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Abstract

Huntington’s disease (HD) is a monogenic neurodegenerative disorder characterized by
progressive choreic movements, dystonia, motor incoordination, cognitive decline and behavioural
changes. HD is caused by an abnormal increase in the number of CAG repeats in the exon 1 of the
huntingtin (H7T) gene, leading to an expanded polyglutamine stretch in the HTT protein. Mutant
huntingtin (muHTT) is prone to misfold into toxic conformations and to aggregate, impairing
vesicular transport, mitochondrial metabolism, cell signalling and gene transcription, and leading
to neuronal dysfunction and death in various brain regions.

Our laboratory and others have shown that two distinct lipid biosynthetic pathways, the
mevalonate pathway and the pathway for the synthesis of gangliosides, are also impaired in HD,
potentially contributing to disease pathogenesis.

The mevalonate pathway is responsible for the production of cholesterol and isoprenoids.
Isoprenoids are used for the prenylation of small GTPases, a crucial post-translational modification
that regulates small GTPases activity and a wide range of downstream cell processes, including
vesicular traffic and autophagy. Several studies have investigated the synthesis of cholesterol in
HD models, but whether impairment of the mevalonate pathway could also lead to defective
protein prenylation was not known, and has been investigated in the first part of this thesis.

I showed that steady-state prenylation of various representative small GTPases is not affected in a
wide range of cell and animal HD models, in spite of downregulation of the mevalonate pathway.
However, levels of one of these small GTPases, RAB7, a protein involved in vesicular transport
and selective autophagy, were significantly decreased across models of HD.

Together with cholesterol, gangliosides are another class of lipids that are highly enriched in the

brain and are crucial for neuronal functions. Studies in our laboratory showed that gangliosides
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levels are decreased in HD models and that administration of one ganglioside in particular, GMI1,
has profound therapeutic effects in HD mouse models. The underlying mechanisms were in part,
investigated in this thesis.

I demonstrated that GM1 decreases accumulation of protein aggregates in HD cells, as well in a
second model of proteotoxic stress represented by pharmacological inhibition of the ubiquitin-

proteasome system, thus alleviating cellular stress.

Surprisingly, the beneficial effects of GM1 were not mediated by an increase in autophagy, a
cellular process known to degrade muHTT aggregates and to be modulated by gangliosides in
other model systems. Instead, I showed that administration of GM1 promotes the secretion of
muHTT, as well as components of the aggresome, within extracellular vesicles (EVs). These are
membrane-delimited vesicles that form within the multivesicular bodies (MVB) or that bud from
the plasma membrane, carrying a wide array of proteins and nucleic acids, including toxic
misfolded proteins. These data suggest that the neuroprotective activity of GM1 in HD models
might be mediated, at least partially, by the secretion of toxic muHTT towards the extracellular

space, thus relieving intracellular proteotoxic load in susceptible neurons.
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Preface

This thesis is an original work by Luis Morales.

Part of the data shown in Chapter 3 was generated in collaboration with Dr. Amany Mohamed, a
former Ph.D. student of the Department of Pharmacology, under the supervision of Dr. Elena Posse

de Chaves (Department of Pharmacology, University of Alberta).

Data presented in chapter 6 have been generated in collaboration with Ms. Vaibhavi Kadam, a
current student of the graduate program in Neuroscience (Neuroscience and Mental Health
Institute, University of Alberta), under the supervision of Dr. Simonetta Sipione. Additionally,
some of the analyses performed by electron microscopy were done by Dr. Nasser Tahbaz

(Department of Cell Biology, University of Alberta).

Part of the data presented in Appendix I was generated in collaboration with Mrs. Alba Di Pardo,
a former student in Dr. Sipione laboratory, and will be submitted for publication as a co-authored
paper, which is currently in preparation. I contributed with experimental data, as well as with the

preparation of the manuscript.

Chapters 4, 5 and 7 are my original work.
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Chapter 1: General background

This chapter is my original work.



1.1. General introduction

Huntington’s disease (HD) is the most common monogenic neurodegenerative disorder and it is
characterized by progressive choreic movements, dystonia, motor incoordination, cognitive

decline and behavioural changes (1).

HD is caused by an abnormal increase in the number of CAG repeats in the exon 1 of the huntingtin
gene (HTT), located on chromosome 4. This mutation leads to an expanded polyglutamine stretch
(polyQ) in the N-terminus of HTT protein. HD is a fully penetrant disease in individuals carrying

more than 39 CAG repeats, but its penetrance is reduced in carriers of 36-39 CAG repeats (2).

Interestingly, the age of onset is inversely correlated with the number of CAG repeats in the HTT
gene (3). Anticipation phenomenon, defined as the event in which the offspring has an earlier onset
of the disease than the parents, can be observed in families carrying the mutant H77T gene,
especially in the paternal lineage. This is due to the instability and possible elongation of the CAG
stretch in germinal cells, which can lead to the transmission of the mutation to the newer

generations with an increased number of CAG repeats (4).

The HTT protein is ubiquitously expressed, but its function remains unclear. However, it is known
that mutant huntingtin (muHTT) can acquire misfolded and toxic conformations (5), and through
mechanisms that are still under investigation, muHTT impairs vesicular transport, mitochondrial
metabolism, cell signaling and gene transcription in HD neurons and glial cells, leading to neuronal
dysfunction and death in various regions of the brain, especially, but not limited to the striatum
and cortex. The molecular and cellular mechanisms underlying muHTT toxicity will be reviewed

in more details in following sections of this document.



1.2. Epidemiology

The prevalence of HD is variable depending on the population studied. Furthermore, there is a big
discrepancy in the amount and quality of epidemiologic studies performed in different regions of

the world, perhaps contributing to the variability of the numbers reported.

It has been found that Asia has the lowest prevalence of HD in the world, with 0.4 patients per
100,000 inhabitants. Conversely, North America and the United Kingdom have the highest

reported prevalence, with 7.33 and 6.68 cases per 100,000 inhabitants, respectively (6).

Moreover, prevalence can be affected by the accuracy of the diagnostic methods, both in the clinic
and the laboratory. It has been reported that cases in the United Kingdom have doubled from 1990
to 2010. Researchers claim that better molecular diagnostics, combined with an increase in health
coverage may cause this phenomenon, more than an actual increase in the real number of HD

patients in the islands (7).

Instead, countries with poor clinical diagnostics and low health coverage may report a lower
number of patients. Such is the case of sub-Saharan nations, with a prevalence of 0.2-0.5 cases per
100,000 inhabitants (8), a number that is strikingly different from the prevalence of HD in African-

descendent Americans in the United States, at 6.37 per 100,000 inhabitants (9).

Studies of prevalence in Latin America have revealed that certain isolated populations have
notoriously different prevalence when compared to the rest of the world. For example, the general
prevalence in countries like Mexico and Venezuela is 4 and 0.5 per 100,000 inhabitants,
respectively (10,11). However, due to a founder effect, small isolated populations in Venezuela
(Lake Maracaibo), Peru, (Cafete-Lima) and Brazil (Feira Grande, Alagoas) have reported

prevalence values of 700, 40 and 72 cases per 100,000 inhabitants, respectively (12), which are



several times higher than the world average. Furthermore, the populations of Juan de Acosta and
El Dificil in northern Colombia, have been described to be clusters of multiple families with a very
high prevalence of possible HD, but the exact number of cases has yet to be determined, mostly

due to the difficult access to this geographical zone (12).

1.3. Clinical Features

1.3.1. Diagnosis

The diagnosis of HD is based largely on the anamnesis, followed by genetic testing. HD diagnosis
should be considered when there is a family history of the disease, in a patient with motor
disturbances such as chorea and dystonia (13). In an attempt to standardize the diagnosis of HD, a
unified HD rating scale (UHDRS) has been developed, in which total motor score ranges from 0,
where no motor abnormalities are observed, to 4, where the motor impairments are highly
suggestive of HD (14). Nonetheless, some minor and subtle motor and non-motor deficits may
appear many years before the clinical onset of the disease. This stage is called “premanifest
period”, and may span for up to 15 years before the definitive signs and symptoms of HD finally

become manifest (15).

Since the discovery of the mutation that causes HD in 1993 (2), and after the vast improvement in
molecular biology techniques, nowadays, the diagnosis of HD relies heavily on genetic testing (1).
The identification of the mutation in a patient, not only allows for a proper and accurate diagnosis
of the patient itself but also provides the information required to perform adequate genetic
counselling to the relatives of the patient. Additionally, the possibility of identification of carriers,

years before the disease becomes manifest, has opened the door for imaging, behavioural or



biochemical studies before the onset of the neurodegeneration. This has enormous relevance for

the design of possible future therapies aimed to stop or slow down the progression of the disease.

1.3.2. Motor abnormalities

The neuronal pathology in the striatum follows a bi-phasic course, first affecting the medium spiny
neurons that belong to the indirect pathway, and later in life, the medium spiny neurons of the
direct pathway start to be affected as well. Because of this, the motor abnormalities can also be
evident in a bi-phasic fashion: a hyperkinetic phase whose main manifestation is chorea at early
stages of the disease, followed by a hypokinetic phase, mainly characterized by dystonia and

bradykinesia (16,17).

Chorea is the hallmark manifestation of HD, being present in virtually all adult patients with HD,
although it is thought to be an intermediate manifestation of the disease. Choreic movements can
be very subtle at the beginning of the symptomatic stage. Facial movements such as eyebrow-
raising, jaw contractions and winking are examples of these subtle involuntary movements. In
more advanced stages of the disease, choreic movements usually involve larger groups of muscles,

causing abdominal contractions, head movements, and abduction/adduction of arms and legs (13).

Second to chorea, dystonia is one of the most common manifestations of HD. It usually appears at
later stages in adult patients. Foot inversion, internal rotation of the limbs and fist clenching are
commonly observed in HD patients (18). Other involuntary movements frequently observed in
adult HD patients are tics and myoclonus, however, these latter symptoms appear to be more

common in younger patients diagnosed with HD (19-21).

Due to the anticipation phenomenon discussed above, there is a proportion of patients who have

an early onset of HD symptomatology. These patients generally carry longer CAG repeats in their



HTT gene. Patients whose symptoms start before the age of 21 are considered to have juvenile-
onset HD. It has been reported that patients with juvenile-onset HD are very commonly the

offspring of an affected male, rather than a female (22,23).

The differential symptomatology of juvenile-onset HD poses challenges to the diagnosis of the
disease. First of all, the parents may appear to be unaffected or may be pre-symptomatic. Not all
clinicians would suspect HD if family history of the disease is not clear, or if it is not present at
all. Second, the symptomatology may be quite different, compared to adult patients. Most common
early symptoms may include poor performance at school, discoordination, and clumsiness, as well
as a decline in fine motor functions (22,23). Chorea is mostly absent at the beginning of the disease,
but it usually appears as the disease progresses. Dystonia (sustained/repetitive muscle
contractions) and myoclonus (spasmodic/fast contraction of muscles) are very common ways of

presentation of juvenile-onset HD.

Perhaps the main difference between adult-onset and juvenile-onset HD is the presence of seizures
which may affect up to 35% of juvenile patients, but are very rare in adult patients. Seizures are
characteristically generalized tonic-clonic (grand mal), but absence (petit mal) or myoclonic
seizures are observed as well (24). In some extreme cases, the first manifestation of juvenile-onset
HD is a progressive myoclonus epilepsy, that later may be accompanied by intellectual decline

and other psychiatric disturbances such as mood instability, agitation and delusion (25).

1.3.3. Non-motor abnormalities

Patients diagnosed with HD do not only show motor disturbances but also suffer from non-motor
abnormalities. These non-motor alterations may be divided into two main groups: cognitive and

emotional.



Cognitive abnormalities can be detected several years before the onset of the motor symptoms
(26). Dementia with relative preservation of memory is the most prominent type of cognitive
impairment in HD, conversely to what is observed in other common dementias, such as
Alzheimer’s disease (AD). This specific kind of dementia is defined as “subcortical type”, since it
is mostly present in patients with degenerative diseases that are not necessarily characterized by
cortical atrophy, including Parkinson’s disease (PD) or vascular dementia (27). The typical
cognitive profile of an adult HD patient is characterized by cognitive slowing, impaired attention,

difficulties in short- and long-term planning, as well as an impaired emotion recognition (28-31).

Language is relatively well preserved in patients with HD. However, some longitudinal studies
done in pre-symptomatic HD patients have revealed that verbal episodic memory may be altered,
and it progresses as the onset of motor symptoms approaches, and may even correlate with striatal

size, measured by magnetic resonance (32).

The multinational prospective observational study TRACK-HD, which observed pre-manifest and
early HD patients for over 36 months, reported on the behavioural changes that occur before the
disease onset, or in very early stages of the disease. This study revealed that 10 out of 12 cognitive
tests had some alteration, or showed deterioration along the period of observation, with respect to
healthy controls. Visual attention, visuomotor and spatial integration, as well as psychomotor

speed, were amongst the most affected cognitive functions (33-35).

Instead, cognitive changes in juvenile-onset HD are not that well documented, mostly due to the
small number of cases. These patients are often misdiagnosed as developmental delayed, or even
being attention deficit-hyperactivity disorder patients. Juvenile-onset HD patients have been

shown to exhibit various deficits in attention and executive functioning (22,36).



As mentioned earlier, HD patients often show other psychiatric alterations that do not constitute
cognitive impairments but rather may be classified as mood disorders. These findings are more
difficult to categorize and document due to the lack of specific tests or surveys that could help with
the assessment of the progression of these behavioural abnormalities. Depression is the most
common comorbidity, accounting for up to half of the patients. Suicidal ideation is very common
as well. It has been reported that almost 2% of patients diagnosed with HD have attempted suicide.
Other behavioural changes may include apathy and irritability, traits that can severely affect a

patient’s quality of life (37-39).

1.4. Neuropathology

Muscle contraction and relaxation, hence motor control, is executed via a synchronized concert of
signals coming from various regions of the brain, including the primary motor cortex, the basal
ganglia and the cerebellum, among others. These signals are highly reverberated and modulated in
between and inside these various structures, before reaching their muscle of destination. This
enormous complexity and secondary control is what allows us to move large groups of muscles to
perform gross movements, such as walking, but at the same time, have a precise and fine control

of small muscles that are needed for writing, painting or playing a musical instrument.

Basal ganglia are a group of neuronal nuclei found at the base of the forebrain and midbrain. Parts
of the basal ganglia are: the globus pallidus (divided in internal and external), the subthalamic
nucleus, the substantia nigra (divided in pars compacta and pars reticulata) and the striatum. The
last is composed of two different nuclei: the caudate nucleus and the putamen. The striatum
receives its name due to the extensive axonal connexions between both nuclei, giving the

appearance of being striated in anatomical specimens (Fig. 1.1) (40,41).



The cell composition of the striatum is very peculiar. Neurons inside the striatum can be roughly
divided into two large groups: 1) Projection neurons, whose axons will end in a different region
than their soma; 2) Local circuit neurons, whose axons will remain in the striatum. Beyond the
division in these two groups, neurons can be classified by their size, neurotransmitter, among other
characteristics. By far, the most common type of neuron in the striatum is denominated medium
spiny neuron, accounting for up to 95% of all the neurons in the striatum. These cells use y-
aminobutyric acid (GABA) as neurotransmitter, and the majority of their projections are directed

to the globus pallidus and to the substantia nigra pars reticulata (42).

1.4.1. Neuronal pathways of the basal ganglia

Due to its importance in the pathophysiology of HD, the following section will be dedicated to
summarizing the neuronal pathways that are integrated in the basal ganglia, and particularly in the

striatum.

The cortex, including the primary motor cortex, but also other regions dedicated to motor control
(e.g. secondary motor cortex), are the origin and the main provider of glutamatergic excitatory
signals that enter the striatum (43). Here, the information coming from the cortex flows through

two different pathways: direct pathway and indirect pathway.

The direct pathway is constituted by the axons of the medium spiny neurons projecting directly
(hence, the name of the pathway) to the internal segment of the globus pallidus and the substantia
nigra pars reticulata. These cells and projections do not only carry the GABA neurotransmitter,

but also the neuropeptide substance P.

The indirect pathway instead, is composed of inhibitory enkephalin-expressing projections

originated in the striatum, directed towards the external segment of the globus pallidus, which



then, convey the information via excitatory synapses to the subthalamic nucleus, which in turn,

projects excitatory axons towards the internal segment of the globus pallidus (41,44,45).

From the internal segment of the globus pallidus, where direct and indirect pathways converge,
GABAergic neurons project to the thalamus, and from here, thalamic neurons project excitatory
axons to the frontal and premotor cortex, which in turn, modulate and have influence in the output
of information from the cortex towards the striatum (46). This circular and reverberating flux of
information is what is known as the cerebro-cortico/basal ganglia/thalamo/cortical circuit and is
the basis of the motor control exerted by the basal ganglia. In some textbooks, this circuitry is

referred as to be part of the “extrapyramidal system” (Fig. 1.2) (42).

1.4.2. Macroscopic alterations

Perhaps the most remarkable characteristic of the HD brain is the evident (in most cases) bilateral
atrophy of the striatum (47-49). Although striatal atrophy is the most common and striking finding,
cerebral cortex, thalamus and general white matter can show significant decrease in volume,

ranging from 21-57%, depending on the stage of the disease (Fig.1.1) (50,51).

It has been very well documented that the degeneration appears to follow a caudo-rostral direction,
starting in the tail of the caudate nucleus, and slowly progressing towards the head of the caudate
and the putamen (48,52). Based on this phenomenon, Vonsattel and collaborators (51), after
analyzing >160 autopsy specimens and correlating the macro and microscopic findings with
clinical data, created a grading system (from O to 4) in an attempt to standardize the stage of

degeneration of HD brains.

Brains graded as 0 have no evident atrophy in any of the regions typically affected by HD. Usually,

this grade is reserved for patients who are genetically diagnosed with HD but have not reached the
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age of onset of the disease, and died of different causes. Grade 1 brains may show reduced size of
the tail and the body of the caudate nuclei, but not evident atrophy of its head, or the putamen.
Grades 2 and 3 show mild to moderate atrophy of the head of the caudate nuclei but it preserves
its convexity towards the ventricle. Finally, in grade 4, the striatal atrophy is such that the striatum
appears to be concave, and the neuronal loss has reached more than 95%, compared to healthy

controls (42,48,51).

Despite the fact that the Vonsattel grading system is based almost exclusively on the morphology
of the striatum, there is a correlation between the degree of atrophy in the striatum and the
degeneration in other regions of the brain. Brains graded as 0 or 1 have no evident atrophy in any
other regions of the brain, while brains graded as 4 also show extensive atrophy of the cortex

(48,51).

Perhaps the area that is most affected in HD after the striatum, is the globus pallidus (Fig. 1.1).
Brains that were graded as 3 or 4 showed up to 50% reduction in the size of the globus pallidus
compared to control subjects, being the external segment of the globus pallidus the most affected
area. After analyzing the specimens under the microscope, it was observed that the number of
neurons in the globus pallidus was not affected, but rather there was a reduction in the neuropil,
causing the neuronal bodies to be “packed” closer together. Authors interpreted this observation
to be evidence that the reduction in size of the globus pallidus was not due to a decline in the
number of cells, but rather a decrease in the number of incoming connections from the already

degenerated striatum (48,51).

Cerebral cortex has also been shown to be atrophic in HD, especially in brains graded as 3 or 4.

However, various reports made by different researchers in various groups of patients have

11



contradictory results with respect to the presence or absence of neuronal loss, oligodendrocytic

loss and/or astrogliosis in the cortex of HD patients (53-56).

Other areas that may present atrophy and/or cellular loss in brains with scores 3-4 are the thalamus,
substantia nigra and subthalamic nucleus. These findings are variable among patients and may

depend on both, loss of connectivity and loss of neurons (48).

It is generally accepted that the cerebellum is spared from significant atrophy (48,51). The
exception to this statement would be the cases of juvenile-onset HD, where cerebellar mass is

significantly decreased with respect to control subjects (49,57).

1.4.3. Microscopic findings

The majority of the cellular mass (~95%) in the striatum is made of medium spiny neurons,
GABAergic neurons that project towards other nuclei within the basal ganglia. The medium spiny
neurons are selectively affected in HD, for reasons that are still under investigation

(42,45,49,51,58).

In tissue sections, medium spiny neurons can be identified by immunolabeling against glutamic
acid decarboxylase, one of the enzymes in the biochemical pathway for the synthesis of GABA.
Other markers commonly used are dynorphin, calbindin, calcineurin and the dopamine-and cAMP-
regulate phosphoprotein 32 kDa (DARPP32) (58,59). Moreover, medium spiny neurons projecting
to the internal or external globus pallidus, hence, belonging to the direct or indirect pathway, can
be identified by immunolabeling against substance P or enkephalin, respectively (42). The
development of these set of tools has allowed researchers to identify and pinpoint the specific

populations of cells that are lost during the different stages of HD.
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Studies using immunolabelling against calbindin, calcineurin and DARPP32 have consistently
shown that the number of soma of medium spiny neurons is decreased in the striatum of HD
patients compared to healthy controls, and that the amount of neuronal loss correlates positively

with motor impairment score (60-62).

Concomitant with the loss of neuronal bodies, the projections from the medium spiny neurons
towards the globus pallidus are also significantly decreased, and similarly to what happens to the
neuronal somas, the loss of incoming axons into the globus pallidus correlates with motor
alterations. It is important to mention that the projections expressing enkephalin, hence being part
of the indirect pathway, seem to degenerate first. Conversely, those projections that express
substance P and that are directed towards the internal segment of the globus pallidus (direct
pathway) are relatively conserved until advanced stages of HD, when eventually both enkephalin-
and substance P- expressing axons are significantly loss (59,63,64). This phenomenon is believed
to be the cause of the well-known bi-phasic presentation of the disease, starting with a hyperkinetic

phase, that later in life seems to transform into a hypokinetic phenotype (42,49).

Cannabinoid receptor type 1 (CB1), which is normally expressed in nearly all sites where the
terminal axons of the medium spiny neurons reside, has been shown to be decreased in both
segments of the globus pallidus, as well as in the substantia nigra. Interestingly, this decrease is
observed even in brains graded as 0, which may suggest that the dysfunction in the cannabinoid
system precedes the degeneration in the striatum. Concomitantly, there is an increase in the
expression of GABA receptors subunits, which is believed to be a compensatory mechanism that

follows the decreased amount of GABAergic afferences coming from the striatum (65-68).

Cortical atrophy has been extensively documented in HD patients. It follows the striatal

degeneration and is more evident in brains graded as stage 3 and 4. It has been shown that frontal
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lobe atrophy correlates with striatal degeneration, as well as with cognitive impairment in HD
patients (69). Although early studies did not show a reduction in the number of cells in HD cortices,
but rather an increased density of neurons per unit of volume (48,51), more recent studies indicate
that there is significant neuronal loss in the cortex of HD patients. In fact, it is believed that the
neuronal loss is layer-specific. Pyramidal neurons in cortical layers III, V and VI are either reduced
in number, or their dendritic arborization is affected in samples of HD brains, compared with

control subjects (55,70,71).

Some studies focusing on cortical motor areas also found significant reduction in the volume of
the primary motor cortex and premotor region of HD patients (72). Moreover, some studies
suggested that there is a correlation between the cortical area affected and clinical presentation.
For instance, patients in which cortical atrophy was more pronounced in areas such as anterior
cingulate cortex, associational cortices in the frontal, parietal and temporal lobes, the psychiatric
symptoms were usually more pronounced. Instead, when motor areas were the ones predominantly

atrophic, the major symptomatology was motor disability (73-76).

Reactive gliosis, involving astrocytes and microglia, is present in areas where the neuronal loss is
more prominent, such as the dorsal striatum. Gliosis also correlates with the grade of
neurodegeneration (77). The number of astrocytes is increased, even in brains with lower grades
of HD (78). Conversely, a study done in pre-symptomatic HD carriers has shown that there is no
evidence of reactive gliosis in the tail of the caudate, usually affected early in HD (79). These

findings suggest that reactive gliosis may appear in parallel with neuronal degeneration.

