 

3.2.9.  Cell Lysate Preparation and Immunoblotting  

Cells were homogenized in 25 mM Hepes buffer, pH 7.8, 300 mM NaCl, 

1.5 mM MgCl2, 1% Triton X-100, 0.1 mM DTT, 0.2 mM PMSF, containing 

1:100 protease inhibitor mixture without EDTA (Sigma). Cellular debris was 

removed by centrifugation at 10,000 % g for 15 min at 4 °C. Thirty micrograms 

of total protein lysate was incubated with 10 units of shrimp alkaline 

phosphatase (Fermentas) for 30 min at 37 °C. At the end of the incubation, 5% 

SDS sample buffer was added and the sample was loaded on SDS/PAGE.  

 

 

3.2.10. Statistical Analysis  



A two-way ANOVA followed by Bonferroni posttest was used to compare 

treatment groups in the accelerated rotarod, narrow, beam, and horizontal 

ladder tests, as well as in the analysis of DARPP-32 expression. The 

Wilcoxon test (nonparametric) was used to analyze data from the rotarod task 

at fixed speed. Two-tailed t test was used to compare the mean fluorescence 

intensity of GM1-treated versus GM1-untreated samples in 

immunocytochemistry experiments and in all other experiments. 

 



 

3.3. RESULTS 

 

3.3.1. Chronic Infusion of GM1 Restores Normal Motor 
Behavior in YAC128 Mice  

To assess the therapeutic potential of GM1 in HD, and to avoid potential 

confounding effects from peripheral drug administration and limited blood–

brain barrier permeability, we developed a protocol for chronic intraventricular 

infusion of the ganglioside in a well-characterized transgenic mouse model of 

HD, the YAC128 mouse. YAC128 mice express the full-length mutant 

huntingtin protein and recapitulate the motor deficit and other salient features 

of the human pathology (37). YAC128 and wild-type littermates were infused 

with GM1 or vehicle (artificial cerebrospinal fluid, CSF) for 28 d. Motor 

behaviour was analyzed before and at various time points during the infusion 

period. Chronic infusion of GM1 restored normal GM1 levels in the striatum 

and the cortex of YAC128 mice (Figure 3.1). 

At the time when the treatment with ganglioside GM1 was initiated, 5-mo-old 

YAC128 mice already showed severe motor impairment compared with wild-

type (WT) littermates (Figure 3.2A, C, and D, time point $4 in all graphs), as 

assessed using a battery of motor behavior tests. These included the rotarod, 

a gold standard in the qualitative analysis of motor behavior in HD mice, as 

well as the horizontal ladder walking test and the narrow beam, two highly 

discriminatory motor tests for the assessment of cortical and subcortical 

dysfunction (38, 39). 

Remarkably, after 2 wk of GM1 intraventricular infusion, normal motor function 

was recovered in YAC128 mice compared with WT littermates, in all of the 

tests performed (Figure 3.2).  

At fixed rotarod speed (20 rpm), YAC128 mice were able to remain on the 

rotarod for less than 30 s. As expected, intraventricular infusion of artificial 

CSF vehicle did not improve their performance. On the contrary, YAC128 

mice that received GM1 improved dramatically and by the end of the 



treatment could finish the 60-s test like most of the WT mice (Figure 3.2A). As 

this test was only moderately challenging for WT mice and we wanted to 

assess the true extent of recovery in YAC128 mice, we repeated the test with 

an accelerating rotarod, in conditions that were very challenging even for WT 

mice (from 4 to 40 rpm in 1 min). Even in these conditions, GM1-treated 

YAC128 mice performed similarly to WT littermates (differences were not 

statistically significant) (Figure 3.2B).  

Complete rescue of normal motor functions was also observed when YAC128 

mice were tested in the horizontal ladder walking task (Figure 3.2C) and in the 

narrow beam test (Figure 3.2D), which require balance and fine motor skills 

(38, 39). The beneficial effects of GM1 extended up to 14 d after 

discontinuation of the treatment (Figure 3.3).  

No effects on motor behavior were observed in WT mice infused with GM1 or 

in YAC128 mice infused with the artificial CSF vehicle (Figure 3.2). 