Activated microglia are also abnormally present in brains affected by HD. Autopsy specimens
have revealed abnormal activation of microglia that correlates with the degree of

neurodegeneration, and that localizes preferentially in areas typically more affected by the disease
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(80,81). Excessive microglia activation and correlation with HD symptomatology were later
corroborated by studies in living patients using PET scan technology, by utilizing ligands that bind

specifically to activated microglial cells (82,83).

An important neuropathological finding in HD brains is the presence of aggregates of muHTT
inside the nucleus, cytoplasm and neurites of HD neurons (84-86). Various antibodies against
muHTT have been developed, and multiple groups confirmed the presence of intracellular muHTT
aggregates in samples from juvenile and adult HD brains (87-89). Even though muHTT aggregates
were present unequivocally in at least a fraction of the neurons in HD brains, researchers quickly
learned that there was a dissociation between muHTT aggregation and the patterns of neuronal
loss in the striata of HD patients. Aggregates of muHTT were more common in spared
interneurons, while they were almost absent in medium spiny neurons, the most affected cell type
in HD, raising the question whether muHTT aggregation is a predictor of neuronal loss, or instead
a cytoprotective mechanism against muHTT toxicity (90), a question that is still not fully answered

to this day.

The sequence of events that lead from expression of muHTT to neurodegeneration at molecular
and cellular levels are still under investigation, but it is known that the elongation of the polyQ
stretch in HTT causes the protein to acquire a noxious misfolded conformation, favours the
generation of toxic fragments (gain-of-function mutation), but also interferes with the normal
functions of the HTT protein (loss-of-function mutation). In the following sections, 1 will
summarize the more important aspects of the HTT protein structure, normal functions of HTT, and

dysfunctions caused by muHTT.
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1.5. Huntingtin functions and mutant huntingtin dysfunctions

1.5.1. The Huntingtin gene and protein

The HTT gene is located in the chromosome 4 (4p16.3) in human cells. It contains 67 exons that
span a total of 180 kb (91). Identity between the human H7T gene and its ortholog in mice is 86%.
However, while the human gene usually contains 13 to 36 CAG repeats in its exon 1, being highly
polymorphic, the mouse ortholog usually contains only 7 CAG repeats (92). Phylogenetic studies
have shown that the HTT gene is highly conserved amongst various mammals, and that there is
evidence of an ancestral polyQ transcript in the sea urchin, which resembles certain regions of the
human HTT gene, suggesting that the polyQ stretch may have an important role that has been
conserved during evolution (93). The H7TT gene is transcribed ubiquitously throughout the body,

but it is mainly expressed in the central nervous system (94,95).

HTT protein is essential for embryonic development since deletion of both alleles of the Htt gene
in mice results in abnormal gastrulation at day 7.5 and reabsorption of the embryo at day 8.5,
before the formation of the central nervous system (96,97). However, there is some controversy
regarding the phenotype of the heterozygous mice. While Duyao and collaborators (96) reported
that deletion of one allele of Htt gene in mice resulted in normal development and no observable
phenotype, Nasir and collaborators (97), who disrupted the exon 5 of the mouse Htt gene, found
that heterozygous mice displayed increased motor activity, cognitive impairment and neuronal loss
in the subthalamic nucleus. Inactivation of Htt in adult mice leads to reduced lifespan, atrophy of
the forebrain and motor disabilities, suggesting that HTT is not only required during development

but is also important for neuronal survival in adult animals (98).
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Full-length human HTT protein has 3142 amino acids (on average, due to the variability of the
CAG stretch) and a predicted molecular weight of 347.67 kDa (UNIPROT entry No. P42858). The
large size of this protein has hampered efforts to elucidate its structure until recent work by Guo
and collaborators (99) who used cryo-electron microscopy to determine the structure with a
resolution of 4 Angstroms. Authors of this study concluded that HTT is largely in an a-helical
conformation and contains three major domains: N-terminal and C-terminal domains, both
containing multiple HEAT (huntingtin, elongation factor 3, protein phosphatase 2A and lipid

kinase TOR) repeats arranged as a solenoid, and a bridge domain.

HTT protein contains at least 36 HEAT repeats, named after the first discovered proteins that share
this domain, organized in four clusters. Coincidentally, proteins that contain HEAT repeats are
relatively large and usually participate in protein complexes. It has been shown that HEAT repeat
domains have a tendency to adopt an a-helix conformation that allows proteins to acquire
flexibility, a characteristic that is especially important during protein-protein interaction in

multiprotein complexes (100,101).

At its N-terminal region, more specifically between a.a. 174-207, HTT protein contains a
karyopherin B2 type nuclear localization signal (NLS). Interestingly, the NLS found in HTT
appears to be atypically larger when compared to other proteins sharing the same kind of NLS.
Authors hypothesized that a specific conformation in the N-terminus region of HTT may allow its

interaction with karyopherin 2, favouring its transport into the nucleus (102).

HTT has at least one conserved nuclear export signal (NES) in the protein located at the C-terminus
region (103). Furthermore, although there has not been identified a conserved NES in the N-
terminal region of the protein, it has been shown that N-terminal fragments (a.a. 1-171) of muHTT

interact aberrantly with the nucleoprotein translocated promoter region (TRP), part of the nuclear
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pore complex (104). These findings may explain why muHTT accumulates in the cell nucleus of

HD patients and HD mouse models (84,85,105).

Post-translational modifications of HTT protein are abundant and widespread across the protein
length. Moreover, these modifications regulate toxicity, stability or functions of HTT (106).
Sumoylation occurs in three lysine residues located in the first 17 amino acids of HTT, domain
known as N17. Sumoylation of HTT at these sites exacerbates muHTT toxicity in a Drosophila

HD model (107).

Phosphorylation has also been reported in the N17 domain, however, phosphorylation of specific
residues within the N17 domain may have different effects on the HTT protein. Phosphorylation
of Thr3 is reduced in samples from human and mouse HD brains, compared to their WT
counterparts. Concomitantly, it also known that phosphorylation at this site decreases the

aggregation and toxicity of N-terminal muHTT fragments (108-111).

The Ikappa B kinase (IKK) complex is able to phosphorylate HTT at residues Ser13 and Serl6.
These two post-translational modifications have shown to target muHTT for degradation (112).
However, in later years it was shown that inhibition of IKK, paradoxically increased the
phosphorylation of the N17 domain, while inhibitors of casein kinase 2 (CK2) decreased it (113),
suggesting that the modulation of the phosphorylation of the N17 domain is more complex than

initially thought.

Phosphomimetic substitutions at Ser13 and Ser16 abolished the neurodegenerative effects of full-
length muHTT in an HD mouse model and also prevented muHTT aggregation and amyloid fibril
formation in vitro (114), suggesting that the phosphorylation at these sites may become an

important target for potential future disease-modifying treatments. In fact, our laboratory has
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demonstrated that chronic intraventricular infusion of ganglioside GMI1 triggers the
phosphorylation of muHTT at Ser13 and Ser16, attenuating muHTT toxicity and restoring motor
function in a mouse model of HD (115). The role of GM1 in HD will be further discussed in

following sections of this document.

Phosphorylation of HTT is not limited to the N17 domain. Other residues (Ser421, Ser536, Serl116,
among others) also undergo phosphorylation. Some of these post-translational modifications

modulate muHTT cleavage and toxicity (116-122).

Acetylation of muHTT at Lys444 is crucial for its incorporation into autophagosomes for
autophagic degradation, improving muHTT clearance in cell and C. elegans models of HD (123).
Additionally, palmitoylation at Cys214 by huntingtin interacting protein 14 (HIP14) has been
shown to be essential for correct localization of HTT within the cell. Additionally, palmitoylation

may also modulate the aggregation of muHTT (124).

A myristoylation site at Gly553 has also been reported in a fragment resulting from the proteolytic
cleavage of HTT by caspases 3 and 6 (at a.a. 552 and 586, respectively). The myristoylated
fragment localizes to the ER and induces the formation of autophagosomes in non-starving cells,
suggesting that this post-translational modified fragment may play a role in the initiation of
autophagy. Interestingly, it was also shown that the presence of an elongated polyQ resulted in a

reduction of myristoylation of this fragment (125).
1.5.2. Function(s) of Huntingtin protein

Since the discovery of the role of HTT in HD, multiple cellular functions and processes have been
attributed to the HTT protein. To start, HTT has a role in embryonic development since Htt”"

mouse embryos do not develop properly and are non-viable (96,97). HTT protein also has a role
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in the regulation of cell survival/apoptosis. Animal models of HD, ischemia, trauma, and spinal
cord injury, all models in which apoptosis is abundant, showed reduced levels of wild-type HTT
(WwtHTT) protein (126). Furthermore, overexpression of wtHTT in striatal cells was protective
against various apoptotic stimuli (127-130). Although the mechanism by which HTT is
antiapoptotic is not well understood, two hypotheses have been proposed. First, huntingtin
interacting protein 1 (HIP1) and its partner huntingtin interacting protein 1 protein interactor
(HIPPI) form a protein complex that leads to activation of caspase 8, the release of cytochrome C
from the mitochondria, ultimately activating apoptosis (130,131). wtHTT interacts and sequesters
HIP1, preventing its binding to HIPPI and thus, protecting the cell against apoptosis. The complex
HTT-HIPI is less stable in the presence of an elongated polyQ stretch (130,132). Additionally,

wtHTT can directly interact with and block pro-apoptotic proteins such as caspase 9 (127,128).

There are also reports of the involvement of HTT in gene transcription. For example, HTT can
interact and sequester the repression element-1 silencing transcription factor/neuro-restrictive
silencer factor (REST/NRSF), which is a negative regulator of the transcription of the brain-
derived neurotrophic factor (BDNF), thus promoting its transcription (133,134). Overexpression
of wtHTT increases the phosphorylation of cAMP response element-binding element (CREB) in

striatal neurons, a well-known positive regulator of the BDNF transcription (135).

One of the most recent functions that has been attributed to HTT is its involvement in vesicular
trafficking (136,137). The structure of HTT suggests that it may work as a scaffold protein able to
interact with membranes. The N17 domain of HTT can form an amphipathic helix that has been
proposed to be a membrane-interacting domain with the endoplasmic reticulum, late endosomes

and autophagosomes (138). Also, an N-terminal region located within a cluster of HEAT repeats
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(a.a. 172-372) has affinity for phospholipids at the plasma membrane (139). Additionally, the

interaction with membranes may also be mediated by HTT palmitoylation at residue Cys214 (124).

Moreover, many of the known interactors of HTT are involved in vesicular trafficking, either by
interacting with the microtubule network, or by being a constitutive part of motor protein
complexes. Examples of HTT-interacting proteins are huntingtin-associated protein 1 (HAP1),
kinesin, dynactin, optineurin, among others. (140-145). Additionally, HTT has been found to
stimulate the vesicular transport of BDNF (146). Conversely, HTT containing an expanded polyQ
stretch, or depletion of HTT inhibits the vesicular transport of BDNF, among other proteins

(146,147).

HTT may also have a function at the level of the synapse. HTT is enriched in the synapses and is
also known to interact with post-synaptic density protein 95 (PSD-95), modulating the function of
the NMDA and kainate glutamate receptors. Overexpression of wtHTT protects neuronal cell lines

against glutamate-dependent excitotoxicity, while expression of muHTT enhances it (148,149).

1.5.3. Pathophysiology of HD: The loss and gain-of-function of mutant HTT

As summarized in the previous section, there are multiple functions that have been attributed to

HTT protein, including roles that range from embryonic development to vesicle trafficking.

The elongation of the polyQ stretch interferes with such normal functions of HTT (150), impairing
cellular processes such as gene transcription (151), vesicular transport (146,147), anti-
antiapoptotic functions (130,132), autophagy (152), among others. This suggests that elongation

of the polyQ stretch leads, at least in part, to a loss of normal HTT functions.

At the same time, the elongation of the polyQ stretch leads to the acquisition of abnormal

conformations that make muHTT more prone to cleavage into toxic fragments by different cellular
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proteases, and promotes the oligomerization and aggregation of muHTT. This acquisition of toxic
properties and the dominant inheritance of the disease suggest that the HD mutation is also a gain-

of-function mutation.

Thus, the cellular dysfunctions that eventually lead to neuronal cell death, striatal atrophy and HD
symptomatology, may arise from a combination of the acquired toxicity of muHTT, its fragments

and aggregates, as well as from the loss of the normal functions of the HTT protein.

In the following section, I will summarize some of the literature regarding what cellular functions
are altered by muHTT, and how they might, at least partially, explain the neurodegeneration

observed in HD.

1.5.3.1. Cleavage, misfolding and aggregation of muHTT

The full-length wtHTT protein, but more importantly muHTT, can be cleaved by various
proteases, including caspases and calpains, among others. Caspase 3 can cleave wtHTT and
muHTT at positions 513 and 552, while caspase 2 and caspase 6 cleave the HTT protein at
positions 552 and 586, respectively. Two sequences compatible with calpain putative sites are

located at positions 469 and 536 (153-160).

Cleavage of muHTT generates N-terminal fragments containing the elongated polyQ stretch,
which are more toxic than full-length muHTT protein (153-160). The presence of these N-terminal
muHTT fragments has been confirmed in both, brains from HD patients, as well as in brains from
mouse HD models (156,157,161,162). The hypothesis of proteolytic cleavage of muHTT and the
generation of N-terminal muHTT fragments being major players in HD pathogenesis is supported

by studies using either inhibitors of proteases (caspases) or cleavage-resistant mutant versions of
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muHTT, in which disease was delayed in HD mice (155,160) or HD cells were protected against

apoptotic stimuli (158).

To my knowledge, there is at least one study attributing cellular toxicity to C-terminal non-polyQ
HTT fragments through a mechanism dependent on dilation of the endoplasmic reticulum (ER),
impairment of dynamin protein functions and ER stress. Since these fragments can be generated
from wtHTT as well, authors claim that toxicity may arise from abnormal muHTT proteolysis, or
in synergy with N-terminal polyQ-containing muHTT fragments, but not under normal conditions

(163).

Fragments of muHTT are not only product of proteolytic cleavage. In fact, Gipson and
collaborators (164) found that aberrant splicing of the intron 1 in the H77 mRNA occurs in
HdhQ150 mice, a knock-in mouse model of HD which expresses the endogenous mouse Htt gene
with an elongated CAG stretch. This aberrant splicing results in a short poly-adenylated mRNA
that is translated into an elongated polyQ muHTT exon 1 protein (164,165) a fragment that is
highly pathogenic when expressed in mouse models (105,166). The aberrantly spliced mRNA was
also found in a second mouse model expressing the full-length human H7T gene, as well as in
three samples of human HD tissue, confirming that the aberrant splicing is not only a property of
the mouse gene, but also happens with the human H77 mRNA (164,165). Further studies have
shown that this incorrectly spliced mRNA is present in brain tissue and peripheral cells of HD

patients, but is particularly abundant in cells derived from juvenile-onset HD patients (167).

Formation or presence of muHTT oligomers, protofibrils, fibrils and aggregates has been
demonstrated in vitro (168), as well as in the brains of HD patients and HD mouse models. There
is a positive correlation between the length of the polyQ stretch and its propensity to form such

oligomers/aggregates (169-174).
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Despite the existence of evidence of a direct link between the presence of an elongated polyQ
stretch and the formation of aggregates, the role of HTT aggregation in the pathophysiology of the
disease is very controversial, and to this date, we are not certain whether aggregation has a role in
the neurotoxicity that leads to cellular death, or if it is instead a mechanism by which the cells

sequester and isolate toxic proteins, as a potential neuroprotective strategy (175).

For instance, there are studies showing that aggregation-resistant-muHTT variants
(phosphomimetics of Thr3, Ser13 and Ser16) have decreased toxicity compared to regular muHTT
in Drosophila models of HD (176). However, another group reported that a single mutation (M8P)
in the N17 domain abolished muHTT aggregation, but also resulted in increased toxicity in a cell

model of HD (138).

This ambivalence can also be observed in mouse models of HD, where some researchers have
reported an association between aggregates and degeneration, while others have observed the
opposite. For example, Yamamoto and collaborators (177), using a conditional mouse model in
which an N-terminal (Q94) fragment of muHTT is expressed, demonstrated that turning on the
expression of the fragment led to the aggregation of muHTT, as well as to neuronal degeneration
and a motor phenotype compatible with HD. Turning off the expression of the gene led to a
significant reduction of the muHTT aggregates and an amelioration of the motor phenotype,
suggesting that there is a direct correlation between muHTT aggregation, degeneration and motor
behaviour. Same observations were made in another mouse model expressing an N-terminal
muHTT fragment (a.a. 1-171) with 82 CAG repeats, where neurodegeneration and motor

phenotype were correlated with muHTT aggregation (178).

Instead, two different models of HD expressing full-length muHTT, the BACHD and the YAC128

mice, do not show evident aggregation of muHTT in the nucleus of striatal neurons, but showed
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striatal neurodegeneration and a motor phenotype compatible with HD (179,180). The
dissociation between aggregation and toxicity is also supported by the early studies in human HD
brains, where the majority of muHTT aggregates were located in spared neurons, while the
medium spiny neurons, the type of neuron that is most affected in HD, contained less to none

muHTT aggregates (90).

Studies in vitro have shown that aggregation of muHTT is dynamic and variable among cells. In
fact, Gong and collaborators (181) using an inducible PC12 cell model of HD and live microscopy
imaging, showed that the formation of the muHTT aggregate is time-dependent, but the
aggregation onset and size of muHTT aggregates differed dramatically amongst cells, even if
induction of the expression of the transgene occurred simultaneously. Cells that initiated the
aggregation process earlier were more prone to die sooner after induction, but the size of the
aggregate was not a good predictor of cell death. In fact, cells that developed larger muHTT

aggregates were less prone to cell death, compared to cells with smaller inclusion bodies.

The controversy whether muHTT aggregation is part of the culprit of the degeneration in HD, or
instead is a neuroprotective mechanism, is fueled by the fact that there is a wide variety of
structures of muHTT aggregates. Thus, oligomeric structures may be more toxic than big inclusion
bodies (182). However, other aggregate structures have also been reported, including globular
(183), fibrillar (168) and amorphous (184), all with perhaps different degrees of toxicity, whose

proportion may differ amongst the different cell and animal models of HD.

1.5.3.2. Mitochondrial dysfunction

Neurons are cells with a high demand for energy that is required to maintain their basal functions

such as neurotransmission and synaptic plasticity. Neurons are characterized by their high usage
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of ATP for various neuronal processes, including the maintenance of the membrane potential,
cytoskeleton remodelling, release and recycling of neurotransmitters, among others (185,186).
Thus, it is no surprise that many neurodegenerative diseases have been linked to mitochondrial

dysfunction (187,188).

Mitochondrial fusion and fission are processes by which unhealthy mitochondria undergo
“maintenance” to recover their membrane potential (homeostasis) (189). Mutations in two
essential proteins involved in fusion and fission of mitochondria, OPA1 and MFN2, have been
associated with two monogenic neurodegenerative diseases: Charcot-Marie-Tooth type 2A and
dominant optic atrophy (190,191). HTT interacts with various proteins linked to the mitochondrial

fission/fusion process, including HIP1, HIP14, endophilin 3, clathrin, and dynamin (192-195).

In HD human striata, there is an imbalance between mitochondrial fission and fusion, with an
increased expression of DRP1 and FIS1, two proteins that promote mitochondrial fission, and a
decreased expression of MFN1/2, a protein that promotes the fusion of mitochondria. Also, levels
of the peroxisome proliferator-activated receptor-co-activator gamma-1 alpha (PGCla) protein, a
key transcription factor and regulator of mitochondrial biogenesis, as well as mitochondrial
proteins in the human HD striata, are decreased compared to controls. These findings correlated
with the grade of HD, suggesting that there is a progressive loss of mitochondria in the striata of

HD patients (196,197).

It was later shown that muHTT interacts aberrantly with DRP1, increasing its GTPase enzymatic
activity. Consequently, mitochondria in HD neurons are excessively fragmented. Also,
anterograde mitochondria transport is impaired in HD neurons, accompanied by synaptic loss

(198). Some of these phenotypes can be reverted by the expression of a dominant-negative DRP1,
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not only suggesting that excessive mitochondrial fission is one of the many players of the

neurodegeneration process in HD, but also opening the door for therapeutic intervention (199).

Mitochondria, especially unhealthy ones, are an important source of reactive species of oxygen
(ROS). These ROS cause damage by peroxidizing lipids and DNA. Perez-Severiano and
collaborators (200) showed excessive lipid peroxidation in the striatum of transgenic mice
expressing an N-terminal fragment of muHTT. The oxidative damage paralleled the decline in
motor behaviour. These findings were replicated in a second HD mouse model (201), as well as in

human HD brain tissue (202).

When mitochondria are damaged, they are normally degraded through a specialized mechanism
called mitophagy. When a mitochondrion cannot function properly, it loses its membrane potential.
This is detected by a mechanism that includes the proteins PTEN-induced putative kinase (PINK)
and the ubiquitin E3 ligase parkin. This complex promotes the ubiquitination of proteins in the
mitochondrial outer membrane (e.g. VDAC) that serve as a signal for the delivery of damaged
mitochondria towards the autophagosome for degradation (203-207). There is evidence that HD
immortalized striatal cells do not properly degrade damaged mitochondria due to a failure in cargo
recognition. This accumulation of damaged mitochondria may contribute to the oxidative stress

that could ultimately lead to the demise of the neurons in HD (152).

1.5.3.3. Transcriptional dysregulation

Multiple studies regarding the possible effects of muHTT on gene expression have been carried
out, both in cultured cells, as well as in brains of mouse models of HD. However, it is a challenge
to identify which changes are directly caused by muHTT, and which ones are a secondary response

to the multiple metabolic and cellular alterations that occur as a response to the degeneration (208).
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Several studies have reported that muHTT is able to bind and sequester various transcription
factors including CREB-binding protein (CBP), p53, Sp1, TAFII130 and PQBP-1, interfering with
their normal function within the nucleus (209-211). Nucifora and collaborators (151) demonstrated
that the nuclei of HD cells in culture, HD transgenic mice and human HD brain samples were
depleted of CBP. Instead, CBP protein colocalized with muHTT aggregates in the cytosol. In the
presence of muHTT, CBP is not able to bind its promoter, however, this effect can be reversed by
overexpression of CBP, suggesting that the sequestration of CBP by muHTT is a saturable

phenomenon.

I previously mentioned how wtHTT positively regulates the transcription of BDNF' gene through
its interaction with REST/NRSF, a negative regulator of BDNF' transcription. In the case of
muHTT, this interaction is less effective, thus allowing REST/NRSF to be abnormally translocated
into the nucleus, where it inhibits transcription of the BDNF gene. Low BDNF levels are believed

to contribute to striatal neurodegeneration in HD (134,212).

Mitochondrial biogenesis, as mentioned before, is impaired in various models of HD. Cui and
collaborators (213) reported that muHTT represses the transcription of PGCla, a key
transcriptional regulator of genes associated to mitochondrial biogenesis, by associating with its
promoter and with two of the main transcription factors for PGCla, CREB and TAF4. The authors
of this work also reported that the overexpression of PGCla reversed the toxicity of muHTT in
cultured striatal neurons, and lentiviral delivery of PGCla into the striatum of HD transgenic mice

prevented striatal atrophy.

Another approach was used by Sipione and collaborators (214), who studied the early
transcriptional changes in an inducible cell model of HD. Cells expressing an N-terminal fragment

of muHTT containing polyQ of various lengths under the control of a conditional promoter were
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studied using microarray analysis, thus evaluating the global early changes in gene expression
occurring upon expression of muHTT. Expression in numerous genes involved in cholesterol
synthesis, monounsaturated fatty acid synthesis, and fatty acid oxidation was decreased. This work
and subsequent studies on the expression of cholesterogenic genes in HD will be discussed in more

detail in Chapter 3 and Appendix .

1.5.3.4. Impairment in protein clearance systems

Cells, through various mechanisms, exert precise control over the synthesis, localization, and

proper degradation of proteins. This balance is known as “proteostasis” (215,216).

The mechanisms that participate in concert to ensure proper cellular proteostasis are many, and
include the chaperone-mediated control to ensure the correct folding of nascent polypeptides, as
well as the post-translational modifications of proteins (i.e. palmitoylation) that facilitate the right
localization of proteins within the cell, and importantly, the mechanisms that are in charge of the
elimination of proteins that have become misfolded or damaged (215,216). Degradative

proteostatic pathways are particularly relevant in the context of HD (217).