Importantly, no evident signs of treatment-related toxicity or illness were 

detected at any time during the experimental protocol. 

 

 

3.3.2. GM1 Increases DARPP-32 Expression and Activation in 
the Striatum of YAC128 Mice  

DARPP-32 is highly enriched in medium-sized spiny neurons and its down-

regulation is an early marker of neuronal dysfunction in HD (40). 

Normalization of motor behavior in GM1-treated YAC128 mice correlated with 

increased striatal expression of DARPP-32 (Figure 3.4). Treatment with GM1 

also restored normal levels of DARPP-32 phoshorylation at threonine 34 in the 

striatum of YAC128 mice, suggesting overall normalization of cell signaling 

and/or dopaminergic pathways in medium spiny neurons (41, 42). 

                         

                 

3.3.3. GM1 Triggers Phosphorylation of Huntingtin at Serine 13 
and Serine 16  

The dramatic effects exerted by GM1 in YAC128 mice suggest that the 



ganglioside might decrease overall mutant huntingtin toxicity. As 

phosphomimetic mutations of serine 13 and serine 16 result in abrogation of 

mutant huntingtin toxicity in a BACHD model (17), we tested whether GM1 

could increase phosphorylation of huntingtin at these two critical amino acid 

residues. Using a phospho-specific antibody (pN17) (16) that recognizes the 

amino-terminal N17 domain of huntingtin (the first 17 amino acids) only when 

serine 13 and serine 16 are phosphorylated, we detected a significant 

increase of huntingtin phosphorylation at serines 13 and 16 in primary cultures 

of neurons isolated from YAC128 or WT littermates, by immunocytochemistry 

(Figure 3.5A) and immunoblotting (Figure 3.6A), after incubation with GM1 for 

5 h.  

Similar results were obtained using immortalized striatal homozygous knock-in 

cells expressing mutant huntingtin (STHdh111/111 cells; Figure 3.5B).  

Thus, GM1 can induce phosphorylation of huntingtin at those critical residues 

both in normal and HD cells. Treatment with the ganglioside triggered 

huntingtin phosphorylation also in fibroblasts derived from HD patients (Figure 

3.5C and Figure 3.6B), demonstrating that the underlying mechanism is 

shared between animal and human models and that a GM1- based therapy is 

likely to have beneficial effects in HD patients. 

We confirmed that GM1 induces phosphorylation at serines 13 and 16 by 

incubation of striatal knock-in cells (STHdh111/111) with GM1, followed by 

immunoprecipitation of mutant huntingtin with a polyclonal anti-huntingtin 

antibody (16) and immunoblotting with three phospho-specific antibodies: 

pN17 (16) and anti-pSer13 and anti-pSer16 antibodies (10), which recognize 

phosphoserine 13 and phosphoserine 16, respectively (Figure 3.5D). 

Increased huntingtin phosphorylation at serine 13 and serine 16 after 

treatment with GM1 was also detected after direct immunoprecipitation of 

phospho huntingtin using pN17 antibodies (Figure 3.5E). More 

phosphohuntingtin was immunoprecipitated with pN17 after treatment with 

GM1 and the results were confirmed by immunoblotting with anti-pSer13 and 

anti-pSer16 antibodies. 



Interestingly, on SDS/PAGE analysis, phosphohuntingtin consistently 

migrated at a much higher apparent molecular weight (hmw-Htt) (Figs. 3.5D 

and 3.5E) than the monomeric full-length huntingtin (FL-Htt), regardless of the 

length of the polyglutamine stretch (Figure 3.5F and Figure 3.6) and 

consistent with the formation of a high molecular-weight protein complex or 

huntingtin dimers. All anti-huntingtin and anti-phosphohuntingtin antibodies 

used in this study recognized the complex, although mAb2166 with low 

affinity. A positive signal with mAb2166 was seen in most cases only after 

overexposure of the immunoblot (Figure 3.5E). This is not surprising as 

binding of mAb2166 antibodies has been shown to be affected by huntingtin 

conformational changes induced by expansion of the polyQ stretch (43) and/or 

huntingtin posttranslational modifications (10). Phosphorylation of huntingtin 

was required for the formation and/or stabilization of the high molecular-weight 

huntingtin complex, both in wild-type and HD cells, because 

dephosphorylation of the cell lysate with shrimp alkaline phosphatase (SAP) 

resulted in a decrease of the high molecular-weight form of huntingtin and the 

increase of monomeric full-length huntingtin levels (Figure 3.5F). Confirming 

our in vitro studies, GM1 treatment resulted in a significant increase in 

huntingtin phosphorylation at serine 13 and 16 in vivo in the cortex and 

striatum of both YAC128 and WT mice that were chronically infused with GM1 

(Figure 3.7). 



 

3.4. DISCUSSION 

The complexity and variety of cellular pathways that are affected in HD has 

long hampered the development of effective therapies for this disease. In 

recent years, the discovery that posttranslational modifications can 

dramatically affect mutant huntingtin toxicity has opened the door to novel 

potential therapeutic strategies that target cell signaling pathways and factors 

responsible for critical huntingtin protein modifications. GM1 is a lipid with 

important modulatory roles in the nervous system (18). In HD, decreased 

levels of this and other gangliosides, as we recently reported (19), are likely to 

affect cell signaling and neuronal function. Our previous studies showed that 

in a knock-in cell model expressing full-length mutant huntingtin, decreased 

levels of ganglioside GM1 contributed to heightened cell susceptibility to 

apoptosis. Restoring normal GM1 levels reverted the phenotype of HD cells to 

normal, suggesting that GM1 could have a therapeutic action in HD models. 

The in vivo studies herein described strongly support this conclusion. To date, 

GM1 is the only treatment that leads to a complete rescue of the motor 

phenotype in an HD mouse model, even after disease onset. At the time when 

the treatment was initiated, YAC128 mice already displayed profound motor 

deficits (Figure  3.2), yet GM1 infusion was able to restore normal motor 

functions in 14 d of treatment. Interestingly, GM1-treated YAC128 mice 

performed significantly better than CSF-treated mice for over 14 d after 

discontinuation of the treatment (Figure 3.2). These results suggest that GM1 

is able to decrease mutant huntingtin toxicity and to correct abnormal 

homeostatic mechanisms that develop over time and that are responsible for 

the overall malfunction, and eventually death of HD neurons. These 

conclusions are also supported by our data showing that GM1 restores normal 

levels of DARPP- 32 expression and phosphorylation in the striatum of 

YAC128 mice (Figure 3.4.). Decreased DARPP-32 expression is an early sign 

of neuronal dysfunction in the R6/2 mouse model of HD (40), and has also 

been reported in YAC128 mice (44). DARPP-32 plays a crucial role at the 



crossroad of dopaminergic and other signaling pathways, which converge to 

determine overall expression level and phosphorylation state (resulting in 

specific protein functions) of DARPP-32 in medium spiny neurons. In turn, 

DARPP-32 integrates neuronal responses to a variety of neurotransmitters 

and stimuli and modulates striatum output pathways (41, 42, 45). Restoring 

normal GM1 concentration in the brain of YAC128 mice likely resulted in a 

plethora of beneficial effects, leading to the therapeutic endpoints described in 

this study. The extent of such effects also suggests that GM1 targets early 

steps in the cascade of pathogenic events triggered by mutant huntingtin in 

HD brains. Indeed, we found that GM1 affects mutant huntingtin itself, by 

increasing phosphorylation at huntingtin serine 13 and serine 16 (Figs. 3.5., 

3.6. and 3.7.). In vitro studies have shown that concomitant phosphorylation of 

these two amino acid residues decreases the toxicity of mutant huntingtin (10, 

16). In vivo, phosphomimetic mutations at the same amino acids protect 

BACHD transgenic models from the development of HD-like pathology. Thus, 

mutant huntingtin phosphorylation at these critical sites might explain, at least 