Degradation of misfolded or damaged proteins is achieved, in general, by three main mechanisms:

The ubiquitin-proteasome system (UPS), chaperone-mediated autophagy (CMA) and

macroautophagy (218) which are briefly reviewed below.

e Ubiquitin-proteasome system

Degradation of proteins by the UPS begins with the addition of monomers of ubiquitin
(ubiquitination) to lysine residues of the protein to be degraded. After the first ubiquitin monomer
has been transferred to the protein, sequential ubiquitin molecules can be added to lysine residues
of the previous one. This is known as polyubiquitination (219). The ubiquitin molecule itself
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possesses 7 lysine residues that can be subsequently ubiquitinated (K6, K11, K27, K29, K33, K48
and K63), allowing for the branching of polyubiquitin chains in almost infinite combinations (220).
At first, it was believed that the UPS selectively degraded proteins marked with poly-K48
ubiquitination, but it was later demonstrated that almost all types of poly-Ub labelled proteins can

be recognized and degraded by the UPS (221-224).

Ubiquitination is an active multistep process, carried out sequentially by three groups of enzymes
named E1, E2 and E3. Enzymes that belong to the E1 and E2 groups are called ubiquitin-activating
enzymes and ubiquitin-conjugating enzymes, respectively. Enzymes that belong to the E3 group
are the ubiquitin ligases. These enzymes carry out the final step ubiquitination, and are the enzymes

that possess specificity for the target (225).

Once a protein has been “tagged” with polyubiquitin chains, it is recognized and bound by Ub-
associated-Ub-like (UBA-UBL) shuttling proteins, which deliver the cargo to the 19S (regulatory)
subunit of the proteasome (226-229). Proteins are de-ubiquitinated as they are being unfolded and
shuttled into the proteolytic chamber of the 20S subunit, where the protein is subsequently cleaved
in an energy-dependent process (230,231). The UPS not only plays a role in the degradation of
damaged proteins, but it also participates in development and differentiation, antigen presentation,

apoptosis regulation and amino acid recycling (218).

In HD, the UPS is impaired, although the mechanisms by which muHTT inhibits the proteasome
are still under investigation. For instance, there have been several reports of inclusion bodies
containing muHTT that are also positive for ubiquitin and various components of the proteasome,

suggesting that the UPS is engaged in an attempt to eliminate the toxic protein (85,87,232).
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Wang and collaborators observed a slower rate of degradation of fluorescent reporter proteins used
to determine the activity of the UPS, in primary neurons and in the striatum of transgenic mice
expressing an N-terminal fragment of muHTT (R6/2), suggesting decreased activity of the UPS
(233). However, in another study, aggregates made of recombinant muHTT peptides did not inhibit
the UPS activity in vitro, suggesting that the inhibition of the UPS may require prior muHTT

ubiquitination or other post-translational modifications (234).

Another hypothesis that has been studied is the possibility of “clogging” of the UPS with polyQ
stretches that may be difficult to degrade. Two studies, using different approaches concluded that
muHTT, and even polyQ peptides can sequester, and due to a stable interaction, clog the catalytic
activity of the proteasome (235,236). Two other studies, however, reached different conclusions
and showed that muHTT and polyQ peptides are completely and efficiently degraded by

eukaryotic proteasomes (237,238).

e Chaperone-mediated autophagy

Chaperone-mediated autophagy is a selective lysosomal-based degradative system in which
soluble cytosolic substrates are recognized and delivered directly into the lumen of the lysosome
for their degradation (239). Recognition of the cargo is carried out by the cytosolic chaperone heat
shock cognate protein of 70 KDa (HSC70), which by interacting with a consensus sequence
(KFERQ) shared among the targets of CMA, is able to recruit and deliver the cargo to the
lysosomal membrane (240). HSC70, together with the cargo, are then able to interact with the
lysosomal-associated membrane protein type 2A (LAMP-2A) for the translocation of the protein
into the luminal side of the lysosome, where a luminal form of HSC70 (lys-HSC70) participates
in the internalization of the cargo (241). Once the protein is in the lumen of the lysosome, it is

quickly degraded by resident proteases.
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Although HTT does not contain the KFERQ sequence, it has been hypothesized that
phosphorylation at Ser16 provides a negative charge that would mimic a KFERQ-like sequence,
which could be recognized by HSC70 (112,242). Two other potential KFERQ-like sequences have

been found between amino acids 99-103 and 248-252 of the HTT protein (242).

The work done by Koga and collaborators (243) demonstrated that levels of LAMP-2A and lys-
HSC70 are increased in HD striatal cells and in the striatum of STHdh Q111 mice. Furthermore,
N-terminal fragments (amino acids 1-82) of wtHTT and muHTT are degraded by CMA, while
full-length HTT is not, despite containing the three KFERQ-like sequences mentioned above. The
degradation of HTT N-terminal fragments by CMA was further confirmed in a second study, this
time using a longer N-terminal fragment of HTT (amino acids 1-552), with wtHTT N-terminal

fragments degraded more efficiently than the muHTT counterparts (244).

e Macroautophagy

Macroautophagy (hereafter referred simply as autophagy) is also a lysosomal-based degradative
system in which the cargo is first recognized and engulfed by a specialized organelle called
“autophagosome”. Autophagosomes then fuse with the lysosome in order to expose the cargo to
the lysosomal enzymatic machinery and thus achieve the degradation of the cargo. Contrary to
CMA, autophagy can degrade non-soluble material such as organelles, pathogens, and aggregated
proteins (i.e. muHTT) (245-249). Autophagy and its role in HD will be further reviewed in Chapter

S.
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1.6. Animal and cell models of HD

After the discovery of the HD causative mutation by the Huntington’s Disease Research
Collaborative Group in 1993 (2), various groups around the world have created animal and cell

models of HD, which are briefly reviewed below.

1.6.1. Non-mammalian models of HD

Non-mammalian organisms have some advantages including the rapid generation of offspring and
the low cost of maintenance. HD models have been developed in Drosophila, C. elegans and
Danio Rerio (250-254), in which many features of the disease can be replicated and studied,
including a reduced life-span, progressive neuronal degeneration, aggregation of muHTT, among
others (208). The rapid development of the phenotypes and the low cost make these models ideal
for the initial study of new pathways, high-throughput screening of drugs or genetic manipulation
for the study of disease modifiers. Nevertheless, as for any other disease modelled in a non-
mammalian organism, it is sometimes hard to predict the extent to which findings in these models

do reflect the human pathology (208).

1.6.2. Mouse models of HD

Mouse models have allowed researchers to study the early pathological, cellular and molecular
dysfunctions caused by muHTT. Several mouse models of HD have been developed to date,
including transgenic mice expressing either N-terminal fragments or the full-length muHTT gene,
as well as knock-in models, created more recently in an attempt to closely reproduce the human
pathology. Below I will briefly describe the most important characteristics of the mouse models
that were used during my thesis work. For a recent review of the mouse models of HD developed

so far, please refer to (255).
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Yeast Artificial Chromosome (YAC) transgenic mice express the full-length human H7T gene,
under the control of the human HTT promoter region. YAC46 and YAC72 mice, with 46 and 72
CAG repeats, respectively, were created first (256). These mice show electrophysiological
abnormalities (impaired long-term potentiation) at 6 months of age. By 12 months of age, selective
degeneration of the medium spiny neurons associated with muHTT accumulation in the nucleus is
observed. Interestingly, these mice do not show any muHTT aggregation in any of the brain

regions examined (256).

Years later, using the same principles, YAC128 mice expressing muHTT with 128 CAG repeats
were created (179). These mice have less inter-individual variability and an earlier onset of the
disease compared with the YAC72 mice. Hyperkinesia appears at 3 months of age followed by
motor deficit on the rotarod at 6 months, and striatal and cortical atrophy at 9 and 12 months of
age. No inclusion bodies of muHTT were detected, but researchers reported “micro-aggregates”

detected only by immunogold and observable only under an electron microscope (179).

Knock-in (KI) HD mice were created in order to overcome the potential damage done to other
genes during the insertion of the transgene into a random position in the genome. Furthermore, by
using KI animals, it is possible to study the differences between homozygous or heterozygous mice
for the HD mutation, allowing us to understand better the potential gene-dose effects caused by

the HD mutation.

KI mice have been generated by two different mechanisms. The first mechanism was replacing the
entire endogenous mouse exon 1 for a mutated human exon 1, thus creating a chimeric gene.
Mouse models Q140 (257), and the spontaneously generated zQ175 mice (258) share this

characteristic.
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The other approach that has been used, is to introduce only an elongated CAG stretch conserving
the mouse DNA sequence surrounding the mutation. Examples of these mice are the HdhQ92,

HdhQ111 (259) and HdhQ150 mice (260).

In general, KI mice have a milder motor phenotype, and the age of onset (except for the zQ175
model) tends to be later when compared to transgenic mice. HdhQ92 and HdhQ111 mice start
showing motor deficits around 20 months of age (259), while zQ175 mice show motor
abnormalities as early as 4-8 weeks (258), suggesting an inverse correlation between length of the
CAG repeat and the age of onset, similarly to human patients. The neuropathological findings
follow a similar trend. HdhQ92 and HdhQ111 mice show no detectable brain atrophy even at 20
months of age (208), while zQ175 mice display progressive striatal and cortical atrophy, starting

as early as 3 months of age (258).

One thing that does not seem to correlate with the length of CAG repeats, nor with the age of onset,
is the presence of muHTT aggregates. HdhQ111 mice show large detectable nuclear and
cytoplasmic muHTT aggregates as early as 1.5 months of age, while zQ175 mice have muHTT
intranuclear cortical and striatal aggregation at 6 months of age, much later than the onset of the
motor deficits (261). Moreover, only 25% of Q140 mice show muHTT aggregation at 1 month of

age. Aggregates of muHTT in this model, become generalized at 4-6 months of age (257).

1.6.3. Cell models of HD

Cell models of HD have been, and still are, crucial for the understanding of the basic molecular
and cellular mechanisms that underlay the pathogenesis of HD. The expression of full-length or
N-terminal fragments of wtHTT and muHTT in neuronal and non-neuronal cell lines has allowed

researchers to uncover HTT protein interactors, investigate the mechanism of aggregation, as well
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as to explore the role of muHTT in various cellular processes. In general, cell lines are suitable
models for the initial study of therapeutic approaches. Moreover, cell lines are very useful for high-

throughput screening of potential small molecules in the context of drug discovery.

A commonly used cell model of HD was derived from embryonic striatal tissue of the HdhQ111
mouse (259). These cells, named STHdh Q111, were immortalized using a temperature-sensitive
version of the large T antigen (TAg) of the simian vacuolating virus 40 (SV40). When cells are
grown at 33°C, the TAg sequesters p53 protein, allowing cell division. Instead, when cells are
cultured at 39°C, the TAg gets degraded, releasing p53 protein from sequestration, which in turns

promotes apoptosis (262).

Additionally, cell repository banks (i.e. Coriell Institute) have collected human fibroblasts
obtained from adult as well as juvenile-onset HD patients. These cells, being of human origin,
offer many advantages in comparison to mouse cells. Not only they express the human full-length
HTT gene, but also all possible HTT protein interactors are human as well. One obvious
disadvantage is that fibroblasts are peripheral cells and do not share many of the characteristics of
neuronal cell lines. However, by dedifferentiating human HD fibroblasts, a consortium of
researchers has developed induced pluripotent stem cells (iPSCs) which can be differentiated into
neuronal lineages (263). The development of HD iPSCs is a historical milestone that will most
likely open the window to a new era of research in HD, from drug discovery (264) to cell-based

therapy (265).

1.7. Therapeutic approaches

Despite intense research done all around the globe, there are no current therapies that effectively

stop or slow down the progression of HD. (266). To date, only one drug has received approval
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from the Federal Drug Administration (FDA) for the management of HD: tetrabenazine.
Tetrabenazine is a reversible inhibitor of the vesicular monoamine transporter type 2 (VMAT?2),

causing dopamine depletion at the synaptic terminals in the striatum (267).

The TETRA-HD study, the first trial using tetrabenazine in HD patients, reported that 12 weeks
of treatment reduced chorea severity (23.5% improvement), however did not slow or stop
progression of HD, and it did not improve overall motor symptoms (268). Continuation of the

TETRA-HD confirmed the safety of the drug after long-term usage (80 weeks) (269).

Given the poor results obtained with small molecules for the treatment of HD, researchers have
turned into gene therapy as a possible mechanism to reduce the expression of muHTT, and perhaps,
modify the progression of the disease. Using RNAi, Harper and collaborators (270) were able to
decrease muHTT expression in HD cells. Moreover, when shRNA against HTT was delivered into
the striatum of HD transgenic mice, it was able to reduce muHTT expression in vivo as well as

muHTT aggregation, and also improved motor behaviour.

Based on the positive results obtained with gene therapy in animal models, Ionis Pharmaceuticals,
in collaboration with Roche, are carrying out a clinical trial using intrathecal injections of antisense
oligonucleotides (ASOs) directed against HTT (named IONIS-HTTrx) in a total of 46 adult
patients with HD. Last press release (dated April 24, 2018) informed that patients had a 40-60%
reduction in muHTT found in CSF. Based on their predictions, they estimate that IONIS-HTTrx
treatment is causing a 55-85% reduction of muHTT expression in the cortex and a 20%-50%
reduction of muHTT expression in caudate regions. Patients also showed significant improvement
in two out of four motor tests after 13 weeks of treatment. So far, no serious adverse effects have

been reported in any of the patients.
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A new generation of ASOs directed specifically against the muHTT mRNA (allele-specific) is
currently under development. Studies using allele-specific ASOs have been shown to reduce
muHTT expression in brains of transgenic mice. Moreover, human HD fibroblasts treated with
allele-specific ASOs showed reduced expression of muHTT, but the expression of wtHTT was
relatively spared (271), which constitutes a desirable feature since it has been shown that deletion

of Htt gene causes neurodegeneration in adult mice (98).

Previous work done in our laboratory has shown that levels of ganglioside GM1 are decreased in
various cell and animal models of HD, and that exogenous supply of GM1 protects HD cells
against apoptosis (272) and restores motor and non-motor behaviour across mouse models of HD
(115,273). These behavioural effects of GM1 in HD mice are paralleled by a decrease in the
amount of both, soluble muHTT and muHTT aggregates, indicating that supply of GMI1 is a
disease-modifying therapy in HD models (273). To date, GM1 usage for the treatment of HD
remains at a pre-clinical stage, and further work would be required before its usage can be
translated into clinical research. Further details about the role of GM1 in neurodegeneration, and

more specifically in the context of HD, can be found in following chapters of this thesis.

1.8. General hypotheses and objectives of the thesis

During the course of my Ph.D. training, I worked on two different projects under the supervision

of Dr. Simonetta Sipione, both of which will be summarized in the following chapters.

The first project was aimed to investigate whether cell and animal models of HD do show any
defects in protein prenylation, due to a known dysfunction of the mevalonate pathway. Further
literature review on the subject and experimental data regarding this project are found in Chapter

3 and Appendix L.
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The second project was aimed to investigate the mechanisms underlying the therapeutic effects of
GMI1 in HD models. More specifically, [ investigated whether the exogenous supply of ganglioside
GM1 is able to decrease accumulation of protein aggregates in cell models of proteotoxic stress,

such as muHTT expression and inhibition of the proteasome.

In chapter 4, I will show experimental data demonstrating that exogenous supply of GM1 can
decrease the accumulation of protein aggregates in two established models of proteotoxic stress:

expression of exon 1 of muHTT and pharmacological inhibition of the proteasome.

In chapter 5, I test the hypothesis that GM1 treatment increases cellular autophagic degradation
of protein aggregates after expression of exon 1 of muHTT or pharmacological inhibition of the
proteasome. I will show data suggesting that autophagy is not involved in the reduction of protein

aggregates after GM1 treatment.

In chapter 6, I will address the question whether GM1 is able to increase the secretion of
misfolded toxic proteins via extracellular vesicles. I will show data suggesting that GM1 treatment
is able to increase the production of extracellular vesicles. Additionally, I will also show evidence
suggesting that secretion of exon 1 of muHTT via extracellular vesicles is increased after GM1
treatment, suggesting that this could represent a neuroprotective mechanism activated by GM1 in

HD models.
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1.9. Figures

Figure 1.1 The Huntington’s disease brain

Coronal sections of a normal left brain hemisphere (left) and a left brain hemisphere of an HD
patient, grade 3/4 (right).

CN = caudate nucleus, GPe = globus pallidus external segment, GPi = globus pallidus internal
segment, P = putamen. Scale bar = 1 cm.

(Modified from (42): Waldvogel, H. J., et al. (2015). "The Neuropathology of Huntington's
Disease." Curr Top Behav Neurosci 22: 33-80)

40



Figure 1.2. Simplified representation of the circuitry of the basal ganglia.

Cerebral Cortex
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Schematic representation of basal ganglia circuits. Inhibitory connexions are shown as closed

Thalamus

arrows and excitatory connections are shown as open arrows. Neurotransmitters are indicated in
parenthesis. PT = Pyramidal tract, IT = intratelencephalic projecting neurons, SNc/r = substantia
nigra pars compacta/reticulata, GPe/i = globus pallidus external/internal segment, STN =

subthalamic nucleus, Glu = glutamate, enk = enkephalin, subst P = Substance P.

(Reproduced from (274): Bunner, K. D. and G. V. Rebec (2016). "Corticostriatal Dysfunction in

Huntington's Disease: The Basics." Front Hum Neurosci 10: 317)
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Chapter 2: Materials and methods

This chapter is my original work.
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2.1. Chemicals and reagents

Ganglioside GM1 was obtained from Enzo Life Sciences (Farmingdale, NY, USA) or from TRB
Chemedica (Vouvry, Switzerland). MG132 was purchased from Millipore (Burlington, MA,
USA). Protease inhibitor cocktail Complete® and phosphatase inhibitor cocktail PhosStop® were
purchased from Roche (Basel, Switzerland). Culture media and cell culture buffers, including
Dulbecco’s Modified Eagle Medium (DMEM)/high glucose, Minimal Essential Medium (MEM),
Opti-MEM® and Hibernate A®, Neurobasal A®, B27 supplement®, Glutamax® supplement,
HBSS buffer and cell culture grade PBS were purchased from Gibco®, a sub-division of Thermo
Scientific (Waltham, MA, USA). Fetal bovine serum was obtained from Sigma (St. Louis, MO,
USA). All other reagents, including salts, non-cell culture grade buffers and detergents were
purchased from Sigma (St. Louis, MO, USA) unless otherwise stated in this text. All DNA primers

were custom synthesized by Integrated DNA Technologies (Coralville, IA, USA).

2.2. Administration of GM1

GM1 was dissolved in cell-culture grade water to a concentration of 10 mM (stock solution) and
stored at -20°C until use. GM1 stock solution was diluted directly in the cell culture media to a
final concentration of 50-100 uM, as indicated. GM1 is an amphipathic molecule which forms
micelles at concentrations above 29 uM in aqueous solutions (275), and is readily incorporated
into cells (272). No toxicity of the compound was observed at the concentrations and conditions

used in my studies.

2.3. Cell models

STHdh Q7/7 cells are neuronal progenitor cells derived from embryonic striatal tissue of a WT

mouse. Instead, STHdh Q7/111 and STHdh Q111/111 are neuronal progenitor cells derived from
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embryonic striatal tissue from heterozygous and homozygous knock-in mice containing an
elongated stretch with 111 CAG repeats in the exon 1 of the Hit gene (259). Cells were
immortalized by using the tsA58 SV40 large T antigen (262). STHdh Q7/7, Q7/111 and 111/111
cells were a kind gift from Dr. Marcy McDonald (Massachusetts General Hospital, Boston, MA,

USA).

Immortalized ST14A cells were obtained from embryonic rat striatal tissue. These cells were
immortalized using the same approach as for STHdh Q7/7 cells (276). ST14A cells were stably
transfected with a pLXSP plasmid encoding the first 548 amino acids of human HTT, containing
either 15 or 128 glutamines (127). These cells were kindly donated by Dr. Elena Cattaneo

(University of Milan, Italy).

Mouse neuroblastoma Neuro2a cells (hereafter referred to as N2a) (277) were kindly provided by

Dr. Satyabrata Kar (University of Alberta, Canada).

Mouse immortalized astrocytes were kindly donated by Dr. Holtzman (Washington University
School of Medicine, USA) (278). These astrocytes were further modified in our laboratory by
transfecting the cells with a pLXSP plasmid encoding the first 548 amino acids of human HTT,
containing either 15 or 128 glutamines (127). The plasmid was kindly provided by Dr. Elena

Cattaneo (University of Milan, Italy).

Human fibroblasts were purchased from the Coriell Institute Cell Repository. Fibroblasts from 4
HD patients were purchased (Catalog numbers: GM05539, GM04855, GM03621, GM) as well as
three control fibroblasts samples (Catalog numbers: GM101869, AG08181, AG07573). Full
characterization of the patients and controls who donated the samples is available through the

Coriell Institute Cell Repository website.
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Postnatal mouse/rat primary neurons

Preparation and maintenance of postnatal neurons were done as published before (279), with minor
modifications. First, glass coverslips (12 mm diameter, Thermo Scientific, Waltham, MA, USA)
were coated with poly-L-lysine following the standard operating procedure optimized in Sipione
laboratory. Briefly, coverslips were acid-washed with a SN HCI solution for 1 h in a glass Petri
dish. Then, coverslips were washed 5 times with MilliQ water. Coverslips were autoclaved and
placed into 24-well plates under sterile conditions. Poly-L-lysine coating was performed by
covering the coverslips with 300 pL of a 75 pg/mL solution of high molecular weight poly-L-
Lysine (MW>300,000 Da, Sigma, St. Louis, MO, USA) dissolved in borate buffer 0.1 M (3.1 g/L
boric acid, 4.75 g/L sodium tetraborate, pH 8.5). Coverslips were incubated in poly-L-lysine
solution for at least 2 h and then washed twice with sterile PBS. Up to 500 uL of plating media
per well were added to each well, and the plates were stored at 37°C in the cell culture incubator

until further use.

Newborn rat/mouse pups (P0-1) were decapitated according to a procedure approved by the
University of Alberta’s Animal Use Committee and the Canadian Council on Animal Care
(CCACQ). Brains were dissected in dissection buffer (10 mM HEPES, 1 mM sodium pyruvate, 200
U/mL penicillin, 200 pg/mL streptomycin, in HBSS Ca""/Mg""-free). Cortices or striata were
transferred into a 50 mL polystyrene tube. Tissue was resuspended in freshly prepared papain
solution (1 mg/mL papain, 200 uM Glutamax®, in HBSS Ca""/Mg'"-free) and incubated at 37°C
for 10 min. DNase I was added to a final concentration of 0.5 mg/mL to the suspension, and
incubation continued for 5 min. Digestion was stopped by adding heat-inactivated FBS to a final
concentration of 10% v/v. Digested tissue was centrifuged at 200 x g for 1 min at RT, supernatant

was discarded, and trituration was performed by resuspending the tissue in plating/trituration
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media (10% v/v heat-inactivated FBS, 1 mM sodium pyruvate, 2 mM L-glutamine, 100 U/mL
penicillin, 100 pg/mL streptomycin, in MEM medium) and passing the tissue 10 times through a
fire-polished glass Pasteur pipette. The cell suspension was filtered through a 40 pm pore-sized
nylon cell strainer (Thermo Scientific, Waltham, MA, USA) before being counted and plated at a
density of 0.75x10° cells/cm®. Upon cell attachment, usually after 1.5-2 h of plating, the
plating/trituration media was replaced with growth media (200 uM Glutamax®, 100 U/mL
penicillin, 100 pg/mL streptomycin, 1X B27® supplement, in Neurobasal A® medium). On DIV2,
cells were treated with cytosine arabinoside (5 uM) for 24 h to avoid glia overgrowth.