in part, the therapeutic action of GM1 in HD mice. It has been proposed that 

huntingtin phosphorylation at serine 13 and serine 16 might decrease mutant 

huntingtin toxicity by changing protein conformation (16, 17), huntingtin 

function (16), and/or rate of huntingtin degradation (10). In a recent study, N-

terminal fragments of mutant huntingtin in which serine 16 was changed to 

aspartic acid (mimicking phosphorylation at serine 16), were shown to 

preferentially accumulate and form aggregates in the cell nucleus. Although 

the consequences of huntingtin serine 16 phosphorylation on cell viability 

were not assessed in that study, it was proposed that phosphorylation at this 

amino acid residue might be important for toxicity mediated by mutant 

huntingtin fragments (46). Thus, the consequences of huntingtin 

phosphorylation at serine 16 on cell functions and viability might depend on 

whether only serine 16 (46) or both serine 13 and 16 (16, 17, 47, and this 

study) are phosphorylated, on protein context (full-length huntingtin versus N-

terminal fragments) and, potentially, on the co-occurrence of other 



concomitant posttranslational modifications of mutant huntingtin (2, 10, 17, 

48). Elucidating the signaling pathways involved in regulating huntingtin 

posttranslational modifications and their cross-talk will be of utmost 

importance. In our studies we observed that huntingtin phosphorylated at 

serine 13 and serine 16 consistently migrated at higher molecular weight than 

predicted, consistent with the formation of an SDS–insoluble protein complex 

or dimer. The ability of huntingtin to form homodimers has been predicted by 

computational analysis and demonstrated in a yeast two-hybrid system using 

huntingtin fragments (49), and in preparations of full-length huntingtin purified 

from an insect cell expression system (50). Currently, the relevance of the 

formation of a high molecular-weight huntingtin complex or protein 

dimerization to huntingtin function is unknown. We found that the ability to 

detect the high molecular-weight form of huntingtin by immunoblotting 

depends on protein transfer conditions (Materials and Methods), perhaps 

explaining why only in a few other studies this form of huntingtin was detected 

(but not highlighted) (10, 51, 52). In conclusion, our data support the use of 

GM1 in clinical setting for the treatment of HD. In this regard, previous clinical 

trials in which the ganglioside was used for the treatment of other conditions 

(35, 53–55) demonstrated that GM1 is safe to use in patients, even when 

administered by intraventricular infusion (56), and potential adverse effects 

are rare (35). 

 

 

 

 

 

 

 



3.5. FIGURES 

 

                             

Figure 3.1. Chronic GM1 infusion restores normal GM1 levels in the striatum and 

cortex of YAC128 mice. Representative dot blots of equal amounts of striatum and brain 

cortex lysates prepared from 6-mo-old YAC128 mice and wild-type littermates treated with 

GM1 or CSF for 28 d. GM1 levels were detected by cholera toxin B binding. Each dot 

represents one animal. Graphs show the mean densitometric values ±SD (n = 6 mice per 

experimental group). *P < 0.05; **P < 0.001; ***P < 0.0001. 

 

 

 

 

 

 



 

 

 

Figure 3.2. GM1 restores normal motor behavior in YAC128 mice. Behavioral tests were 

conducted at the indicated time, on 5-mo-old YAC128 and WT mice, before and during GM1 

chronic brain infusion. Each data point represents the average performance ±SD of six mice. 

(A) Rotarod test at fixed speed (20 rpm for 60 s). YAC128 mice treated with GM1 showed 

progressive improvement and, by the end of the treatment, were able to finish the test like 

most WT mice. The horizontal gray line in the graph marks the test endpoint. (B) Accelerating 

rotarod (4–40 rpm in 1 min). In this challenging test, YAC128 mice treated with GM1 

performed as well as WT mice (differences between WT and GM1-treated YAC128 mice were 

not statistically significant). (C) Horizontal ladder test. The ability of mice to cross a horizontal 

ladder with irregular rung pattern was analyzed. A score was assigned to each type of footfall 

and other mistakes made by the mice according to ref. 38. (D) Narrow beam test. Motor 

performance was scored as the mice walked along a narrow beam (100 cm long, 0.75 cm 

wide). #P < 0.01 (YAC128 vs. WT); *P < 0.05; **P < 0.01; ***P < 0.001 (GM1-treated vs. CSF-

treated YAC128). 

 

 

 

 

                         



 

 

Figure 3.3. Sustained beneficial effect of GM1 after treatment discontinuation. YAC128 

mice that were infused with GM1 for 28 d performed significantly better than YAC128 mice 

infused with CSF, in all motor tests, up to 14 d after discontinuation of the treatment. Each 

point in the graphs represents the average performance ±SD of three mice. *P < 0.05. 



 

 

                                    

 

Figure 3.4. GM1 restores striatal expression of DARPP-32 in YAC128 mice.  

Representative immunoblot and Li-Cor Odissey densitometric analysis of DARPP-32 

expression and activation (p-DARPP-32) in WT and YAC128 mice.  GM1 infusion for 28 d 

restores normal levels of DARPP-32 and active p- DARPP-32 in YAC128 mice. Each lane of 

the immunoblot represents one individual mouse. Graphs show the densitometric analysis 

performed on three (WT GM1) or six (all other experimental groups) mice per group.  Bars 

represent the mean values ±SD *P < 0.05; **P < 0.01. 

 

 

 



 

 

Figure 3.5. GM1 administration elicits huntingtin phosphorylation at serine 13 and 

serine 16 (A) Representative confocal microscopy images and relative quantitative analysis 

of primary striatal neurons isolated from wild-type (WT) and YAC128 mice and incubated for 

5 h with 50  M GM1 (+) or vehicle (&). Neurons were immunostained with anti–phospho-

N17 (pN17) antibody, which recognizes the amino-terminal N17 peptide of huntingtin 

phosphorylated at amino acid residues serine 13 and serine 16, and with DAPI to visualize 

nuclei. (B) Representative epifluorescence microscope images and quantitative analysis of 

immortalized knock-in striatal progenitor cells expressing mutant huntingtin (STHdh111/111) 

and treated as in A. (C) Confocal microscopy images and quantitative analysis of primary 

fibroblasts from HD patients treated as in A. Graphs in A–C show pN17 immunostaining 



mean fluorescence intensity (MFI) per pixel ±SD, calculated over a minimum of 100 cells 

per experimental group. **P < 0.01; ***P < 0.001. (D and E) Analysis of mutant huntingtin 

phosphorylation state by immunoprecipitation and immunoblotting. Striatal knock-in cells 

(STHdh111/111) were incubated with 50  M GM1 for the indicated time (10m, 10 min). Mutant 

huntingtin was immunoprecipitated from equal amounts of total cell lysates using a rabbit 

polyclonal anti-huntingtin antibody (N17) (in D), phospho-specific pN17 antibodies (in E), or 

nonspecific rabbit IgG antibodies as negative control (D). Total lysate from cells expressing 

wild-type huntingtin (STHdh7/7) was loaded in the same gel as reference. All 

immunoprecipitated material (IP) was immunoblotted with the indicated phospho-specific 

and anti-huntingtin antibodies. Phosphohuntingtin could not be detected in the total lysates 

(input lanes, 30  g of proteins loaded) due to the proximity of the highly immune-reactive 

immunoprecipitated material in adjacent lanes. The results of reprobing the input lanes only, 

after cutting the membrane, are shown in D, Right. An increase in the phosphorylation of 

huntingtin at serine 13 and serine 16 after treatment with GM1 is evident in both 

immunoprecipitated material and input total cell lysates. The graph in D shows the 

densitometric analysis of huntingtin phosphorylation in the input lysates of two independent 

experiments. A Ponceau red-stained band in the membrane was used as loading control. S, 

stacking portion of the gel. (F) Wild-type and mutant huntingtin in total cell lysate from 

striatal knock-in cells (STHdh7/7 and STHdh111/111) was dephosphorylated using shrimp 

alkaline phosphatase (SAP). Dephosphorylation resulted in a dramatic change in huntingtin 

electrophoretic mobility, with increased amount of protein migrating at the lower apparent 

molecular weight (FL-Htt) and a decreased amount of high molecular-weight species (hmw-

Htt). The graph shows the ratio between hmw-Htt and FL-Htt before and after 

dephosphorylation with SAP. 