Experiment/treatments were performed at DIV10-13.
Embryonic rat cortical primary neurons

Preparation and maintenance of embryonic primary neurons were performed as previously
described (280) with minor modifications. Briefly, plates and coverslips were prepared as
described above for postnatal mouse/rat primary neurons. Pregnant dams (Sprague Dawley) were
anesthetized with isoflurane gas and euthanized by decapitation at day 18 of pregnancy. All
procedures were approved by the University of Alberta’s Animal Use Committee and the Canadian
Council on Animal Care (CCAC). A transversal laparotomy was performed to expose the uterus
horns containing the embryos. Uterus horns were dissected and transferred to a Petri dish placed
on ice. Embryos were isolated and decapitated in ice-cold dissection buffer. Brains were then

isolated, and cortices were dissected under a stereo microscope.

Cortices were transferred to a 50 mL polystyrene tube, resuspended in 0.25% w/v trypsin-EDTA
solution (Thermo Scientific, Waltham, MA, USA) and incubated at 37°C for 20 min. Digestion
was stopped by centrifuging the tissue at 300 x g for 2 min, removing trypsin solution and replacing

it with trituration/plating media. Trituration was performed by passing the tissue 10 times through
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a fire-polished glass Pasteur pipette. The cell suspension was filtered through a 40 um pore-sized
nylon cell strainer (Thermo Scientific, Waltham, MA, USA), counted and plated at a density of
1.3x10° cells/cm?. After cell attachment, usually after 1.5-2 h of plating, the plating/trituration
medium was replaced with growth media (200 uM Glutamax®, 100 U/mL penicillin, 100 ug/mL
streptomycin, 1X B27® supplement, in Neurobasal® medium). On DIV2, cells were treated with
cytosine arabinoside (3 uM) for 48 h to avoid glia overgrowth. Experiment/treatments were

performed at DIV15-16.

2.4. Animal models

YAC128 mice (FVB background) overexpressing the full-length human H77T gene containing 128
CAG repeats, including promoter and regulatory regions (179) were obtained from the Jackson
Laboratory (Ban Harbor, ME, USA) and maintained in our animal facility at the University of

Alberta. WT littermates were used as controls.

Q140 knock-in mice (C57BL/6 background) expressing a chimeric H7T gene that comprises exon
1 of the human HTT gene with 140 CAG repeats (257) were obtained from the Jackson Laboratory

(Ban Harbor, ME, USA) and maintained in our animal facility at the University of Alberta.

2.5. Gene expression analysis

For analysis of gene expression, total RNA was purified from cells and tissue using the RNeasy®
kit (Qiagen, Venlo, Netherlands) according to the manufacturer’s instructions. Total RNA was
quantified by spectrophotometry. Superscript II® Reverse Transcriptase (Thermo Scientific,
Waltham, MA, USA) was used to prepare complementary DNA (cDNA) from 500-4000 ng of
total RNA. Oligo dT (12-18) primers were used for the initiation of the reverse transcription. For
cDNA amplification and quantitation, PowerUp SYBR Green Master Mix® (Thermo Scientific,
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Waltham, MA, USA) was used, according to manufacturer’s recommendations. All reactions were
carried out on a StepOnePlus® Real-Time PCR System (Thermo Scientific, Waltham, MA, USA).
Relative abundance of targets was calculated by extrapolating the Ct values of the targets against
a standard curve, and then normalized over the expression of one or more housekeeping genes, as

published before (281). The sequence of the primers used in this thesis can be found in Table 1.

2.6. Preparation of Lipoprotein-Deficient Serum (LPDS)

Preparation of LPDS was performed as described before (282) with minor modifications. Briefly,
increasing amounts of potassium chloride (KCl) were diluted in 50 mL of FBS, until the density
of the solution reached 1.215 g/mL. Then, FBS was transferred to 10.4 mL polycarbonate bottles
and centrifuged for 24 h at 285,000 x g, 4°C, using an MLA-55 rotor in an Optima MAX®
Tabletop Ultracentrifuge (Beckman Coulter, Brea, CA, USA). After centrifugation, the upper layer
containing the lipoproteins was discarded. LPDS was then dialyzed for 24 h using a 12,000-14,000
MWCO dialysis membrane (Spectrum Laboratories, Rancho Dominguez, CA, USA). Dialysis
buffer (5 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA) was replaced at least 4 times during
the dialysis process. LPDS was then filter-sterilized through a 0.22 pm pore-sized PVDF filter
(Millipore, Burlington, MA, USA). To confirm lipoprotein removal, cholesterol content was
measured before and after delipidation by using the Amplex® Red Cholesterol Assay Kit (Thermo
Scientific, Waltham, MA, USA), according to manufacturer’s instructions. Typically, cholesterol

content after delipitadion was <10%, when compared to unprocessed FBS.

2.7. Immunoblotting

All steps were done on ice unless otherwise stated. Cells or tissues were lysed in NP-40 lysis buffer

(20 mM Tris-HCL, pH 7.4, 1% NP-40 v/v, 1 mM EDTA, 1 mM EGTA, 50 uM MG132
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supplemented with 1X protease/phosphatase inhibitor cocktail) or RIPA buffer (20 mM Tris-HCI,
pH 7.4, 0.5% Sodium deoxycholate w/v, 0.1% SDS w/v, 1% Triton X100 v/v, 150 mM sodium
chloride, 1 mM EDTA, 1 mM EGTA, 50 uM MGI32, supplemented with 1X
protease/phosphatase inhibitors). Briefly, cells were washed once with PBS and then lysis buffer
was added directly to the cell culture dish. Cells were scraped and transferred into a clean 1.5 mL
centrifuge tube. For tissue, cerebral cortices or striata were dissected from HD and WT mice.
Tissue homogenization was performed in NP-40 or RIPA buffer by using a motorized pestle
homogenizer (Wheaton, Millville, NJ, USA). Lysates from cells and tissue were then passed 10
times through a 26-27G needle and sonicated twice for 10 seconds each time. Protein concentration
was determined using BCA assay (Thermo Scientific, Waltham, MA, USA). Protein samples (10-
50 pg) were boiled in SDS loading Buffer (5X concentration: 213.5 mM Tris-HCL, pH 6.8, 10%
SDS w/v, 50% Glycerol v/v, 25% B-mercaptoethanol v/v) and then loaded onto SDS-PAGE gels.
Proteins were run in a Mini-PROTEAN® II (Bio-Rad, Hercules, CA, USA) electrophoresis
chamber and then transferred to an FL-PVDF membrane (Millipore, Burlington, MA, USA) using
a Mini Trans-Blot® apparatus (Bio-Rad, Hercules, CA, USA). For most proteins, transfer was
performed in regular Towbin buffer (25 mM Tris-HCL, 192 mM Glycine, 20% Methanol v/v). For
full-length HTT, transfer was performed in modified Towbin buffer (25 mM Tris-HCI, 192 mM
Glycine, 16% Methanol v/v, 0.05% SDS w/v). Proteins with a high isoelectric point (e.g. LC3 and
COXIV) were transferred using CAPS buffer (10 mM 3-(cyclohexylamino)-1-propanesulfonic
acid, pH 10.5, 10% Methanol v/v). Membranes were blocked in blocking solution (5% BSA w/v

in TBS) for 1 hour.

Primary antibodies were dissolved in 2.5-5% BSA w/v in TBS-T. The complete list of primary

antibodies used in this work can be found in Table 2. For detection, secondary antibodies
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conjugated with horseradish peroxidase (Bio-Rad, Hercules, CA, USA) or with IRDye
fluorophores (LiCor Biosciences, Lincoln, NE, USA) were used. For chemiluminescent detection,
ECL Prime® Western Blotting Detection Reagent (GE Healthcare, Little Chalfont, U.K.) and an
AI600® imager (GE Healthcare, Little Chalfont, U.K.) were used. For the detection of fluorescent
secondary antibodies, an Odyssey® near-infrared scanner was used (LiCor Biosciences, Lincoln,
NE, USA). Quantification of the signal was made using either NIH ImageJ® or Odyssey®
Application Software v3.0, respectively. Protein levels were normalized over Revert® total protein
stain (LiCor Biosciences, Lincoln, NE, USA), or over the signal for a housekeeping protein (e.g.

tubulin), as indicated.

2.8. Triton X114 fractionation

Fractionation of proteins using Triton X114 was performed as previously published (283) with the

following minor modifications:

e Pre-condensation of Triton X114: 20 g of Triton X114 were mixed with 980 mL of
condensation solution (10 mM Tris-HCL, pH 7.6, 150 mM NaCl and 16 mg of butylated
hydroxytoluene previously dissolved in 200 pL of ethanol). Detergent was dispersed at
0°C (on ice) on a magnetic stirring plate. To precipitate the detergent, the solution was
warmed at 30°C for 18h and the aqueous top layer was removed and discarded. This
procedure was repeated two more times. The concentration of Triton X114 was then
determined by spectroscopy, assuming a molar absorption of 1.46x10° Lmol'cm™ when
dissolved in 1% SDS w/v solution, at 275 nm. Typically, the concentration of Triton X144

pre-condensed solution is around 10%.
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Fractionation: Cells were washed once with PBS and then lysed in harvest solution (20
mM Tris-HCI, pH 7.5, 1% Triton X114 v/v, 150 mM NaCl, supplemented with 1X
protease/phosphatase inhibitor cocktail). Lysates were sonicated twice for 10 s each time,
incubated on ice for 30 min and then centrifuged at 21,000 x g at 4°C to pellet unbroken
cells and debris. The supernatant was transferred to a clean tube and protein concentration
was measured by BCA assay (Thermo Scientific, Waltham, MA, USA). Typically, 80-120
pg of total protein were diluted in a final volume of 80-120 pL of harvest buffer and then
placed over 40-60 pL of cushion buffer (20 mM Tris-HCIL, pH 7.5, 0.06% Triton X114 v/v,
150 mM NacCl, 6% sucrose w/v). Tubes were incubated at 37° C for 10 min to allow the
micellization of the detergent. Tubes were then centrifuged at 16,000 x g for 5 minutes at
RT. The aqueous phase (upper layer) was then transferred to a clean tube and the detergent
phase (bottom layer) was diluted with harvest buffer until both phases had the same
volume. Equal volumes of both phases were loaded side by side onto an SDS-PAGE gel
and immunoblotting was performed. Proteins that are hydrophobic due to lipidation (e.g.
prenylation, palmitoylation, etc.) or to the presence of transmembrane domains, would
appear preferentially in the detergent phase, while non-lipidated hydrophilic proteins are
distributed to the aqueous phase. HSP90 and COXIV or VDAC proteins were used as
markers of aqueous and detergent phases, respectively. The full list of antibodies used in

this work is found in Table 2.

2.9. Cell transfection

Throughout this work, various cell lines were transfected with plasmids encoding a WT or a mutant
version of the exon 1 of the HTT protein, tagged with enhanced GFP (Ex1-25Q-HTT-eGFP and

Ex1-72Q-HTT-eGFP) (284). Plasmids were a kind gift from Dr. Housman (Massachusetts Institute
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of Technology, Cambridge, MA, USA). Transfection of cells was performed using two different

methods.

Lipid-based transfection: This protocol was used for the generation of cell lines (HeLa
and N2a) stably expressing N-terminal HTT fragments, used for the study of extracellular
vesicles, mentioned in chapter 6. Briefly, cells were plated in 6-well plates and let attach
overnight. Next day, 7.5 pL of Lipofectamine 3000® reagent (Thermo Scientific,
Waltham, MA, USA) were diluted in 125 pL of OptiMEM® (Thermo Scientific, Waltham,
MA, USA). In a separate tube, 2.5 pg of plasmid DNA were mixed with 5 uL of P3000®
reagent and 125 pL of OptiMEM®. Contents of both tubes were mixed and incubated for
15 min at RT. Media in the dishes was replaced with fresh media, and the mix of reagents
was added directly to the cells. Expression of fluorescent protein was assessed after 16-18
h of transfection.

Electroporation: All transfections via electroporation were performed using a 4D-
Nucleofector® X Unit (Lonza, Basel, Switzerland) and done accordingly to the standard
operating procedures published on the manufacturer’s website. This protocol was used for
the transient transfection of HeLLa and N2a cells with N-terminal HTT fragments, used for
the analysis of protein aggregation, autophagy and extracellular vesicle secretion,
mentioned in chapters 4, 5 and 6. Briefly, cells were washed once with PBS and then
trypsinized. A total of 2-2.5x10° cells were resuspended in Nucleofector® solution (Lonza,
Basel, Switzerland) containing 4-5 pg of plasmidic DNA. Cell suspension was then
transferred to a Nucleocuvette®. Nucleofection programs used were DS-137 and CN-144,

for N2a and HeLa cells, respectively.
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After nucleofection, cells were allowed to recover in the Nucleocuvette® at 37°C for 10
min and then were plated onto 100 mm cell culture dishes at a density of 2.5-5x10°

cells/dish.

2.10. Generation of stably-transfected cell lines

HeLa and N2a cells stably expressing wt or muHTT fragments, tagged with GFP, were generated
as follows. First, a dose-response curve for Geneticin® (Thermo Scientific, Waltham, MA, USA)
was made using HeLa and N2a cells, in order to determine the optimal dose for positive selection
in these two cell lines. It was determined that the optimal dose of Geneticin® is 800 pg /mL of
cell culture media. Then, HeLLa and N2a cells were transfected with Ex1-25Q-HTT-eGFP and Ex1-
72Q-HTT-eGFP plasmids using Lipofectamine 3000® as stated above. After fluorescence was
confirmed, Geneticin® was added to the culture media. Dead cells and debris were removed by
replacing the media every 24-48 h. Additionally, GFP-positive cells were selected by fluorescence
activated cell sorting (FACS) using a FACSAria® III cell sorter (Becton Dickinson, Franklin
Lakes, NJ, USA). Expression of HTT fragments in GFP-positive cells was confirmed by

immunoblotting.

For the generation of clonal lines, GFP-positive cells were sorted into 96-well plates at a
concentration of one cell per well using a FACSAria® III cell sorter (Becton Dickinson, Franklin
Lakes, NJ, USA). Wells were periodically checked for cell growth. Up to 10 clones with high
fluorescence and normal morphology were later checked for expression of HTT fragments by
immunoblotting. Stably transfected clones were expanded and maintained in medium containing

400 pg /mL of Geneticin®.
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2.11. Immunocytochemistry

Cells were grown on glass coverslips coated with poly-L-lysine as described above. After the
indicated treatments, cells were washed twice with HBSS with Ca™"/Mg"™" and fixed in freshly
prepared 4% paraformaldehyde w/v in PBS for 15 min at RT. After fixation, cells were washed
twice with PBS and permeabilization was performed using a 0.1% Triton X100-PBS v/v solution

for 5 min. Detergent was removed by washing three times with PBS.

Non-specific epitopes were blocked by incubating the coverslips with 250 pL of 4% donkey serum
v/v (Sigma, St. Louis, MO, USA) diluted in PBS for 1h. Primary and secondary antibodies were
diluted in blocking solution and incubated for one hour each. Both, primary anti-p62 antibody and
fluorescently-labelled secondary antibody were used at 1:500 dilution. Nuclear staining was
performed using a 4',6-diamidino-2-phenylindole (DAPI) solution (0.6-1.2 nM) dissolved in PBS,
for 5 min. After removing the excess of DAPI stain, coverslips were mounted on microscope slides

using ProLong® Gold antifade mounting media (Thermo Scientific, Waltham, MA, USA).

Images from stained cells were obtained either with an Axio Observer® Z1 inverted fluorescence
microscope using an oil 63X objective (Carl Zeiss, Oberkochen, Germany) or with a Leica SP5®

scanning confocal microscope using an oil 100X objective (Leica, Wetzlar, Germany).

2.12. Lysosome staining

Staining for lysosomes was performed using Lysotracker® Deep Red reagent (Thermo Scientific,
Waltham, MA, USA) following the manufacturer’s recommendations. Briefly, the Lysotracker®
stock solution (1 mM in DMSO) was diluted 1:100 in growth medium to make a working solution
(10 uM), under sterile conditions. Lysotracker® Deep Red working solution was then added
directly to the cell culture plate to achieve a final concentration of 50 nM. Cells were incubated at
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37°C in a cell culture incubator for 30 min. After incubation, Lysotracker®-containing media was
withdrawn and excess of stain was removed by washing the cells with PBS twice. After lysosome

staining, cells underwent immunostaining as described above.

2.13. Image analysis

Microscopy images were exported as TIFF files using AxioVision v4.6 (Carl Zeiss, Oberkochen,
Germany) or Leica Application Suite (Leica, Wetzlar, Germany). For further analyses, the open-

source NIH Image]® software was used.

For analysis of inclusion bodies of muHTT (Fig. 4.4) the following procedure was applied:
Individual channels were separated and resulting images were transformed to 8-bit images. To
count the nuclei, an automatic intensity threshold was applied prior to image binarization. The
“watershed” function in ImageJ® was applied to correctly identify individual nuclei before using
the “analyze particle” function with a size threshold of 50 pixels. To analyze the size of muHTT
aggregates, the pixel intensity threshold was set at 50 (minimum value) and 255 (maximum value)
for both control and GM 1-treated cells, before binarization of the images. The “analyze particle”
function was then run using a size threshold of 1 pixel. No background subtraction was used for

any of the images.

Analysis of aggresomes (Fig. 4.6C) and lysosomes (5.6A-D) was performed as follows: Scale was
set at 60.546 nm per pixel. A maximum z-projection was generated from 4 z-stack images obtained
with a separation of 0.13 um between each image. Projection images were transformed to 8-bit
images. For background subtraction, “rolling ball” radius was set at 20 pixels for all channels in
all images. Then, the outline of each cell was drawn manually, and the selection was saved as a

region of interest (ROI). For the analysis of p62 immunostaining, the threshold of pixel intensity
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was set to 50-255 (min-max) before binarization, and the “analyze particle” function was run using
a size threshold of 6 pixels to obtain number and size of p62 aggresomes. For the analysis of
Lysotracker® Deep Red-labelled lysosomes, the threshold of pixel intensity was set to 20-255
(min-max) before binarization, and the “analyze particle” function was run using a size threshold

of 6 pixels.

2.14. Protein p62 soluble/insoluble fractionation

Cells were washed once with PBS, on ice, before adding Triton X100 lysis buffer (20 mM Tris-
HCI, pH 7.4, 1% Triton X100 v/v, 1 mM EDTA, 1 mM EGTA, 2.5 uM sodium pyruvate,
supplemented with 1X protease/phosphatase inhibitor cocktail) directly to the cell culture plate.
Cells were scraped, and the lysate was transferred to a clean 1.5 mL centrifuge tube to be sonicated
twice, for 10 s each time. Proteins were quantified by BCA assay. For fractionation, 20 pg of total
protein were transferred to a new tube, and the volume was brought up to 30 pL with Triton X100
lysis buffer. Samples were centrifuged at 21,000 x g for 10 min at 4°C. The supernatant (soluble
fraction) was transferred to a new tube, while the pellet was washed with 50 puL of Triton X100
lysis buffer before being centrifuged. The second supernatant was discarded, and the pellet was
resuspended in 20 pL of SDS/Urea solution (6 M urea, 2% SDS w/v) by incubating the sample at
RT for 30 min, vortexing each 10 min. Samples were boiled at 100°C for 10 min in SDS loading
buffer. Both fractions were then loaded onto SDS-PAGE gels, and detection of protein p62 in both

fractions was done by immunoblotting.

2.15. Preparation of extracellular vesicle-depleted serum (EVDS)

All experiments involving purification of extracellular vesicles were performed in cells cultured

in EVDS. For this, 10 mL of fetal bovine serum (FBS) were transferred into a 10.4 mL
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polycarbonate bottle and centrifuged for >16 h at 100,000 x g at 4°C, using an MLA-55 rotor in
an Optima MAX® Tabletop Ultracentrifuge (Beckman Coulter, Brea, CA, USA). After
centrifugation, the supernatant was filter-sterilized through a 0.22 um pore sized PVDF filter

(Millipore, Burlington, MA, USA). EVDS was then used to supplement cell culture media.

2.16. Purification of extracellular vesicles from conditioned media

Before media conditioning, excess of GM1 was removed by washing the cells once with HBSS
with Ca™"/Mg"", followed by an additional wash with HBSS with Ca™"/Mg"™ + 0.2% fatty acid
free-BSA w/v, and two more washes with HBSS with Ca"™"/Mg"", before EVDS-supplemented
media was added to the cells. This procedure was done to remove any non-incorporated GM1 from

the surface of the cells.

Conditioned media (24 h incubation with cells lines, 72 h for embryonic primary neurons) were
collected in 15 mL polypropylene centrifuge tubes and centrifuged at 2,000 x g at 4°C for 10 min
in order to pellet detached cells, debris and apoptotic bodies. The pellet was discarded, and the
supernatant was transferred to a 10.4 mL polycarbonate bottle and centrifuged for 1.5 h hours at
100,000 x g at 4°C, using an MLA-55 rotor in an Optima MAX® Tabletop Ultracentrifuge
(Beckman Coulter, Brea, CA, USA). The pellet was washed once with PBS and centrifugation was
repeated as above. The washed pellet was then resuspended in NP-40 lysis buffer if samples were
to be analyzed by immunoblotting, in PBS for fluorescence analysis or in sodium cacodylate

solution (0.1 M, pH 7.5) for electron microscopy analysis.

Alternatively, when microvesicle-enriched and exosome-enriched fractions were prepared,

centrifugation at 10,000 x g at 4°C for 30 min was performed after pelleting cell debris, for the
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collection of microvesicles (pellet). Supernatant was then centrifuged at 100,000 x g as stated

above for further precipitation of exosomes.

2.17. Fluorescent staining of extracellular vesicles

To obtain fluorescently-labelled extracellular vesicles (EVs), HeLa and N2a cells were incubated
with the lipophilic fluorophore 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate
(Vibrant® Dil, Thermo Scientific, Waltham, MA, USA) as per the manufacturer’s instructions.
Briefly, cells were trypsinized and resuspended in serum-free medium at a density of 1x10°
cells/mL. Then, 5 pL of Dil stock solution (1 mM) were added per mL of cell suspension. HeLa
cells were incubated at 37°C for 8 min, while N2a cells were incubated for 15 min. Excess of stain
was removed by pelleting cells at 200 x g, removing the supernatant and resuspending the cell
pellet in stain-free serum-free media twice before plating. Stained cells produced Dil-positive EVs
that were then purified by ultracentrifugation, as indicated above. Fluorescence in lysates and EVs
was measured in a SpectraMax® 13x plate reader (Molecular Devices, San Jose, CA, USA) and
secretion of EVs was calculated as the ratio of total Dil fluorescence in the EVs over total Dil

fluorescence in the lysate of cells, expressed as a percentage.

2.18. Transmission electron microscopy of extracellular vesicles

Electron microscopy of EVs was performed as previously published (285), with minor
modifications. Briefly, the pellet of EVs was resuspended in 100 uL of sodium cacodylate solution
(0.1 M, pH 7.5) containing 2% paraformaldehyde w/v and 2% glutaraldehyde v/v. EVs were then
resuspended and captured on carbon/formvar-coated 400 or 200 copper grids (Ted Pella Inc.,
Redding, CA, USA) following glow discharge. Grids were dipped once in MilliQ water, blotted

dry onto tissue paper and transferred immediately on top of a drop of 2% uranyl acetate (UA) w/v
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for 5-10 min. The grids were then blotted dry onto a tissue paper to remove the excess of UA,
dipped in water once more and air dried. Images were captured using a Mega View III Soft imaging
system (EMSIS, Muenster, Germany) using a digital camera mounted on a Philips 410

transmission electron microscope (Amsterdam, The Netherlands).

2.19. Detection _and _quantification of ganglioside GMI1 in lysates and

extracellular vesicles

Before preparing cell lysates or collecting EVs, cells were washed once with HBSS with
Ca""/Mg™, followed by an additional wash with HBSS with Ca™/Mg"™ + 0.2% fatty acid free-
BSA w/v, and two more washes with HBSS with Ca"™"/Mg"". This to remove all non-incorporated
GMI1 from the surface of the cells. Cells were then lysed in NP-40 lysis buffer as stated before.
Total proteins were quantified by BCA assay (Thermo Scientific, Waltham, MA, USA) and a dot
blot was run using a 96-well Bio-Dot® apparatus (Bio-Rad, Hercules, CA, USA). A total of 500-
1000 ng of protein (lysates) per well (in triplicates) were immobilized on a 0.45 um pore size
nitrocellulose membrane (Millipore, Burlington, MA, USA). For EVs, the total preparation was
loaded into three wells of the 96-well Bio-Dot® apparatus (Bio-Rad, Hercules, CA, USA).
Membrane was then blocked in Odyssey® blocking buffer (LiCor Biosciences, Lincoln, NE, USA)
for 1 h. For the detection of GM1, membrane was incubated with cholera toxin subunit B
conjugated with biotin (Thermo Scientific, Waltham, MA, USA) diluted in Odyssey® blocking
buffer at a concentration of 0.2 ug/mL for 1 h at RT. After washing the membrane with TBS-T,
membrane was incubated with streptavidin conjugated with IRDye800® (LiCor Biosciences,
Lincoln, NE, USA) diluted in Odyssey® blocking buffer at 1:5,000 dilution. Membrane was
washed with TBS-T before being scanned in an Odyssey® near-infrared scanner. The signal was

quantified using the Odyssey® Application Software v3.0.
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2.20. Filter trap assay

Filter trap assay was performed as previously reported (286), with minor modifications. Cells or
tissues were lysed in NP-40 lysis buffer as described above, and total protein content was
quantified by BCA assay (Thermo Scientific, Waltham, MA, USA). A total of 50-100 pg of
proteins were denatured by boiling the lysate at 100 °C for 5 min in a solution containing 2% SDS
w/v and 100 mM DTT. Using a Bio-Dot® apparatus (Bio-Rad, Hercules, CA, USA), denatured
lysate was filtered through a 200 nm-pore sized cellulose acetate membrane (Sterlitech, Kent, WA,
USA). The membrane was then air dried for 30 min and washed twice with 0.1% SDS w/v in PBS.
Excess of SDS on the membrane was removed by washing it three times in PBS. Regular
immunodetection protocol was followed using anti-GFP antibodies, diluted 1:1,000 in 2.5% BSA
w/v in TBS-T (Full list of antibodies is shown in Table 2). Secondary antibodies conjugated to
IRDye fluorophores and an Odyssey® near-infrared scanner (LiCor Biosciences, Lincoln, NE,
USA) were used for detection and imaging. Quantification of the signal was made using the

Odyssey® Application Software v3.0.

2.21. Statistical analysis

All comparisons between two groups, unless stated otherwise, were performed by using unpaired
two-tailed Student’s t-test, with a significance cut-off (o) of 0.05. For comparisons between three
or more groups, one-way ANOVA, followed by Tukey-Kramer post-hoc correction was used.
Significance cut-off (o) was also set at 0.05 for multiple comparisons. Statistical analysis of the
data presented in Fig 4.4B was performed using two-sample Kolmogorov—Smirnov test. GraphPad

Prism v.6.01 software was used to perform all statistical analyses.
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Chapter 3: The role of the mevalonate pathway in

Huntington’s disease

Data shown in this chapter were generated with Dr. Amany Mohamed and Dr. Elena Posse de

Chaves (Department of Pharmacology, University of Alberta).
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3.1. Introduction

Previous studies have shown that the mevalonate pathway, which is responsible for the synthesis
of cholesterol and isoprenoids required for protein prenylation, is impaired in HD (214,287-292).
However, whether this dysfunction could lead to impaired prenylation of proteins, crucial for
normal cellular homeostasis and for neuronal functions, was not known and has been investigated

in this chapter.

3.1.1. The mevalonate pathway: the biosynthesis of cholesterol, isoprenoids and more

Cholesterol is a fundamental lipid that is present in all cellular membranes throughout the body.
Cholesterol has many functions. It contributes to the fluidity at the plasma membrane, thus
modulating the mobility and function of membrane proteins (293). It is also an important
component of membrane microdomains, sometimes referred as to “lipid rafts”, that are enriched
in sphingolipids and cholesterol. These membrane microdomains act as signalling platforms for a
variety of receptors within the plasma membrane. Changes in the levels of cholesterol in these
membrane microdomains can result in activation or inactivation of raft-associated proteins,

including death receptors, kinases and ion channels (294-296).

Neurons particularly, have high requirements of cholesterol due to the large extension of their
plasma membrane surface that includes the dendrites, axons and synapses, where high cholesterol
content has been detected (297-299). In fact, treatment of cultured hippocampal neurons with
lovastatin, an inhibitor of cholesterol synthesis, is able to decrease neurite growth and synapse
formation. These defects are prevented if neurons are co-treated with cholesterol-containing glial-
derived lipoproteins (GLp) (300). Lovastatin was also shown to cause defects in synaptic vesicle

release. Although GLp only partially rescued this phenotype, co-treatment with mevalonate, an
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intermediate metabolite downstream of the enzyme inhibited by lovastatin, was able to fully rescue

the defects in synaptic vesicle release caused by lovastatin (300).

Cholesterol also serves as a precursor for the synthesis of neurosteroids, molecules that exert
important modulatory roles in the brain (301). As an example, allopregnanolone, a natural
neurosteroid derived from cholesterol, has anti-apoptotic effects in cultured neurons due to an
allosteric modulation of the GABAA receptors, increasing chlorine conductance and promoting
neuronal hyperpolarization after NMDA treatment (302,303). Moreover, 3-a-ol-5-B-pregnan-20-
one hemisuccinate (ABHS), a synthetic homologue of pregnenolone, has inhibitory effects on
NMDA receptors, reducing the calcium inward currents and protecting cultured neurons from
NMDA-induced excitotoxicity. Administration of ABHS also reduced infarct size in a rat model
of acute ischemia (304). Furthermore, neurosteroids have been associated with neurite growth,

myelination and neural progenitor proliferation (301).

One of the least known functions of cholesterol is that it serves as a molecule used for post-
translational modification of proteins. This is the case for the Hedgehog (Hh) family of secreted
signalling proteins, which are covalently attached to a molecule of cholesterol during protein
maturation. The Hh family of proteins is involved in development and morphogenesis by
coordinating cell proliferation and preventing apoptosis, or by inducing specific cellular fates

(305,306).

Evidence of the importance of cholesterol for the normal function of the brain is the fact that
defects in the production of cholesterol can lead to severe developmental defects of the central
nervous system, as it is seen in the Smith-Lemli-Opitz Syndrome (SLOS), a monogenic recessive
disease caused by a loss-of-function mutation of the 7-dehydrocholesterol reductase (DHCR?7)

gene. SLOS is characterized by prenatal and postnatal growth retardation, microcephaly and severe
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intellectual disability (307,308). Moreover, various neurodegenerative diseases, including
Niemann-Pick C (NPC), AD and PD, have been liked to alterations in the homeostasis of

cholesterol (309).

Cells obtain their cholesterol from two different sources, either from the diet or from de novo
synthesis (310). While this statement is true for most of the cells in the body, cells in the central
nervous system (CNS) depend entirely on de novo synthesis of cholesterol. This is due to the fact
that the blood-brain barrier (BBB) prevents cholesterol from the systemic circulation to enter the
brain (310,311). Interestingly, although neurons are cells with high requirement of cholesterol, it
is generally accepted that these cells do not synthesize significant amounts of cholesterol on their

own, but they rather rely on the astrocytes for cholesterol synthesis and delivery (310,311).

Even though the brain, which accounts for 2% of the total human body mass, does not significantly
import cholesterol, it contains up to 25% of the whole body’s cholesterol (312). Majority of the
cholesterol in the brain is unesterified (free cholesterol), and most of it (70-80%) is incorporated
into the myelin sheets formed by the oligodendrocytes. The remaining 20-30% is located in the

membrane of the neurons, astrocytes, and other cells located within the CNS (313).

The pathway for the synthesis of cholesterol is called the mevalonate pathway (Fig. 3.1), a high-
energy consuming sequence of reactions that initiates with the conjugation of two molecules of
acetyl-CoA to form acetoacetyl-CoA, which is then conjugated to a third acetyl-CoA to form 3-
hydroxy-3-methylglutaryl CoA (HMGCoA). These two reactions are carried out by two different
enzymes: Acetoacetyl-CoA thiolase and HMGCoA synthase, respectively. The conversion from
HMGCoA to mevalonate is carried out by the enzyme HMGCoA reductase (HMGCR), which is
the rate-limiting and irreversible reaction in the mevalonate pathway. From here, a series of

phosphorylations and one decarboxylation reaction convert the mevalonate molecule into
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isopentenyl diphosphate (IPP), a 5-carbon molecule that is the building block of all the products

derived from the mevalonate pathway. IPP is the simplest isoprenoid (314).

Conjugation of 3 molecules of IPP leads to the formation of farnesyl-diphosphate (FPP), a 15-
carbon isoprenoid, and conjugation of 2 FPP molecules gives rise to squalene and later to
lanosterol. From here, 19 more enzymatic reactions are required, until the molecule of cholesterol

is finally synthesized (310,311).

Although cholesterol is the most known product of the mevalonate pathway, it is just one of many.
In fact, FPP is a branching point in the mevalonate pathway (Fig. 3.1). FPP can be modified into
other molecules, such as the 20-carbon isoprenoid geranylgeranyl-diphosphate (GGPP) (315).
Isoprenoids, more specifically GGPP, is also the precursor for the synthesis of coenzyme Q
(ubiquinone) (316) and dolichol (317), and therefore, the mevalonate pathway and particularly
isoprenoids, are also involved in mitochondrial energy metabolism and protein glycosylation. FPP
is the precursor of the heme A group, an essential component of hemoproteins such as myoglobin

and hemoglobin, both involved in oxygen storage and transport throughout the body (310).

Short chain isoprenoids, such as FPP and GGPP, are used for protein prenylation (Fig. 3.2), a post-
translational modification by which FPP or GGPP molecules are covalently attached to proteins,
thus regulating protein localization and further activation, and consequently, a variety of cell

processes from vesicle trafficking to neurotransmission, cell signaling and cell motility (318).

Regulation of the activity of the mevalonate pathway is controlled by the sterol response element
binding protein 2 (SREBP2), a master transcription factor for most of the genes involved in the

mevalonate pathway. This transcription factor binds to the canonical sequence of the sterol
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response element (SRE) located in the promoter region of most, if not all, the enzymes of the

mevalonate pathway, promoting their transcription (319,320).

SREBP2 is synthesized in the ER as an inactive full-length pro-protein. When the concentration
of sterols is decreased in the ER, the full-length SREBP?2 is translocated to the Golgi with the help
of the SREBP cleavage-activating protein (SCAP). SREBP2 and SCAP reach the Golgi via COPII-
coated vesicles (321) where SREBP?2 is sequentially cleaved by the enzymes site-1 protease (S1P)
(322) and site-2 protease (S2P) (323), releasing the mature form of SREBP2 (mSREBP2), which
is later delivered to the nucleus by a direct interaction with importin B (324,325). Once in the
nucleus, it promotes the transcription of enzymes of the mevalonate pathway, increasing the

production of cholesterol, together with all the other products of this biosynthetic pathway (326).

When cholesterol concentration in the ER is high, cholesterol binds to SCAP at its sterol-sensing
domain (327), promoting a conformational change in SCAP that facilitates the interaction with
insulin-induced gene 1 & 2 (INSIG) proteins, which retain the SCAP-SREBP2 complex in the ER
(328,329) preventing its further processing. Oxysterols also exert inhibitory actions on SREBP2

processing by binding directly to INSIG(s), increasing their affinity for SCAP (330).

Defects in SREBP2 processing and subsequent impairment of the mevalonate pathway have been
reported in the context of Alzheimer’s disease (AD). Mohamed and collaborators (331)
demonstrated that neurons treated with oligomeric AB42 show impaired processing of SREBP2
and decreased activity of the mevalonate pathway. This led to decreased synthesis of isoprenoids
and to decreased prenylation of proteins. Because of impaired prenylation of proteins involved in
vesicular traffic, neurons treated with oligomeric AB42 showed cholesterol sequestration within

organelles such as multivesicular bodies/late endosomes (MVB/LE) without changes the total
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cellular content of cholesterol. Supply of exogenous GGPP reverted the defects in protein

prenylation, as well as the cholesterol sequestration phenotype.

As detailed below, impaired SREBP2 activation was also shown in HD models (287), and aberrant
cholesterol metabolism has been described in HD patients (332-334) and HD mouse models (288-
290). However, to my knowledge, the role of isoprenoids has not been studied in the context of

HD, and therefore their possible contribution to neuronal dysfunction is currently unknown.

3.1.2. The mevalonate pathway and Huntington’s disease

Several studies carried out in cell and animal models of HD, have shown that the cholesterol
biosynthetic pathway is impaired by muHTT (Fig. 3.1). Sipione and collaborators (214) found
decreased transcription of genes involved in cholesterol synthesis in striatal cells expressing an N-
terminal fragment of muHTT under control of a doxycycline-inducible promoter. Downregulation
of cholesterogenic genes was observed after only 48 hours from the induction of the transgene
expression, in the absence of evident muHTT aggregation and prior to neuronal apoptosis,
suggesting that these transcriptional changes may reflect an early transcriptional dysfunction,

potentially involved in the pathophysiology of HD.

Impairments in the biosynthetic pathway of cholesterol are also present in murine models of HD.
Valenza and collaborators (288) showed that YAC128 mice have decreased amounts of total
sterols in the striatum, but not in the cortex nor the cerebellum (two brain regions less affected in
HD), at 10 months of age. Intermediate molecules in the synthesis of cholesterol, such as
lathosterol and lanosterol, are decreased in brains of young (2 months old) YAC128 mice without

affecting the total levels of cholesterol. These defects become more evident at an older age (10
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months old) when the levels of cholesterol also show a mild, but significant decrease. Analysis of

lipid contents in plasma from YAC128 mice revealed a similar decrease in sterol levels.

These findings were partially replicated in a second mouse model of HD, the R6/2 mice.
Transcription of genes encoding HMGCR, sterol 14a-demethylase and DHCR7 was reduced in
the striatum of R6/2 mice and in post-mortem striatal tissue from human HD patients (287). These
mice also showed a progressive decrease in the levels of lanosterol and lathosterol in the striatum
and cortex, starting at 6 weeks of age, which correlated with a reduced activity of the enzyme
HMGCR in brains, starting at 4 weeks of age. One interesting finding was that, despite the reduced
activity of the mevalonate pathway, the total mass of cholesterol in these brains was conserved,

even after 12 weeks of age (289).

Moreover, in line with the hypothesis of reduced activity of the mevalonate pathway in HD, two
studies have shown neuroprotection and improvement of neuronal functions by exogenous supply
of cholesterol. Primary neurons expressing an N-terminal fragment of muHTT were shown to be
protected from cell death by addition of cholesterol in a dose-dependent manner (287).
Additionally, systemic administration of cholesterol in vivo via polymeric nanoparticles, improved
synaptic connectivity, reduced cognitive dysfunction and improved some parameters of the motor

dysfunction observed in the R6/2 mice (335).

It is interesting how intermediate metabolites and precursors (i.e. lanosterol and lathosterol) in the
mevalonate pathway are decreased at early disease stages in at least two different mouse models
of HD, but brain cholesterol levels are either unaffected, or become affected only at very late stages
of the disease (288-290). It has been hypothesized that this phenomenon could be due to a
compensatory mechanism that limits cholesterol excretion. Elimination of cholesterol from the

brain occurs via hydroxylation of cholesterol at the carbon 24, catalyzed by cholesterol 24-
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hydroxylase, an enzyme that is expressed almost exclusively in neurons. The 24-
hydroxycholesterol (24-OH-Chol) molecule can cross the BBB and exit the CNS to the systemic
circulation, from where it is cleared by the liver and kidneys (336). Human plasma from early and
late HD patients contains less 24-OH-Chol compared to control subjects (332,334). Moreover, the
amount of 24-OH-Chol in the brain is decreased across various mouse models of HD, including

transgenic and KI mice (290).

The cholesterol-related defects are not limited to neurons in HD, since decreased transcription of
genes of the mevalonate pathway such as Hmgcr, Cyp5lal, 7dhcr, and genes involved in
cholesterol metabolism such as Abcal and ApoE, occurs also in primary astrocytes from two HD
mouse models (YAC128 and R6/2 mice). In addition, HD astrocytes secrete less ApoE-containing
HDL-like particles compared to wild-type astrocytes in vitro (290). Since the bulk of cholesterol
is provided to neurons by astrocytes in normal conditions (337-340), these observations suggest
that provision of cholesterol from HD astrocytes to neurons might be decreased compared to

normal brains.

In spite of the evidence that clearly shows impairment of the mevalonate pathway and cholesterol
synthesis in HD, whether cholesterol levels are decreased and to which extent, is still controversial.
For instance, Carroll and collaborators (341), by using liquid chromatography/mass spectrometry
(LC-MS) techniques, have shown that the striatum of HdhQ111 mice contains significantly more
esterified cholesterol and triglycerides than the striatum of WT mice. Researchers interpreted the
results as a possible impairment in the catabolism of these two species of lipids, most likely due
to defects in selective autophagy, which have been documented in HD mice (152), rather than to

an overproduction of cholesterol.
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Additionally, muHTT-expressing striatal progenitor neurons have a higher content of ordered
domains at the plasma membrane enriched in cholesterol and NMDA receptors (342). Cells treated
with simvastatin, an HMGCR inhibitor, or with B-cyclodextrin, a compound used to deplete
membranes from cholesterol, were less prone to cell death after treatment with NMDA, suggesting
that the excess of cholesterol, specifically localized at these membrane domains, may contribute

to cell degeneration in an excitotoxic-dependent manner (342).

Accumulation of unesterified cholesterol was also shown in mouse striatal primary neurons and
brains from HdhQ111 mice, as well as in PC12 cells expressing muHTT (342,343), leading the
authors to suggest that abnormal cholesterol accumulation, rather than a decrease of it, contributes
to neuronal dysfunction and cell death observed in the context of HD. Nevertheless, these
observations were made using filipin staining, a naturally fluorescent antibiotic that binds
specifically to free cholesterol but not to esterified sterols. However, filipin staining is not a
quantitative assay but instead, it detects free cholesterol accumulation in cellular compartments.
In fact, in Niemann-Pick type C (NPC) disease, neurons show an intense reactivity to filipin within
the lysosomes, but no difference is observed in the total cell or brain amount of cholesterol when
measured by other methods (344,345), suggesting that intracellular accumulation of cholesterol

does not necessarily mean higher total levels, but misdistribution of it instead.

A similar phenomenon also occurs in cell models of AD, where primary cortical neurons exposed
to AP42 peptide accumulate intracellular free cholesterol, which is detectable with filipin staining.
However, the total mass of cholesterol in these cells remains unchanged after treatment with Ap42
(331), suggesting that local accumulation of cholesterol could be misinterpreted as an increase in

total mass of cholesterol, if analyzed only by filipin staining.
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The cause and mechanisms of downregulation of the mevalonate pathway in HD are under
investigation in our laboratory. Initial studies by Valenza showed decreased levels of the mature
active form of SREBP2 (mSREBP2) in the nucleus of HD cells (287), although the underlying

reasons were not investigated.

Work in our laboratory suggests that, although total levels of mSREBP2 are unchanged in brains
of YACI128 mice, muHTT affects nuclear localization of mSREBP2 by sequestering it in the
cytoplasm in a complex with importin B (Di Pardo, Morales et al. in preparation). I contributed to
further show that, while in basal culture conditions, HD cells express wild-type levels of the major
cholesterogenic genes, in lipid-deficient medium, they fail to upregulate HMGCR transcription.

These results are shown and discussed in more details in Appendix I.

All the studies published so far have focused on cholesterol and its metabolism, but to our
knowledge, the non-cholesterogenic branch of the mevalonate pathway, including the production

of isoprenoid for protein prenylation, has not been explored in the context of HD.

3.1.3. Small GTPases and HD

Small GTPases belong to a superfamily of proteins that have numerous and diverse functions,
including cell cycle, microtubule organization, vesicular transport, autophagy, among many others
(346). All members of the small GTPase superfamily of proteins share the characteristic GDP/GTP
exchange mechanism of activation, where the GDP-bound form is inactive, while the GTP-bound
form is active, and has various effects on downstream targets. All the members of the superfamily
are regulated by GEF (guanine exchange factor) proteins which accelerate the transition from

GDP-bound to GTP-bound, promoting the activation of the small GTPase protein. On the other
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hand, the GTPase activity of small GTPases is turned off by GAPs (GTPase activating proteins),

which promote the hydrolysis of GTP into GDP (346).

Classification of the small GTPases family of proteins is not straightforward due to the numerous
members of this superfamily, as well as to the variety of, and sometimes overlapping, functions of
these proteins. Nevertheless, researchers have attempted to classify small GTPases in subfamilies:
The RAS GTPase subfamily, with 36 members, is mainly involved in cell growth, differentiation
and survival (347). The RHO GTPase subfamily, with 22 members, has been linked to cellular
processes such as morphogenesis, polarity, cell movement and cell division (348). The RAB
GTPase subfamily, with at least 60 members, and the ARF subfamily, with 5 members have been
classically associated with vesicular and organelle trafficking (349,350). RAN GTPase is the
exception to the rule. Is a lonely member of its own family and it is mainly involved in the
machinery responsible for the nuclear protein import cycle (351). Contrary to the other members

of the superfamily, RAN GTPase lacks the consensus sequences required for prenylation (352).

Not all, but the vast majority of the Small GTPases proteins undergo prenylation. This post-
translational modification is crucial for the membrane localization of these proteins, where most
of them accomplish their functions. The multistep mechanism by which an isoprenoid molecule is
attached to a cysteine residue at the C-terminal region the protein is mainly performed by one of

three enzymatic complexes (Fig. 3.2) (353,354).

1) Farnesyl Transferase (FTase): The complex is formed by the proteins encoded by the FNTA and
FNTB genes. This enzyme attaches an FPP molecule to the C-terminus of the protein at the
consensus CAAX motif, where C is the cysteine where the FPP molecule is attached, A represents
any aliphatic amino acid, and X represents any amino acid. Members of the RAS subfamily are

usually, but not exclusively, prenylated by FTase.
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2) Geranylgeranyl Transferase I (GGTase I): This enzymatic complex is formed by the proteins
encoded by the FNTA gene, which is shared with the FTase complex, and PGGT! gene. It
recognizes the same CAAX motif (as FTase), but it uses preferentially a GGPP molecule instead
of FPP. Their substrates are usually the members of the RHO subfamily. Whether a small GTPase
is farnesylated or geranylgeranylated by FTase or GGTase I, respectively, depends on the last
amino acid in the CAAX motif. If X corresponds to the amino acids methionine or glutamine, the
protein is farnesylated. Instead, if X is a leucine or a phenylalanine, the protein undergoes
geranylgeranylation (355). However, there are certain exceptions to this rule, since some members
of the RAS subfamily (i.e. KRAS4A, KRAS4B and NRAS) can be farnesylated or

geranylgeranylated (354).

After FPP or GGPP has been added to the cysteine of the CAAX motif by either FTase or GGTase
I, the last three amino acids are cleaved by RAS converting CAAX endopeptidase 1 (RCE1) (Fig.

3.24A).

3) Geranylgeranyl Transferase Il (GGTase II): This complex is formed by the products of
RABGGTA and RABGGTB genes, and despite having a similar function as GGTase I, structurally
speaking, these two prenylation complexes are very different from each other. The unprenylated
RAB is presented to GGTase II complex by the RAB escorting protein 1 (REP1). Then, GGTase
IT attaches two GGPP molecules to the C-terminus of the RAB subfamily of proteins at the CXC
or CC motif, where C are the cysteine residues were the GGPP molecules are attached, and X
represents any amino acid. REP1 also possess a prenyl-binding site, that maintains the prenylated

RAB soluble until delivered to the distinct cellular membranes (353,354) (Fig. 3.2B).

I hypothesized that a decreased activity of the mevalonate pathway in HD could lead to a decreased

availability of isoprenoids for protein prenylation, as it was observed in cell models of AD (331).
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Among the complement of proteins that undergo protein prenylation, a few have been associated
with the pathogenesis of HD or with cellular mechanisms known to be affected in HD, in particular,

RAS, RABI1 and RAB7.