 

 

 



                                
 

Figure 3.6. GM1 administration promotes huntingtin phosphorylation at serine 13 and 

serine 16 in primary cultures of neurons and human fibroblasts. (A) Primary striatal 

neurons isolated from wild-type (WT) and YAC128 mice were incubated for 5 h with 

50  M GM1 (+) or vehicle ($). Total lysates were immunoblotted with phospho-specific 

pN17 antibodies and with polyclonal anti-Htt (N17) antibodies. Loading control is a nonspecific 

protein band detected by antitalin antibodies. (B) Primary fibroblasts isolated from a healthy 

control subject and from a HD patient (expressing 45 CAG repeats in the mutant HD gene) 

were treated as in A. Total cell lysates were immunoblotted with pN17 and anti-Htt (N17) 

antibodies. The graph shows the densitometric analysis of phosphohuntingtin, normalized 

over the loading control (Ponceau red-stained protein band). Hmw-Htt, high molecular-weight 

huntingtin; FL-Htt, full-length huntingtin; FL-wtHtt, full-length wild-type huntingtin; FL-muHtt, 

full-length mutant huntingtin. 

 

 



                

 

Figure 3.7. GM1 infusion induces huntingtin phosphorylation in vivo. Total protein 

lysates were prepared from the cortex and the striatum of YAC128 mice and WT littermates 

chronically infused with artificial cerebrospinal fluid (CSF) or GM1 in CSF for 28 d (six mice 

per group). (A) Representative immunoblots showing increased phosphorylation of huntingtin 

at serine 13 and serine 16 in GM1-infused brains, as detected using pN17 antibody. Each 

lane corresponds to the lysate from one mouse. (B) Li-Cor Odyssey infrared densitometric 

analysis of phosphohuntingtin normalized over talin (loading control). Bars represent the 

mean ± SD of six mice per experimental group. *p< 0.05; ***p < 0.001. 
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4. CONCLUDING REMARKS 
 

 

 

 

 

 

 

 

 

This thesis has been inspired by the lack of clear understanding of the 

crucial molecular mechanisms underlying the pathogenesis of HD and the 

need to identify potential therapeutic strategies. Numerous are the alterations 

of essential biological processes that have been reported to contribute to the 

pathophysiology of HD, and many are the agents so far identified that provide 

some therapeutic benefits, at least in animal models of the disease. However, 

therapeutic options remain severely limited, with only symptomatic therapies 

available. A better understanding of key mechanisms causative of HD may 

help to identify new molecular targets for the development of more effective 

therapeutic solutions.  

 The first part of this thesis aimed at clarifying the molecular mechanism 

causing dysfunction of the cholesterol biosynthetic pathway in HD. The results 

obtained indicate that mHtt leads to aberrant cholesterol biosynthesis by 

interfering with the normal activity of SREBP2, the transcription factor involved 

in the regulation of intracellular cholesterol homeostasis. Mutant Htt interacts 

with SREBP2 and retains it in the cytoplasm, inhibiting its nuclear transport 

and ultimately expression of target genes. Based on this knowledge, 



interventions that block the interaction of mHtt with SREBP2 might have 

therapeutic benefits in HD. 

 In the second part of the thesis, I evaluated the administration of 

ganglioside GM1, as a valid and innovative approach for the treatment of HD. 

The results obtained with GM1 are encouraging with regard to the beneficial 

effects of this molecule in HD models. Not only GM1 restored normal motor 

behavior in YAC128 mice, but also triggered phosphorylation of mHtt at serine 

13 and serine 16, a post-translational modification known to decrease mHtt 

toxicity. This suggest that GM1 might be a disease modifying treatment able 

not only to restore normal GM1 levels in HD brains, but also to attenuate other 

molecular dysfunctions associated with expression of mHtt, including 

cholesterol metabolism dysfunction, and to slow down disease progression.  

 My studies have shown that restoring GM1 levels in HD brains is feasibile 

and is not associated to obvious signs of toxicity. However, delivery of 

gangliosides into the brain is challenging, since only small amounts of GM1 

administered peripherally are able to cross the blood-brain barrier. In my 

studies I took advantage of stereotaxic procedures and intracerebroventricular 

infusion kits to deliver GM1 into the brain ventricules. This represents a quite 

invasive and challenging approach that, although feasible, would limit the use 

of GM1 for the treatment of HD patients. Alternative routes of administration 

would have to be evaluated, in parallel with the development of second-

generation molecules with improved pharmacokinetic profiles. 
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