RAS protein was first identified as an oncogene that promotes cell survival and division and
inhibits apoptosis. In fact, gain of function of RAS protein is one of the most commonly found
mutations in cancer cells (347). The ERK signalling pathway, which lays downstream of RAS
protein, has been found to be impaired in HD models. For instance, muHTT impairs the
transcription of BDNF and alters glutamate uptake from the synaptic cleft, all functions dependent
on ERK signalling. In addition, pharmacological activation of ERK pathway is beneficial in some

models of HD (356-358).

RABI11 protein function is also affected in HD. Membrane fractions prepared from striatum of
Q140 mice contained higher total levels of RAB11. However, these HD striatal membranes were
deficient in stimulating RAB11 GDP/GTP exchange in an in vitro assay, suggesting that activity
of RABI1 is reduced in HD striatal neurons, despite its increased abundance (359). Additionally,
dendritic muHTT aggregates are associated with an impaired function of the recycling endosome
and with loss of dendritic spines. Overexpression of RAB11, a GTPase associated with the
recycling endosome, reduces the loss of dendritic spines associated to the expression of muHTT
(360). Impairment of the recycling endosome also causes a deficient expression of the
cysteine/glutamate interchanger at the level of the plasma membrane, compromising the uptake of
cysteine and consequently, the production of glutathione, essential for the proper management of

reactive oxygen species (ROS) (361).

RAB?7 is one of the main components of the late endosomes (362). It also has a role in vesicle

transport (363,364), and autophagy (365), all functions affected in HD (152,366,367). Moreover,

74



in the context of AD, AP42 peptide treatment affects the mevalonate pathway through an
impairment of SREBP2 maturation, therefore causing a reduction in prenylation of RAB7 that was
corrected by the exogenous supply of GGPP. Additionally, AP42 treatment caused an
accumulation of cholesterol within the cells, presumably due to an impairment in vesicular
transport caused by a deficient prenylation of RAB7 (331). Similar phenotypes have been observed
in a few models of HD, but no connection with RAB7 or with protein prenylation was ever

proposed (342,343).

Cell models of AD have shown impaired protein prenylation due to an inhibition in SREBP2
processing, and consequently, a reduction in the activity of the mevalonate pathway (331).
Moreover, previous work in our laboratory has shown that muHTT impairs nuclear transport of
mSREBP2 (see Appendix I), possibly explaining the decreased expression of cholesterogenic

genes in cell and mouse models of HD (214,287).

I hypothesized that a decreased activity of the mevalonate pathway in HD models may lead to a
decreased production of isoprenoids, perhaps affecting protein prenylation, similarly to
observations in cell models of AD (331). Thus, I decided to test whether the prenylation status of
a subset of small GTPases involved in cell processes known to be affected in HD (RAS, RAB7

and RAB11), would be altered in HD cells.

In the following section, I will show data suggesting that, contrary from what occurs in AD models
(331), in HD, surrogate measures of RAS, RAB7 and RABI11 prenylation are not affected,
although I found total levels of RAB7 to be decreased across cell and animal models of HD.
Additional data regarding impairment of nuclear transport of mSREBP2 and regulation of

transcription of cholesterogenic genes in HD models will be presented in Appendix 1.
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3.2. Results

3.2.1. Triton X114 fractionation of RAS and RAB7 is not affected in immortalized HD

striatal cells

Triton X114 fractionation was used as a surrogate measure of the prenylation status of RAS and
RAB?7 in striatal cells expressing full-length muHTT (STHdh Q111/111), as well as in WT striatal
cells (STHdh Q7/7). In this assay, lipidated proteins are retained in the detergent (D) phase, while
the more hydrophilic non-lipidated proteins partition into the aqueous phase (Aq) (283). In
addition to regular culture conditions (media supplemented with 10% of fetal bovine serum), cells

were also cultured in lipoprotein-deficient media (LPDM) for 48 h.

Contrary to my expectations, HD immortalized cells showed a similar distribution of RAS and
RAB7 proteins into detergent and aqueous phases when compared to WT cells (Fig. 3.3).
Furthermore, culture in LPDM did not change the distribution of these proteins, neither in WT nor
HD cells (Fig. 3.3). To test whether this assay was able to detect changes in the prenylation status,
WT and HD cells were treated with a combination of FTase inhibitor (80 uM FTI-277) and
GGTase I inhibitor (5 uM GGTI-2133) for 48 h. It is important to clarify that, while this treatment
is expected to block RAS prenylation, none of the inhibitors would affect the prenylation of RAB7,
since GGTase II, a very distinct enzyme from GGTase I, is the enzyme responsible for the
prenylation of the RAB family of proteins (368-372). As expected, the combination of FTI-277 +
GGTI-2133 caused a shift in the distribution of RAS but not RAB7, in both, WT and HD cells

towards the aqueous phase (Fig.3.3).

These results were further confirmed by electrophoretic mobility shift assay (EMSA). In this assay,

proteins are run in an SDS-PAGE gel to compare patterns of migration. Prenylated proteins
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migrate faster compared to non-prenylated proteins. Thus, the proportion of prenylated and non-

prenylated proteins can be assessed by analyzing the intensities of the bands after immunoblotting.

For this assay, equivalent amounts of proteins were run from both STHdh Q7/7 and Q111/111
cells, cultured in RM and LPDM for 48 h. I also run proteins from cells treated with FTI-277 +
GGTI-2133 combination as a positive control for the assay. Additionally, the ubiquitin-proteasome
system (UPS) inhibitor MG132 (10 uM) was added to the culture media during the last 3 h of

incubation in order to prolong the half-life of proteins, increasing the possibility of detection.

Consistent with the results obtained in the Triton X114 fractionation suggesting that prenylated
RAB?7 is the predominant form (>95%) (Fig. 3.3C) and that FT1-277 + GGTI-2133 does not affect
its prenylation, a single band for RAB7 was detected across genotypes and treatments. In contrast,
RAS showed a discrete band of a higher molecular weight, corresponding to an approximate 25%
of the total intensity. This band corresponding to the non-prenylated RAS, was of comparable
intensity between WT and HD cells, whether cultured in RM or LPDM (Fig. 3.4). As expected,

addition of protein prenylation inhibitors caused an increase in non-prenylated RAS (Fig. 3.4).

3.2.2. Triton X114 fractionation of RAS and RAB7 is not affected in HD neurons nor

astrocytes

Next, I investigated whether differences in Triton X114 distribution of selected proteins would be
observed in primary neurons, a more precise model of HD compared to immortalized cells. For
this, Triton X114 fractionation was performed in postnatal primary cultures of neurons from
YACI128 mice and WT littermates at DIV 10-13. Similar to immortalized knock-in cells, lysates
of primary cortical (Fig. 3.5A, left) and striatal (Fig. 3.5A, right) YAC128 neurons showed phase

distributions of RAS and RAB7 comparable to WT neurons.
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It is known that in the adult CNS, astrocytes synthesize most of the cholesterol required by the
neurons (340,373). Moreover, Valenza and collaborators (290) have shown that HD astrocytes
have a decreased transcription of enzymes related to cholesterol biosynthesis and efflux, as well
as an impaired secretion of ApoE-containing particles. Therefore, next I assessed whether HD
astrocytes would show changes in the distribution of selected proteins in Triton X114

fractionation.

HD immortalized astrocytes had similar Triton X114 phase distributions of RAS and RAB7
proteins whether cultured in RM or LPDM, in comparison to WT astrocytes (Fig. 3.5B, left panel).
Once again, I tested the validity of my assay by treating both, WT and HD immortalized astrocytes
with the HMGCR inhibitor simvastatin (25 uM, 24 h) to block the synthesis of cholesterol and
isoprenoids. As expected, the distribution of RAS and RAB7 was dramatically changed towards
the aqueous phase in both treated WT and HD astrocytes (Fig. 3.5B, right panel), suggesting that
by using Triton X114 fractionation, I could possibly detect changes in the status of prenylation of
small GTPases, in conditions of low availability of isoprenoids. Importantly, the experiments
performed in primary neurons and astrocytes were performed only once, and further replication

will be required before reaching any definitive conclusion.
3.2.3. Triton X114 fractionation of RAS, RAB7 and RABI11 is not affected in brains of HD
mice

Next, I performed Triton X114 fractionation of lysates prepared from the whole cortex (Fig. 3.6A)
and striatum (Fig. 3.6B) obtained from six 10-12-month-old YAC128 mice and six age-matched
WT littermates, as a surrogate measure of the prenylation status of selected small GTPases in the

brains of WT and symptomatic HD mice.
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The phase distribution of RAS, RAB7 and RABI11 proteins in cortical (Fig. 3.6A) and striatal
tissue from HD mice (Fig. 3.6B) was indistinguishable from WT tissue, suggesting that the

prenylation status of these three proteins is not affected in the brains of YAC128 mice.

The evidence presented so far suggests that, even though the mevalonate pathway is impaired in
multiple HD models (214,287-290), the prenylation status of proteins is not affected in HD, at least
for what concerns the specific subset of proteins with relevance to the HD pathogenesis

investigated in this study.

3.2.4. Total levels of RAB7 are decreased across models of HD

In the process of investigating the Triton X114 distribution of RAB7 in HD cells and brains, I
found that total levels of RAB7 protein were decreased in the striatum of 10-12-month-old
YACI128 mice, when compared to WT littermates (Fig. 3.7A). To investigate whether this decrease
was due to downregulation of Rab7 gene expression, I quantified its mRNA levels in the striatum
of 10-12-month-old WT and YAC128 mice by quantitative real-time PCR (qQRT-PCR). There was
no significant difference in Rab7 gene expression between WT and HD striata (Fig. 3.7B),
suggesting that the difference in protein abundance is not secondary to a change in expression, but

rather to a difference in RAB7 turnover.

These findings were replicated in three samples of primary cultures of cortical neurons isolated
from PO YACI128 pups (Fig. 3.7C). Once again, there was no difference in Rab7 mRNA levels
between WT and HD primary cortical neurons (Fig. 3.7D). Decreased levels of RAB7 were also
observed in the striatal tissue of homozygous Q140/140 mice, but not in heterozygous Q7/140

mice (Fig. 3.8A). Surprisingly, however, in the cortex of Q140/140 mice, levels of RAB7 were
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significantly increased when compared to Q7/7 littermates (Fig. 3.8B), a phenomenon that was not

replicated in the cortices of YAC128 mice (data not shown).

Additionally, in four human fibroblasts cell lines from HD patients, there was a trend towards a
decrease of RAB7 levels, compared to three cell lines of WT fibroblasts, but the difference did not
reach statistical significance (p = 0.055). Of note, the two HD fibroblast lines expressing more
than 60 CAG repeats also had the lowest levels of RAB7 (Fig. 3.8C). It remains to be demonstrated
whether levels of RAB7 are consistently decreased in human samples with larger CAG repeat

expansions.

3.3. Discussion

I hypothesized that the impairment of the mevalonate pathway in brains of HD mice, and
particularly in YAC128 striatum, would affect the production of isoprenoids such as FPP and

GGPP, thus reducing, at least partially, the prenylation of proteins.

I used Triton X144 fractionation as a surrogate measure of the prenylation status of three small
GTPases involved in cellular processes known to be affected in HD (RAS, RABI11 and RAB?7).
Contrary to my expectations, I could not detect any difference in the Triton X114 fractionation of

these small GTPases in brain tissue from HD mice, nor in HD cell models.

One possible explanation for my findings is that cells may prioritize the usage of isoprenoids for
protein prenylation (and/or synthesis of dolichol and ubiquinone) rather than for the synthesis of
cholesterol. This goes in line with early studies done by Brown and Goldstein with the HMGCR
inhibitor compactin. The dose of 1 uM of compactin was sufficient to inhibit 90-95% of HMGCR
enzymatic activity. However, despite the profound inhibition of the production of mevalonate,

cells were able to thrive and grow under these conditions, suggesting that cells have mechanisms
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in place to preferentially shuttle the common substrate FPP towards the synthesis of non-
cholesterogenic products, in the case of mevalonate shortage (374). Metabolic studies using [*H]
mevalonate in human fibroblasts demonstrated that labelled mevalonate is incorporated 2-3 times
faster into ubiquinone than into cholesterol, supporting the preferential usage of isoprenoids for

non-sterol products (316).

The results of these early metabolic studies are explained by the differential affinity of the enzymes
that utilize FPP as a substrate, at the branching point of the mevalonate pathway. The Michaelis-
Menten constants (K,,) reported for FTase, GGTase I and GGTase Il and their isoprenoid substrates
are 2.8 nM, 0.8 nM and 8 nM, respectively (375-377), while the K,, reported for squalene synthase
(of yeast origin) was between 40 nM and 440 nM depending on the availability of NADPH
(378,379). Thus, in the event of a mild shortage of isoprenoids, it is likely that the cells would use
available isoprenoids for the synthesis of ubiquinone, dolichol and protein prenylation, rather than

for cholesterol.

In future studies, it would be important to know the total amount and the species of isoprenoids
synthesized by WT and HD cells or tissues. Hoof and collaborators reported on a quantitative
method based on derivatization of isoprenoids using dansyl-labelled pentapeptides. After
derivatization, isoprenoids in a sample can be measured by high-performance liquid
chromatography (HPLC)—fluorescence detection (FLD) methods, or by ultra-high-performance
liquid chromatography (UHPLC)/tandem mass spectrometry (MS/MS) (380,381). Using these
techniques, authors showed that samples of grey and white matter from human AD brains
contained higher amounts of FPP and GGPP, without changes in the total mass of cholesterol,

when compared to age-matched control samples (382).
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In this study, I used Triton X114 fractionation as a surrogate measure of the prenylation status of
selected small GTPases. However, a limitation of my studies is that only the Triton X114
fractionation of three representative proteins was measured in HD models, as an indication of the
global prenylation process in the brain and cells expressing muHTT. Therefore, I cannot exclude
that other small GTPases would potentially be under-prenylated in HD. In fact, Kéhnke and
collaborators (383) reported that not all the proteins of the RAB subfamily are prenylated at the
same rate. Instead, due to the fact that non-prenylated RABs compete amongst them for the
prenylation machinery, there is a hierarchy of prenylation. The two RAB proteins analyzed in this
study, RAB7 and RAB11, have a “higher position” in this hierarchy, meaning that under a limited
supply of isoprenoids, these RAB proteins would be preferentially prenylated. Instead, proteins
such as RAB38, RAB27A and RAB27B are at a lower position in this hierarchical system. Thus,
compared to RAB7 and RAB11, these proteins would have a higher probability of remaining in a

non-prenylated state, in the event of a mild shortage of isoprenoids.

In the future, we plan to determine the prenylation status of RAB38 and RAB27, and to perform
analysis of global protein prenylation by supplying cells in culture with modified versions of FPP
and GGPP suitable for use with click chemistry tools. For instance, DeGraw and collaborators
(384) were able to study global protein prenylation in HeLa cells by click chemistry after supplying
cells with exogenous alkyne-modified isoprenoids. Analysis of total protein prenylation would
allow us to determine whether muHTT alters the pattern of protein prenylation on a broader scale,

instead of just relying on the prenylation status of a few selected proteins.

While investigating the Triton X114 fractionation of small GTPases, I was able to detect a decrease
in RAB7 protein in the striatum, as well as in primary cortical neurons isolated from YAC128

mice. The amount of Rab7 mRNA was similar between WT and HD samples, suggesting that the
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changes in RAB7 protein levels are not due to transcriptional downregulation, but rather to protein
stability. Total RAB7 protein was also reduced in the striatum of homozygous Q140/140 mice, but
not in the heterozygous Q7/140 littermates, indicating that, at least in this mouse model, a dosage
effect may be important for the reduction of RAB7 protein. The amount of RAB7 protein was also
measured in 4 different primary lines of fibroblasts obtained from HD patients. When compared
to 3 primary lines of fibroblasts obtained from controls, all HD cells had reduced quantities of
RAB?7 protein, but the difference did not reach statistical significance (p=0.055). However, In this
particular set of primary fibroblasts, I observed that the two HD fibroblasts lines that had larger
CAG expansions (more than 60 CAG repeats), had also a more pronounced reduction of RAB7
levels compared to HD fibroblasts with less than 60 CAG repeats. This very preliminary finding
requires further confirmation in a larger number of HD primary fibroblast lines before reaching

any conclusion.

Both, gain- and loss-of-function mutations in RAB7 have been linked to a hereditary peripheral
neuropathy, the Charcot-Marie-Tooth type 2B disease, characterized by severe loss of sensation
in hands and feet, followed by muscle weakness and atrophy that usually starts in the second or
third decade of life (385-389). However, this is the first time an alteration of RAB7 is associated

to HD.

RAB?7 is essential for the maturation of autophagosomes and endosomes (362,390). In fact, the
fusion between autophagosomes and lysosomes has been shown to be dependent on RAB7 (391).
RAB?7 is also critical for the retrograde axonal transport of vesicles containing trophic factors
and/or receptors (363,392). Interestingly, both autophagy and vesicular transport are affected in
HD (152,366,367,393). More specifically, recently published papers have linked the activity of

RAB?7 to lipophagy (394) and mitophagy (395,396), two forms of selective autophagy that have
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been reported to be impaired by muHTT (393). Further research will be required to determine
whether restoring normal levels of RAB7 would improve selective autophagy and vesicle transport

in HD models.
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3.4. Figures

Figure 3.1. The mevalonate pathway and Huntington’s disease

Acetyl-CoA

}

3-Hydroxy 3 methyl glutaryl CoA
l HMGR

Mevalonate &
v

+
IPP «<—>DMAPP

l FPPS

PP

l FPPS

—* dolichol

Squalene synthase GGPPS

(FDFT)
Squalene m—» —* ubiquinone
. transferases \\\
l M. proteases ‘\\
2,3 Oxidosqualene Nofemt N
l . 2
prenylated proteins
Lanosterol
/ (small GTPases)
Lathosterol
l Desmosterol ¢

7-Dehydrocholesterol

N

Cholesterol l,

|

24-Hydroxycholesterol ¢

Scheme of the mevalonate pathway. Red arrows indicate the enzymes whose expression is

downregulated in cell and animal models of HD.

(Modified from (318): “Isoprenoids, small GTPases and Alzheimer's disease”. Hooff GP, et al.
Biochim Biophys Acta. 2010 Aug;1801(8):896-905)
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Figure 3.2. Prenylation reactions of small GTPases
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A) Small GTPases (except for RAB proteins) are prenylated by FTase or GGTase I complexes.
FPP or GGPP are covalently attached to the cysteine at the CAAX motif. After prenylation RAS
converting CAAX endopeptidase 1 (RCE1) cleaves the last three amino acids of the protein.
Carboxymethylation is performed by the enzyme isoprenylcysteine carboxymethyltransferase
(ICMT). Additionally, a subset of small GTPases can be further palmitoylated.

(Modified from (397): Wang, J., et al. (2017). “New tricks for human farnesyltransferase
inhibitor: cancer and beyond.” Med Chem Commun 8:841-854)
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B) Members of the RAB subfamily of proteins are prenylated by GGTase 1I. RAB Escorting
Protein 1 (REP1) presents the unprenylated RAB to GGTase II, which attaches two GGPP
molecules to the cysteines of the CXC or CC motif of the RAB protein.

(Modified from (354): Konstantinopoulos, P. A., et al. (2007). "Post-translational modifications

and regulation of the RAS superfamily of GTPases as anticancer targets." Nat Rev Drug Discov

6(7): 541-555)
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Figure 3.3. Triton X114 fractionation of RAS and RAB7 is not affected in immortalized HD

striatal cells
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A)Representative immunoblots of Total (T), detergent (D), and aqueous (Aq) fractions prepared
in Triton X114 lysis buffer from immortalized mouse knock-in striatal cells (STHdh) expressing
full length HTT with 7 (Q7/7), or 111 CAG repeats (Q111/111) and grown in regular medium
(RM) or lipoprotein-deficient medium (LPDM) for 48 h. Prenylated proteins partition into the
detergent fraction. Treatment of cells with FTI/GGTI combination (80 uM FTI-277 + 5 uM
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GGTI-2133) was used to confirm that the technique is able to detect changes in protein
prenylation. Equivalent volumes of each fraction were loaded. HSP90 protein was used as a

marker of aqueous fractions (* = less sample loaded due to technical problems).

B) Quantification of the distribution of RAS protein in the detergent and aqueous phases in lysates

from STHdh Q7/7 and Q111 cells. Bars show mean values + SD of 2 independent experiments.

C) Quantification of the distribution of RAB7 protein in the detergent and aqueous phases in
lysates from STHdh Q7/7 and Q111 cells. n=2. Bars show mean values + SD of 2 independent

experiments.
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Figure 3.4. Electrophoretic mobility shift assay confirms that prenylation of RAS and RAB7

is normal in HD cells
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A) Immortalized knock-in striatal cells (STHdh) expressing full-length HTT with 7 (Q7/7) or 111
CAG repeats (Q111/111) were cultured in regular medium (RM) or lipoprotein-deficient
medium (LPDM) for 48 h. FTI/GGTI combination (80 uM FTI-277 + 5 uM GGTI-2133) was
used to inhibit prenylation of RAS, to generate a positive control for the presence of
unprenylated proteins. Proteins were loaded in a 12% SDS-PAGE gel to observe changes in

electrophoretic mobility. Majority of RAB7 was prenylated in both cell lines.

B) Quantification of prenylated and unprenylated RAS in the immunoblot in (A), represented as a

percentage of the total. This experiment was performed only once.
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Figure 3.5. Triton X114 fractionation of RAS and RAB7 is not affected in HD neurons nor
astrocytes
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A) Immunoblot of Total (T), detergent (D), and aqueous (Aq) fractions prepared from cortical (left)
and striatal (right) postnatal primary neurons from WT and YAC128 mice, upon lysis in Triton
X114 buffer. Equivalent volumes of each fraction were loaded. Prenylated proteins partition

into the detergent fraction. This experiment was performed only once (* = denotes loss of
sample).

B) Immunoblot of Total (T), detergent (D), and aqueous (Aq) fractions prepared from
immortalized mouse astrocytes stably expressing N548-HTT fragment with 15 CAG repeats
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(WT), or 128 CAG repeats (HD), after being cultured in RM or LPDM for 48h. Treatment of
cells with simvastatin (25 uM, 24 h) was used to confirm that the technique is able to detect
changes in protein prenylation. Equivalent volumes of each fraction were loaded. This

experiment was performed only once.

Numbers under blots indicate the percentage of protein partitioning into each fraction. VDAC

and HSP90 were used as proteins markers for detergent and aqueous fractions, respectively.
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Figure 3.6. Triton X114 fractionation of RAS, RAB7 and RAB11 is not affected in brains of

HD mice
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Figure 3.6. Triton X114 fractionation of RAS, RAB7 and RABI11 is not affected in brains of
HD mice

A)Representative immunoblots and densitometric analysis of RAS, RAB7 and RABII
distribution in Total (T), detergent (D), and aqueous (Aq) fractions prepared from brain cortical
tissue of 10-12-month-old WT and YAC128 mice, upon lysis in Triton X114 buffer. Equivalent
volumes of each fraction were loaded. Prenylated proteins partition into the detergent fraction,
as expected, both in WT and HD samples. COXIV and HSP90 proteins were used as markers
of detergent and aqueous fractions, respectively. WT N=6; HD N=6. Bars show mean values +

SD.

B) Representative immunoblots and densitometric analysis of RAS, RAB7 and RABII
distribution in Total (T), detergent (D), and aqueous (Aq) fractions prepared from brain striatal
tissue of 10-12-month-old WT and YAC128 mice. WT N=6; HD N=6. Bars show mean values
+SD.
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Figure 3.7. Total levels of RAB7 are decreased in brain tissue and primary neurons from HD

mice
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Figure 3.7. Total levels of RAB7 are decreased in brain tissue and primary neurons from

HD mice

A)Immunoblot and densitometric analysis of RAB7 in striatum from 6 YAC128 mice (10-12-
month-old) and 6 age-matched WT littermates. Bars show mean values + SD. Two-tailed

Student’s t-test. **p<0.01.

B) Rab7 mRNA levels quantified by qRT-PCR in striata from 7 YAC128 mice (10-12-month-old)

and 4 age-matched WT littermates. Bars show mean values + SD.

C) Immunoblot and densitometric analysis of RAB7 protein in lysates from postnatal cortical
primary neurons from 3 YACI28 pups and 3 WT littermates (DIV10-13). Bars show mean
values = SD. Two-tailed Student’s t-test. *»<0.05.

D)Rab7 mRNA levels quantified by qRT-PCR in postnatal cortical primary neurons from 5
YACI128 pups and 3 WT littermates (DIV10-13). Bars show mean values = SD.
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Figure 3.8. Total levels of RAB7 are decreased across models of HD
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A)Representative immunoblots and densitometric analysis of RAB7 in striatal lysates from 12

Q7/7 mice, 12 Q7/140 mice and 11 Q140/140 mice (8-10-month-old). Bars show mean values

+ SD for. One-way ANOVA with Tukey-Kramer post-hoc correction. ****p<0.0001.



B) Representative immunoblots and densitometric analysis of RAB7 in cortical lysates from 12
Q7/7 mice, 12 Q7/140 mice and 11 Q140/140 mice (8-10-month-old). Bars show mean values
+ SD for. One-way ANOVA with Tukey-Kramer post-hoc correction. **p<0.01.

C) Immunoblot and densitometric analysis for RAB7 in lysates of 3 human fibroblasts obtained
from healthy controls, and 4 fibroblasts obtained from HD patients. Numbers inside bars

indicate the number of CAG repeats each patient contained in its H7T gene.
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Chapter 4: GM1 reduces protein aggregation in two models

of proteotoxic stress

This chapter is my original work.
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4.1. Introduction

Analyses of human samples obtained from patients suffering from HD, as well as from mouse
models of HD, have shown that mutation of the HTT protein promotes the formation of
intracellular muHTT aggregates (169-174). Furthermore, various studies have suggested that
aggregation of muHTT may play a role in the striatal neuronal cell death observed in HD
(85,174,177,178,398) that eventually leads to the development of the signs and symptoms that are
characteristic of the disease. Our laboratory has focused on the research of potential therapeutic
approaches for the treatment of HD, and in recent years, we found that intracerebroventricular
(ICV) infusion of ganglioside GM1 in mouse models of HD decreases the amount of soluble and
aggregated muHTT, concomitantly improving motor and non-motor behaviour in treated HD mice,
suggesting that GM1 is a disease-modifying therapy in HD models (273). The mechanisms by

which GM1 decreases the amount of soluble and aggregated muHTT protein, are still unknown.

In this chapter, I used two distinct cell models of proteotoxic stress to demonstrate that exogenous
supply of ganglioside GM1 decreases the accumulation of protein aggregates in vitro, in a cell-
autonomous manner (i.e. in homogenous cell populations and in the absence of potential
confounding effects from glia cells). The models developed in this chapter will also be used in
Chapters 5 and 6 to investigate the cellular mechanisms underlying the beneficial effects of GM1

treatment in HD.
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4.1.1. Ganglioside GM1: Synthesis and functions within the CNS

4.1.1.1. Synthesis

Glycosphingolipids are complex lipids, composed of a ceramide moiety and a sugar head group.
The ceramide moiety is composed by a long chain aminoalcohol, most commonly C:18 or C:20
(in the brain), with a double bond between carbons C4-C5 (sphingosine base), bound to a long
chain fatty acid (C:16 or longer). Mono or polysaccharide chains can be attached to the primary
alcohol group of the ceramide moiety. When a monosaccharide (e.g. glucose or galactose) is
attached to ceramide, the resulting molecules are termed cerebrosides. If the sugar group is a
sulphated mono or di-saccharide, the glycolipids are called sulphatides. Complex
glycosphingolipids contain a linear or branched polysaccharide chain, and if at least one of those

saccharide units is a sialic acid, the molecule is classified as a ganglioside (Fig. 4.1A) (399,400).

The synthesis of glycosphingolipids, gangliosides included, takes place in two membrane
organelles: the ER and the Golgi apparatus. In the ER, the ceramide moiety is synthesized in a
multistep process that involves the condensation of an activated fatty acid, either palmitoyl-CoA
or stearoyl-CoA to a serine molecule, generating 3-keto-dihydrosphingosine. This reaction is
catalyzed by serine-palmitoyl transferase. 3-keto-dihydrosphingosine is further reduced, resulting
in hydroxy-dihydrosphingosine. Another acylation reaction, usually with a C:18 or a C:20 fatty
acid, results in the formation of dihydroceramide. At last, carbons C4-5 are desaturated to give rise
to ceramide (400). Ceramide can also be obtained from the re-acylation of the sphingosine

molecule resulting from the catabolism of ceramide carried out by the enzyme ceramidase (401).

Once ceramide is synthesized, it must be transported to the Golgi for further glycosylation.

However, ceramide has a very limited solubility in water, therefore it depends on two mechanisms
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of transport for its delivery to the Golgi. The first one is mediated by the ceramide transfer protein
(CERT), a cytosolic protein that is able to bind ceramide via its ceramide-binding domain, keeping
the ceramide in a soluble state. The second possibility is the transfer of ceramide via coatomer

protein (COP)-dependent vesicle transport (402).

Once in the Golgi, ceramide can be used for the synthesis of sphingomyelin, or be glycosylated
into one of the multiple (and abundant) species of glycosphingolipids. In this document, I will
briefly review the enzymatic steps that lead to the synthesis of gangliosides, and more specifically

of GM1 (Fig. 4.1B).

Ceramide is first glycosylated in a reaction catabolized by the enzyme UDP-glucose ceramide
glucosyltransferase (UGCG) to form glucosylceramide (GluCer) (400,402). Lactosylceramide
(LacCer) is then formed by the addition of a galactose unit, in a reaction catalyzed by the enzyme
lactosylceramide synthase (403,404). LacCer is then sialosylated to give rise to the simplest
ganglioside, GM3, by the enzyme sialyl-transferase I, (SAT I, encoded by the gene ST3GALS).
GM3 can be sequentially sialosylated to GD3 and GT3 by the addition of one or two more sialic
acid units, respectively. These reactions are catalyzed by the enzymes SAT II and SAT III
(encoded by the genes ST8SIAI and ST8SIA3, respectively) (405). GM3, GD3 and GT3 are the
first gangliosides in the series a, b, and ¢, respectively. Sequential glycosylation reactions give rise
to numerous gangliosides in each of the series. The details in the reactions and enzymes that lead
to the synthesis of all gangliosides belonging to all respective series, are out of the scope of this

document, but can be reviewed elsewhere (400,405).

Ganglioside GM1 (Fig. 4.1A) belongs to the a-series, and is the result of two sequential
glycosylation reactions after GM3 synthesis. GM3 is transformed into GM2 by attaching an N-

acetylgalactosamine in a reaction catalyzed by the enzyme [-1,4-N-acetyl-
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galactosaminyltransferase 1 (encoded by B4GALNT]I), followed by the transfer of a galactose unit
by the enzyme [-1,3-galactosyltransferase 4 (encoded by B3GALNT4) (400,405). Once
synthesized, GM1, together with other gangliosides, is transported from the Golgi to the plasma
membrane, presumably via budding vesicles. In support of this hypothesis, it is known that the
sugar headgroups of glycolipids face the lumen of the Golgi during synthesis, but in the plasma

membrane, they face the extracellular side (400,405).

It is important to mention that, although I focused on reviewing the synthesis of ganglioside GM1,

other gangliosides such as GD1a, GD1b and GT1b are also highly enriched in the brain (406).

4.1.1.2. Functions of ganglioside GM1

Ganglioside GM1 is highly enriched in the brain. It is mostly found in the plasma membrane as
part of the lipid rafts but also localizes to recycling and late endosomes, lysosomes, Golgi and ER
(406). Due to its localization in the membrane, and by interacting with many protein partners, GM1
modulates a plethora of cellular functions, including cell growth, differentiation, apoptosis, and

more (406).

For instance, Wu and collaborators (407,408) determined that increasing the concentration of GM1
at the plasma membrane, either by exogenous supply of it or by treatment with sialidases of
bacterial origin, promoted the generation of dendrites and an increased influx of calcium in
neuroblastoma cells. Years later, the same research group reported that the induction of the neurite
outgrowth was due to an interaction of GM1 with a5f1 integrin that, through a signaling cascade
dependent on phospholipase Cy, promoted the opening of the transient receptor potential cation

channel C5 (TRPCS), permitting the influx of calcium and stimulating the neurite outgrowth (409).
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Furthermore, axotomy increases the expression of neuraminidase 3 (NEU3) at the site of the lesion.
This increase in NEU3 expression causes an increase in the ratio of GM1 to other gangliosides.
Inhibition of NEU3 impairs axonal regeneration while exogenously supplied sialidase promotes
it, suggesting that the presence of GM1 at the level of the plasma membrane, and localized at the

site of lesion, is important for axonal regeneration (410).

GM1 also interacts with the receptors of neurotrophins/growth factors, altering their properties.
Example of this phenomenon is the work of Mutoh and collaborators (411) reporting that GM1
binds directly to the TrkA receptor. This interaction potentiates the effects of nerve growth factor
(NGF), the natural ligand of TrkA. In the presence of GMI, the level of autophosphorylation of
TrkA, a measure of its activity, is more than 3-fold when compared to non-treated cells, thus
promoting NGF effects such as neurite outgrowth and neurofilament expression in PC12 cells.
Likewise, treatment with phorbol-12-myristate-13-acetate (PMA) decreases the association of
GMI1 to TrkB receptor. Under these conditions, brain-derived neurotrophic factor (BDNF)
treatment is unable to promote the phosphorylation of TrkB, suggesting that GM1 has a role in the

proper activation of neurotrophin receptors by their natural ligands (412).

But not all growth factor receptors are potentiated by GMI. In fact, Swiss 3T3 fibroblasts
overexpressing enzymes involved in the synthesis of GM1 show less proliferation after stimulation
with platelet-derived growth factor (PDGF). This reduced growth correlates with a reduced
phosphorylation of the PDGF receptor, as well as with less activation of mitogen-activated protein
(MAP) kinases downstream. Researchers also found less PDGF receptor in purified glycolipid-
enriched microdomains in cells overexpressing GM1 in comparison to control cells, suggesting
that excess of GM1 displaces the PDGF receptor out of the glycolipid-enriched microdomains,

impairing its proper function (413).
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Ganglioside GM1 may also have a function in the axon-myelin interaction. Mice lacking GM1 and
GD1a, another ganglioside of the a-series, show defects in the adhesion of paranodal loops to the
axonal membrane. Contactin associated protein 1 (CASPR) and neurofascin 155 (NF155), two
proteins involved in the organization and assembly of the Ranvier node, are decreased in these
mutant mice. Electrophysiological studies revealed slower nerve conduction and reduced nodal
sodium currents in these mice, indicating the importance of gangliosides, particularly GM1 and

GD1a, in the interaction of neuron-glia at the level of paranodes (414).

4.1.2. Ganglioside GM1 and neurodegeneration

GM1, or alterations in its metabolism, have been associated with the pathophysiology of various

neurodegenerative diseases, including AD, PD and HD (406).

One of the most accepted hypotheses regarding AD pathogenesis is the amyloid hypothesis. In
summary, it states that the deposition of amyloid B (AB) peptide within the neuropil, product of
the cleavage of the amyloid precursor protein (APP), is the main driver of the pathology observed
in AD. Other events, such as the neurofibrillary tangles and neurodegeneration, are secondary to

the AP deposition (415).

Yanagisawa and collaborators (416,417) reported on a new species of AP, the GM1-bound AP,
that characteristically interacts with membranes and has different physical properties than unbound
APB. Further studies demonstrated that GM1-bound AP was able to act as a seed, accelerating the
kinetics of aggregation of AP species in vitro. Furthermore, aggregates that were formed in the
presence of GM1 were shown to be toxic to cultured primary neurons (418). GM1-bound A is

also present in human tissue specimens from AD patients (418).
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The interaction between A and GM1 could explain some of the electrophysiological phenomena
observed in AD. For instance, AP oligomers injected into the brain interstitial fluid are rapidly
depleted from the liquid phase and can then be recovered from membranes as GM1-bound Ap.
Oligomers of A inhibit long-term potentiation (LTP), an electrophysiological property that is
interpreted as an indication of synapse strength and is considered by many to be the cellular basis
of memory. If hippocampal slices are pre-treated with cholera toxin, blocking the access to GM1
in the membranes, AP oligomers are unable to inhibit LTP (419). GM1 may also promote the
biogenesis of AP peptides without changing the levels of full-length APP protein. These data
suggest that GM1 may alter the pattern of cleavage of APP, promoting the generation of pro-

aggregating peptides (420).

PD is a neurodegenerative disease characterized by a selective dopaminergic neuronal loss in the
substantia nigra pars compacta, due to unknown causes. Clinically, it is characterized by
hypokinesia and resting tremor, and although its cause is still under research, one pathological
hallmark found in almost all patients is the aggregation of protein a-synuclein (asyn) in inclusion
bodies called Lewy bodies, not only in the dopaminergic neurons of the substantia nigra, but also

in other regions of the brain, and even in the enteric nervous system (421).

Early studies done in neurotoxic models of PD, such as the treatment of cultured mesencephalic
neurons with 2,4,5-trihydroxyphenylalanine (TOPA), showed that ganglioside GM1 had
neuroprotective properties against apoptosis induced by TOPA (422). GM1 has also be found to
interact directly with asyn, promoting an a-helix conformation and thus, inhibiting the asyn fibril
formation. Importantly, mutations in asyn associated to familial PD showed to have no association

with GM1 (423).
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GMI1 also showed some beneficial effects in a rat model of PD induced by injection of 6-
hydroxydopamine (6-OHDA) into the mesencephalon. Administration of intraperitoneal GMI in
6-OHDA-injected rats decreased the amount of glutamate in the striatum, cerebral cortex and
hippocampus, while the expression of pro-apoptotic proteins, such as B-cell lymphoma 2 (BCL-
2) was significantly decreased in the substantia nigra and striatum of GM 1-treated rats. GM1 was
also able to partially improve motor behaviour in the rats injected with 6-OHDA (424). A second
research group using the same model of PD, was able to reproduce the GM1-beneficial effects on
motor behaviour. Authors also demonstrated that expression of pro-inflammatory cytokines, such

as interleukin B, was reduced upon treatment with GM1 (425).

Importantly, mice with partial deficiency of GM1 and GD1a gangliosides due to a heterozygous
mutation in B4galntl gene, show symptomatology compatible with PD and a selective loss of
tyrosine hydroxylase-positive (TH") neurons in the subthalamic nucleus, similar to human patients
with PD. These symptoms were alleviated by treatment with levo-DOPA, an analog of dopamine,
or with LIGA20, a membrane-permeable analog of GM1. Moreover, the levels of GMI are

decreased in nigral dopaminergic neurons of PD patients, compared to age-matched controls (426).

4.1.3. Ganglioside GM1 and HD

Previous work in Dr. Sipione’s laboratory has shown that GM1 levels are reduced in human HD
fibroblasts, as well as in two striatal cells lines expressing either the full-length or an N-terminal
fragment of muHTT (272). GMI1 deficiency was also observed in the cortex and striatum of
YACI128 mice. The reduced levels of ganglioside GM1 in HD cells and brains of YAC128 mice
were correlated with a decreased expression of enzymes of the ganglioside synthetic pathway.
Moreover, restoring levels of GM1 by exogenous supply, protected HD striatal cell from apoptosis
(272).
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Our laboratory also showed that intracerebroventricular (ICV) infusion of GM1 into YAC128 mice
restored motor behaviour and increased the expression and activation of DARPP32, a specific
marker of medium spiny neurons that is downregulated in HD (115). Cognitive and psychiatric-
like dysfunctions were also corrected in Q140 mice after GM1 treatment (273). In R6/2 mice, a
model with accelerated disease progression (166), treatment with GMI1 decreased

neurodegeneration and weight loss (273).

Importantly, GM1 ICV infusion reduced the amount of SDS-insoluble muHTT aggregates in the
cortex of R6/2 mice, and both soluble muHTT and SDS-insoluble muHTT levels in the striata of
Q140/140 mice (Fig. 4.2). Expression of the Htt gene was unaltered in treated mice, suggesting
that changes in transcription are not responsible for the reduction of muHTT aggregates observed
with GM1 treatment. Reduction of muHTT in its soluble and insoluble form might be an important
mechanism that could explain neuroprotection and behavioural improvement in HD mice treated

with GM1 (273).

4.1.4. The aggresome: A general response to misfolded proteins and proteotoxic stress

Upon proteotoxic stress caused by the accumulation of misfolded or toxic proteins, cells usually
respond by promoting the generation of large perinuclear aggregates, named aggresomes. These
aggregates not only contain the misfolded/toxic protein, but they also immunoreact with anti-
ubiquitin antibodies, and contain protein p62, an autophagy adaptor protein. For this reason, these

structures are also referred to as p62-aggresomes or p62-bodies (427-430).

The formation of aggresomes is a common cellular mechanism to cope with potentially toxic

proteins, and it has been observed in multiple neurodegenerative diseases including prion disease
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(431,432), AD (433,434), amyotrophic lateral sclerosis (ALS) (435,436), PD (437-440) and HD

(232,441-443), all of which are characterized by the accumulation of a misfolded toxic protein.

Characteristically, aggresomes are found as a distinct population of p62-positive particles. Under
regular conditions, when cells are not under proteotoxic stress, cells do contain p62-positive
particles that are small and distributed across the cell body, measuring under 0.2 um in diameter.
Instead, aggresomes are bigger, ranging in size from 0.5-2.0 pm in diameter, and are localized in
proximity of the nucleus, at the microtubule organizing centre (MTOC) as evidenced by their
colocalization with y-tubulin, a specific marker of the MTOC. The aggresomes may vary among
different cell types, and depending on the protein that is inducing the formation of the aggresome,
among other factors (427,443,444). Besides size and localization, the morphology of aggresomes
is also distinctive with respect to other p62 particles. Since p62 is preferentially localized in the
periphery of the aggresome, when cells are labelled by immunostaining with anti-p62 antibodies,
aggresomes appear to have an empty core, surrounded by p62 signal (443). Characteristically, the

intermediate filament vimentin is also localized in the periphery of the aggresomes (427).

Aggresomes are enriched in components of protein quality control systems, such as the 20S subunit
of the proteasome, proteasome activators PA700 and PA28, ubiquitin, and molecular chaperones
such as HSP70, HSP90 and TCPI-chaperonin. This suggests that aggresomes are not passive
structures formed only by the toxic proteins, but rather a dynamic structure in which degradation

or unfolding of toxic proteins may occur (427,444-446).

In the specific context of HD, expression of the exonl of HTT containing an expanded polyQ
stretch promotes the formation of aggresomes in cultured cells. These aggresomes are
immunoreactive for the transgene, but also for ubiquitin, the 20S and 19S components of the

proteasome, as well as molecular chaperones including HSP70 and HSP40 (232). Importantly,
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muHTT fragments co-immunoprecipitate with p62 while WT fragments do not, suggesting that
p62 binds to an ubiquitinated form of muHTT within the aggresomes (442). Aggresomes formed
by N-terminal fragments of muHTT are usually decorated with p62, which localizes almost
exclusively at the edges of the aggresome (Fig 4.3). This “shell” formed by p62 colocalizes with
LC3, a known marker of autophagosomes, and protein p62 has been found inside of
autophagosomes, suggesting that at least partially, these structures are degraded via autophagy
(443). Furthermore, treatment of cells expressing N-terminal fragments of muHTT with
rapamycin, an inducer of autophagic activity, causes a slight decrease in p62 content, whereas
treatment with bafilomycin A, an inhibitor of autophagic flux, causes further accumulation of p62
(443). It is important to mention that muHTT aggregates also colocalize with ubiquitin and p62 in
tissue sections from R6/2 mice, suggesting that muHTT also induces the formation of aggresomes

in vivo, in mouse models of HD (442).

Protein aggregates formed by muHTT can be analyzed by filter trap assay (also known as filter
retardation assay) due to their insolubility in SDS (286,441). The intensity of the signal generated
by insoluble muHTT trapped on top of the filter in this assay correlates with the number of cells
containing aggresomes, when analyzed by microscopy (232). SDS-insoluble aggregates of
muHTT are detected in brain lysates from R6/2 mice as well (447), suggesting that such aggregates

are also formed in vivo.

The formation of aggresomes does not only occur after expression of mutant misfolded proteins,
but it can also be induced by pharmacological inhibition of the ubiquitin-proteasome system
(UPS). In fact, early studies done before the coinage of the term “aggresome” reported that the
proteasome inhibitor N-benzyloxycarbonyl-Ile-Glu(O-t-butyl)-Ala-leucinal (proteasome inhibitor

I, PSI), causes the formation of perinuclear structures that were enriched in proteasome

110



components and ubiquitin, that were also detectable with amido black staining, a stain for general
proteins, in various cell lines. Interestingly, co-treatment with cycloheximide or nocodazole
impedes the formation of such aggregates, indicating the importance of protein synthesis and the

microtubule network in the formation of such structures (445,448).

Years later, Wojcik and collaborators (449) demonstrated that treatment of HelLa cells with
MG132, a known inhibitor of the proteolytic activity of the UPS, causes a significant increase in
the total cellular content of poly-ubiquitinated proteins and the formation of aggresomes,
confirmed by the presence of ubiquitin, 26S proteasome, and pericentrin (a known marker of the
MTOC). Likewise, Salemi and collaborators (450) showed that HeLa and HEK293 cells treated
with MG132 contain aggresomes after 16 hours of treatment. Therefore, general inhibition of the
UPS recapitulates, at least in part, cell responses and features induced by expression of muHTT

and other pathogenic proteins involved in protein misfolding diseases.

In this chapter, I investigated the effects of GM1 administration in cell models of protein
aggregation. Cell lines expressing full-length muHTT do not form muHTT aggregates under
normal conditions (262) a phenomenon that is not well understood yet. To circumvent this issue,
I used cells transfected with the exonl of the mutant H7T gene, which codes for an N-terminal
fragment of muHTT that is prone to aggregation and has increased toxicity when expressed in
animal models (166). This model is very relevant to the human disease, since exon 1-derived HTT

fragments are produced by aberrant splicing in human HD patients (165,167).

In addition, to determine whether the effects of GM1 administration on protein aggregates is HD-
specific or more general, I used cells where aggresomes were generated by treatment with the UPS

inhibitor MG132.
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4.2. Results

4.2.1. Treatment with ganglioside GM1 reduces the amount of muHTT aggregates in cell

models of HD

Striatal cells (STHdh Q7/7) expressing a plasmid encoding the exon 1 of the HTT gene with an
expanded polyglutamine stretch (72Q) and tagged with eGFP (Ex1-72Q-HTT-eGFP) developed

perinuclear aggregates containing the chimeric muHTT fragment and decorated by p62 (Fig 4.3).

To determine the effect of GM1 on muHTT aggregates, striatal cells (ST14A) were transfected
with Ex1-72Q-HTT-eGFP (Fig. 4.4A). After transfection, cells were treated with GM1 (50 uM)
or with vehicle for 24 h, then fixed and analyzed by fluorescence microscopy. The mean number
of aggregates per cell was not significantly different between treated and untreated cells (data not
shown). However, the cumulative relative frequency distribution of the size of muHTT aggregates
was shifted to the left in cells treated with GM1 (Fig. 4.4B), suggesting an overall decrease in
muHTT aggregate size. In fact, the mean area of muHTT aggregates was 22.8% + 3.98 lower in
GMI-treated cells compared to untreated (Fig. 4.4C). These results suggest that GM1 might
decrease or slow down aggresome formation, or may facilitate its degradation. Unfortunately, the
low transfection efficiency (~1%) in this model prevented any further biochemical analysis. In
order to increase transfection efficiency, and to specifically analyze the effects of GM1 on muHTT
insoluble aggregates, I turned to a second neuronal model represented by neuroblastoma N2a cells
(277) transiently transfected with GFP alone, Ex1-25Q-HTT-eGFP or Ex1-72Q-HTT-eGFP. After
transfection, cells were treated with GM1 (50 uM) for 24 h, and HTT SDS-insoluble aggregates
were analyzed by filter-trap assay, using an antibody against GFP. GFP- or Ex1-25Q-HTT-eGFP-

transfected cells did not show any SDS-insoluble aggregates, as expected (Fig. 4.4D). Instead,
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Ex1-72Q-HTT-eGFP-transfected cells did form SDS-insoluble aggregates, and the amount of
these was decreased after GM1 treatment by ~66% when compared to untreated cells (Fig. 4.4D).
This reduction in SDS-insoluble muHTT aggregates after GM1 treatment was replicated in HeLa
cells stably expressing Ex1-72Q-HTT-eGFP, although in this model the reduction in GM1-treated

cells was only ~14% compared to untreated (Fig. 4.4E).

4.2.2. Treatment with ganglioside GM1 reduces protein aggregation in striatal cells after

inhibition of the proteasome

Next, I assessed the effects of GM1 on a muHTT-independent model of proteotoxic stress:
inhibition of the ubiquitin-proteasome system (UPS). Similar to cells expressing muHTT,
pharmacological inhibition of the UPS by MGI132 causes accumulation of polyubiquitinated
proteins and formation aggresomes, which are characteristically localized perinuclearly and
decorated by p62 (387, 401, 440). This suggests that, although aggresomes in both cases are
originated as a response to totally different stimuli, the formation of aggresomes after expression

of muHTT or after UPS inhibition may share molecular and cellular mechanisms.

STHdh Q7/7 cells were incubated with vehicle or with MG132 (0.5 uM) alone or in combination
with GM1 (50 uM) for 1 h, 2.5 h or 5 h. As expected in the presence of MG 132, cells accumulated
polyubiquitinated proteins, as detected with a pan-ubiquitin antibody, or with a specific K63-
linked ubiquitin antibody in a time-dependent manner. In a short time-course, GM1 did not prevent
accumulation of polyubiquitinated proteins (Fig.4.5A). However, after 24 h, GMI co-
administration resulted in reduced accumulation of pan-ubiquitinated (Fig. 4.5B) as well as K63-
linked polyubiquitinated proteins (Fig. 4.5C) in STHdh Q7/7 cells, when compared to MG132
treatment alone. GM1 alone did not affect the levels of pan- or K63-linked polyubiquitinated

proteins, when compared to vehicle. These data suggest a potential effect of the ganglioside on
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proteostatic mechanisms responsible for the elimination of misfolded and/or ubiquitinated proteins

(e.g. autophagy and/or protein elimination through extracellular vesicles).

Proteasome inhibition and proteotoxic stress cause accumulation of ubiquitinated proteins into
aggresomes (p62-bodies) (449,450), identified by microscopy as large p62-positive intracellular
inclusions with an empty core (427,428,450,451). About 37% of STHdh Q7/7 cells treated with
MGI132 alone developed aggresomes. Surprisingly, this proportion dropped to 17% when cells
were co-treated with GM1 (Fig. 4.6A, B). Moreover, preliminary confocal analysis suggests that
the mean size of p62-positive aggresomes was smaller in cells treated with a combination of
MG132 and GM1, compared to MG132 alone (Fig. 4.6C). Cells treated with GM1 alone were

indistinguishable from untreated controls (Fig. 4.6A-C).

Next, I sought to confirm my microscopy findings with a biochemical approach. Under proteotoxic
stress conditions, aggresomes become detergent-resistant and can be precipitated by centrifugation
of lysates prepared in mild detergents such as Triton X100. Moreover, it has been shown that the
amount of Triton X100-insoluble p62 (hereafter referred to as insoluble p62) correlates with the
number or the size of aggresomes in cell models of proteotoxic stress (393,452). Therefore, I
analyzed the levels of insoluble p62 in cells treated with MG132 in the presence or absence of

GM1.

In line with my previous findings, GM1 had no effect on insoluble p62 levels compared to MG132
alone at early time points (<5 h.). However, GM1 significantly decreased the amount of insoluble
p62 at 24 h of treatment (Figs. 4.7A-B), in line with the effects of the ganglioside on the
accumulation of polyubiquitinated proteins (Figs. 4.5A-C). GM1 however, had no effect on the
amount of soluble p62 in any of the models that were studied in my thesis, suggesting that GM1

may have effects only on aggresome (insoluble) p62.
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Observations done in immortalized striatal cells were replicated in rat cortical primary neurons
treated with MG132 (0.5 uM, 24 h) and two different doses of GM1 (50 uM and 100 uM, 24 h)

(Fig. 4.7C).

4.3. Discussion

My results suggest that administration of GMI results in a decrease in the accumulation of
aggresomes and insoluble muHTT in HD cells, as well as decreased accumulation of
polyubiquitinated proteins and insoluble p62 in a general model of proteotoxic stress, based on

pharmacological inhibition of the proteasome.

The formation of aggresomes appears to be a mechanism to cope with the toxicity of misfolded
and noxious proteins. It is common to multiple neurodegenerative diseases, including AD, PD,
ALS and HD, and even to pharmacological models of proteotoxic stress (inhibition of the UPS),
suggesting that the proteins and signalling pathways involved in the formation of aggresomes are
shared amongst various diseases, independently of the toxic protein/s that is/are sequestered

(427,430,445,448-450).

HTT misfolding and aggregation is central to HD pathogenesis. Thus, interventions that target this

process, or that promote the degradation of such aggregates are of great therapeutic interest.

Previous work in the Sipione laboratory showed that administration of GM1 to HD mouse models
reduced the amount of SDS-insoluble muHTT aggregates and resulted in a dramatic improvement
of both motor and non-motor signs of the disease (273). As transcription of the Hit gene is not
affected by GM1 (273) I hypothesized that GM1 might trigger proteostatic mechanisms that
prevent the accumulation of toxic muHTT, and that might mediate, at least in part, the therapeutic

and neuroprotective effects of GM1 in HD models.
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To determine whether GM1 decreases accumulation of misfolded proteins in a cultured cells, and
to investigate the underlying mechanisms, I used two well-established cell models of proteotoxic
stress: 1) expression of N-terminal fragments of muHTT; and i1) pharmacological inhibition of the

UPS using MG132.

Transfection of Ex1-72Q-HTT-eGFP into a striatal cell line resulted in evident perinuclear
aggregation of the chimeric protein, as previously reported (232,441,442). Treatment with
ganglioside GM1 was able to reduce the size of these perinuclear aggregates in a preliminary
analysis. In line with these observations, N2a and HeLa cells expressing Ex1-72Q-HTT-eGFP did
show significant reduction of muHTT SDS-insoluble aggregates after treatment with GM1. These
results confirmed that GM1 treatment can reduce the amount of muHTT aggregates in cultured

cells.

Interestingly, the effects of GM1 were more profound in N2a than in HeLa cells, even though the
dose of GM1 and the time course of treatment were similar. This could be due to a number of
different factors. First, it is possible that GM1 may not be equally incorporated into the two cell
lines, affecting muHTT aggregates to different extents. Second, while the N2a cells used in these
experiments were transiently transfected with Ex1-72Q-HTT-eGFP, HeLa cells were stably
expressing the transgene. Consequently, the levels of cellular stress potentially affecting
experimental results might be quite different between the two models. Finally, cells of neuronal
origin, such as N2a cells, may have more efficient proteostatic mechanisms in place, compared to
HeLa, due to their higher vulnerability to proteotoxic stress. Thus, GM1 may be more effective at

enhancing such mechanisms in N2a than in HeLa cells.

GM1 was shown to trigger the phosphorylation of muHTT at Ser13 and Ser16 residues (115), a

post-translational modification that can target muHTT for degradation via proteasome and
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lysosome (112). While HTT phosphorylation might contribute to the reduction of muHTT
aggregates induced by GM1, it is unlikely to be the only mechanism, since GM1 was able to
decrease levels of polyubiquitinated proteins and insoluble p62 in a different and HTT-
independent paradigm of proteotoxic stress. In line with the reduction in insoluble p62, GM1 was
also able to decrease the proportion of cells containing visible aggresomes detected by p62

immunolabeling in this general model of protein aggregation.

The effects of GM1 on the accumulation of polyubiquitinated proteins during proteotoxic stress
were modest compared to the reduction of aggresomes and insoluble p62. This might be due to the
fact that ubiquitination of proteins, including K63-linked ubiquitination, is a post-translational
modification that does not occur exclusively for the targeting of proteins to the aggresome. Instead,
K63-linked ubiquitination also plays several roles in DNA repair (453), vesicular trafficking (454),

and incorporation of cargo proteins into EVs (455-457).

Although in my studies I did not measure transgene expression upon administration of GM1, it is
unlikely that GM1 would have affected expression of the transgene (Ex1-72Q-HTT-eGFP) in our
cell models, since the latter was driven by a cytomegalovirus (CMV) promoter, which is known
for its high efficiency and strength, and is generally not regulated by intracellular signaling events.
Furthermore, our previous studies in HD animal models showed no changes in Htt gene expression

upon treatment with GM1 (273).

One potential explanation for the effects of GM1 on protein aggregates is that GM1 would slow
down aggregate formation, rather than promoting clearance. Although this hypothesis cannot be
excluded and will require further specific testing, two lines of evidence suggest that GM1 might
affect clearance of muHTT: 1) levels of soluble muHTT were decreased by GM1 treatment in vivo

(273), or not significantly changed in cell models (Chapter 6). If GM1 had an effect exclusively
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on the aggregation process, one could have expected levels of soluble HTT to proportionally
increase; 2) GM1 decreased insoluble p62 levels at late, but not early time points, suggesting

activation of degradative pathways once aggresomes are formed.

Although I never observed any toxicity of GM1 in my experiments, the effects of the ganglioside
on cell viability were not directly assessed in this thesis, since previous studies in our laboratory
extensively demonstrated anti-apoptotic and neuroprotective activity of GM1 in cell (272) and

animal models (273).

Autophagy is a cellular process involved in the elimination of misfolded and aggregated proteins
in various proteotoxic conditions, including expression of muHTT (458,459) and inhibition of the
proteasome (218,460). Therefore, I hypothesized that GM1 might activate autophagy to promote
the degradation of muHTT in HD models, or polyubiquitinated proteins and aggresomes when

UPS is blocked.

In the next chapter, I will describe a series of experiments aimed to investigate whether treatment
with exogenous GMI1 is able to engage or increase autophagic protein degradation during

proteotoxic stress caused by UPS inhibition, as well as after the expression of muHTT.
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4.4. Figures

Figure 4.1. Ganglioside GM1: Structure and synthesis
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Figure 4.1. Ganglioside GM1: Structure and synthesis
A) Schematic representation of the GM1 molecule.

(Reproduced from (461): Orthaber, D. and O. Glatter (1998). "Time and temperature dependent
aggregation behaviour of the ganglioside GM1 in aqueous solution." Chem Phys Lipids 92(1):
53-62)

B) Simplified diagram of the synthesis of GM1. Enzymes are indicated in red (Cer = Ceramide.

GlcCer = Glucosylceramide. LacCer = Lactosylceramide).

(Reproduced from (272): Maglione, V., et al. (2010). "Impaired ganglioside metabolism in
Huntington's disease and neuroprotective role of GM1." J Neurosci 30(11): 4072-4080)
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Figure 4.2. Ganglioside GM1 administration reduces the amount of muHTT in the brains of

Q140/140 mice
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A)Representative immunoblot against full-length HTT in striatum lysates from Q7/140 and
Q140140 mice, injected intracerebroventricularly with artificial cerebrospinal fluid (CSF) or

GM1 solution, for 42 days. SWIFT® total protein staining was used as loading control.

B) Densitometric analysis of muHTT (A, top band). muHTT abundance values from Q7/140 and
Q140/140 mice were pooled together. CSF N=9; GM1 N=7. Bars show median values + range.
Two-tailed Student’s t-test. *»<0.05.

C) SDS-insoluble muHTT aggregates detected by filter trap assay in striatum lysates of Q140/140
mice treated with artificial cerebrospinal fluid (CSF) or GM1. N18, EM48, MW8 and PW0595
are antibodies directed against different portions of the HTT protein. Brain lysate from WT

mice was used as negative control.

D) Densitometric analysis of the N18-positive signal from (C). CSF N=12; GM1 N=11. Bars show

median values + range. Mann-Whitney test. **p<0.01.

(Modified from (273): Alpaugh, M., et al. (2017). "Disease-modifying effects of ganglioside
GMI1 in Huntington's disease models." EMBO Mol Med 9(11): 1537-1557)
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Figure 4.3. Aggregates formed by muHTT are decorated by p62

Q.

Nucleus

Representative confocal microscopy image of an STHdh Q7/7 cell transiently transfected with
Ex1-72Q-HTT-eGFP (muHTT, white), immunolabeled with p62 (red) and stained with
Lysotracker® (green). Observe how p62 decorates the perinuclear aggresome formed by muHTT

(Scale bar =5 pum).
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Figure 4.4. Ganglioside GM1 treatment reduces the amount of muHTT aggregates in cell

models
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Figure 4.4. Ganglioside GM1 treatment reduces the amount of muHTT aggregates in cell

models

A)Representative pictures of STI14A cells transiently transfected with Ex1-72Q-HTT-eGFP
(muHTT, green), treated with vehicle or GM1. Nuclei were stained with DAPI (blue).

B) Cumulative relative frequency distribution of the area of muHTT aggregates in transfected cells.

Treatment with GM1 shifts the curve to the left. Kolmogorov-Smirnov test. p=0.012. N=1.

C) Mean muHTT aggregate area in cells treated with vehicle or GM1. A total of 230 and 328 cells
were included in the analysis, respectively. Bars show mean values + SEM. Two-tailed

Student’s t-test. *»<0.05. This experiment was performed only once.

D)Representative filter trap and densitometric analysis of lysates of N2a cells transiently
transfected with GFP, Ex1-25Q-HTT-eGFP or Ex1-72Q-HTT-eGFP and treated with vehicle or
GM1 for 24 h. Bars show mean values + SD of 3 independent experiments. Two-tailed Student’s

t-test. *p<0.05.

E) Representative filter trap and densitometric analysis of lysates of HeLa cells stably expressing
Ex1-72Q-HTT-eGFP, treated with vehicle or GM1 for 24 h. Bars show mean values + SD of 3

independent experiments. Two-tailed Student’s t-test. **p<0.01.
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Figure 4.5. Ganglioside GM1 treatment reduces accumulation of polyubiquitinated proteins

in STHdh Q7/7 cells undergoing proteotoxic stress
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Figure 4.5. Ganglioside GM1 treatment reduces accumulation of polyubiquitinated proteins

in STHdh Q7/7 cells undergoing proteotoxic stress

A) Immunoblot against pan-ubiquitin and K63-linked ubiquitin in STHdh Q7/7 cells treated with
MG132 alone (0.5 uM) or in combination with GM1 (50 uM) for 1, 2.5 and 5 hours. Numbers
below blot represent fold-change vs untreated. Tubulin was used as loading control. This

experiment was performed only once.

B) Representative immunoblot and densitometric analysis of pan-ubiquitin in STHdh Q7/7 cells
treated with MG132 (0.5 uM), GM1 (50 uM) or combination of both, for 24 h. The graph shows
the mean + SD of 3 independent experiments comparing values of MG132/GMI1 treated cells
vs. MG132 alone. Two-tailed Student’s t-test. **p<0.01.

C) Representative immunoblot and densitometric analysis of K63-linked ubiquitin in STHdh Q7/7
cells treated with MG132 (0.5 pM), GM1 (50 uM) or combination of both, for 24 h. The graph
shows the mean + SD of 3 independent experiments comparing values of MG132/GMI1 treated

cells vs. MG132 alone. Two-tailed Student’s t-test. **p<0.01.
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Figure 4.6. GM1 treatment reduces the number and size of aggresomes in STHdh Q7/7 cells

undergoing proteotoxic stress
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Figure 4.6. GM1 treatment reduces the number and size of aggresomes in STHdh Q7/7 cells

undergoing proteotoxic stress

A)Representative images of STHdh Q7/7 cells treated with MG132 (0.5 uM), GM1 (50 uM) or
combination of both, for 24 h, immunolabeled with anti-p62 antibodies (red). Nuclei were
stained with DAPI (blue) (Scale bar = 5 um). Boxed areas are magnified on the right of each

image to show details of the aggresomes (Scale bar =2 pum).

B) Quantification of cells containing aggresomes after treatment with MGI132, GM1 or
combination, in 3 independent experiments. Bars show mean values + SD. One-way ANOVA

with Tukey-Kramer post-hoc correction. *»<0.05, **p<0.01.

C) Area of p62-positive aggregates. Confocal microscopy images were obtained from slides shown
in (A). Bars show mean values =+ SEM, One-way ANOVA with Tukey-Kramer post-hoc

correction. ****p<0.0001. This analysis was performed in 49-53 cells in only one experiment.
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Figure 4.7. Ganglioside GM1 treatment reduces the amount of Triton X100-insoluble p62 in

neuronal cells undergoing proteotoxic stress
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Figure 4.7. Ganglioside GM1 treatment reduces the amount of Triton X100-insoluble p62 in

neuronal cells undergoing proteotoxic stress

A) Immunoblot for soluble and insoluble p62 in STHdh Q7/7 cells treated with MG132 alone (0.5
uM) or in combination with GM1 (50 uM) for 1, 2.5, 5 and 24 h. Numbers below blot represent
fold-change vs untreated. Tubulin was used as loading control. This experiment was performed

only once.

B) Representative immunoblot for p62 in Triton X100-soluble and insoluble fractions from lysates
of STHdh Q7/7 cells treated with MG132 (0.5 uM), GM1 (50 uM) or combination of both for
24 h. Densitometric analysis of insoluble p62 shows the mean + SD of 5 independent

experiments. Two-tailed Student’s t-test. **p<0.01.

C) Representative immunoblot for p62 in Triton X100-soluble and insoluble fractions from lysates
of primary cortical rat neurons treated with MG132 (0.5 uM), GM1 (50 uM or 100 uM) or
combination of both for 24 h. Densitometric analysis of insoluble p62 shows the mean + SD of
3 independent experiments. One-way ANOVA with Tukey-Kramer post-hoc correction.

*54p<(.001, #**%p<0.0001.
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Chapter S: Autophagy is not involved in the reduction of

protein aggregates after GM1 treatment

This chapter is my original work.
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5.1. Introduction

In the previous chapter, I presented evidence that treatment with ganglioside GM1 reduces the
accumulation of misfolded/toxic proteins in two different paradigms of proteotoxic stress: i)
expression of muHTT N-terminal fragments and ii) pharmacological inhibition of the UPS.
Moreover, GM1 did not prevent the accumulation of polyubiquitinated proteins nor the formation
of insoluble p62 mediated by MG132 in a shorter time-course (<5h), but rather decreased the
accumulation of both after 24 h of treatment. This suggests that GM1 promotes the clearance of

already misfolded and aggregated proteins, instead of preventing their aggregation.

It has been shown that protein aggregates, including muHTT aggregates, are preferentially
degraded by autophagy (458,459,462,463). Thus, I explored whether GM1 promotes degradative
pathways such as autophagy in an attempt to explain how GM1 treatment reduces accumulation

of protein aggregates in cell models (Chapter 4) and in animal models of HD (273).

5.1.1. Autophagy: Molecular basis

Macroautophagy (commonly known as autophagy) is one of the various processes of intracellular
degradation that cells use to eliminate defective proteins, organelles and even infectious agents. It
is mainly characterized by the formation of autophagosomes: organelles composed of a double-
membrane that engulf targets that have been “tagged” for degradation (245,464). The
autophagosomes, at the very end of the autophagic process, fuse with the lysosomes in order to
degrade and recycle the building blocks of the materials being digested. Macroautophagy takes
place in basal conditions to ensure homeostasis of proteins and cellular components, but it can also

be induced and enhanced under certain conditions such as nutrient deprivation or proteotoxic stress
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(245). Autophagy plays a role in various cellular processes such as ageing (465), apoptosis (466),

protection against oxidation (467), neurodegeneration (468) and many more.

Autophagy has been typically classified in two different, but related categories: bulk autophagy
and selective autophagy. Bulk autophagy is the process by which cells non-selectively degrade
cellular components or organelles in an attempt to correct a nutritional deficiency. It is triggered
by the lack of nutrients, more specifically amino acids, and the lack of growth factors (245).
Selective autophagy instead, mediates the degradation of aggregated/toxic proteins or damaged
organelles, among other elements. It depends on adaptor proteins and/or “eat me” signals that
allow the autophagosome to recognize specifically (hence, the name) the material to be degraded.
Selective autophagy can be further divided into subcategories depending on the cellular
components that are degraded (e.g. mitophagy, lipophagy, aggrephagy, etc.). Selective autophagy
can also be triggered in conditions of proteotoxic stress caused by inhibition of the proteasome,
and although the mechanisms of cross-talk between these two degradative pathways are still under
investigation, proteins such as p53 (469), parkin (470) and pathways such as JNK and the unfolded
protein response (UPR) (471), have been identified to have roles in the cross-talk between UPS

inhibition and autophagy.

Although it is known that different subcategories of selective autophagy depend on different
systems of cargo recognition (472,473), it is believed that the mechanism of formation of
autophagosomes, herein referred to as the “core machinery of autophagy”, is similar across the

different subcategories of selective autophagy.

133



5.1.2. The core machinery of autophagy

Autophagosome formation comprises the synthesis or the elongation of pre-existing membranes
in order to form vesicles capable of containing the material to be degraded. The origin of the
cellular membranes which will make part of the autophagosomes is still under investigation (474),

but some of the proteins or protein complexes involved in the process have been already elucidated.

In general, the ultimate function of the core machinery is the creation of the autophagosomes.
Although the formation of autophagosomes is a continuous process, it can be divided into three
(overlapping) steps: 1) initiation of autophagy, ii) formation of the nascent autophagosome and iii)

elongation of autophagosome membranes.

Initiation of autophagy is mediated by the unc-51-like (ULK) complex, led by ULKI
serine/threonine kinase (also known as ATG1). ULK complex is the starting point and the key link
between autophagy and cellular metabolic status (475). ULK complex is regulated by the
mammalian target of rapamycin complex 1 (mTORC1) complex via inhibitory phosphorylation.
Under nutrient-rich conditions, ULK is sequestered and inhibited by mTORCI, but during
starvation, mMTORC1 dissociates from the aforementioned complex, releasing ULK and promoting
its activation, as well as the activation of proteins downstream of ULK (476). In addition, the
mammalian homolog of ATGI13 (mATGI3) is dephosphorylated upon inactivation and
dissociation of mTORCI, favouring its interaction with the ULK proteins. Interaction of mATG13

with ULK complex promotes the initiation of autophagy (476,477).

Once autophagy has initiated, the formation of the nascent autophagosome takes place and
involves the class III PI3K complex that includes hVSP34, beclin 1 (the ortholog of ATG6), p150,

BARKOR and UVRAG (478-480). Upon starvation, BARKOR localizes to ATG16L- and LC3-
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positive structures (phagophore and autophagosome, respectively). Depletion of BARKOR
impairs the formation of autophagosomes (481) and overexpression of this protein induces the
phosphatidylinositol kinase activity of hVSP34, essential for the recruitment of other ATG
proteins. A possible role for BARKOR is to direct the class III PI3K complex to the nascent
phagophore and to collaborate in the recruitment of other autophagy-related proteins (478,482).
UVRAG (together with BIF-1) is proposed to play a role as a membrane-bending element in the

formation of the nascent autophagosome (483).

Finally, the membranes of the nascent autophagosome are expanded and elongated with the help
of ubiquitin-like proteins and conjugation systems. To date, two ubiquitin-like proteins and their
respective conjugation systems have been identified: ATG12 and LC3. ATGS is conjugated with
ATGI2 in a concerted action of ATG7 (El-like enzyme) and ATG10 (E2-like enzyme). The
ATGS5-ATGI2 conjugate interacts with ATG16L favouring its oligomerization to form the
“ATG16L complex” (484). Concomitantly, LC3 is cleaved by ATG4 to generate LC3-I, that will
be later modified with a molecule of phosphatidylethanolamine in a reaction dependent on ATG3
and ATG7. The lipidated form of LC3 is known as LC3-II and it attaches to both sides of the
membrane of the phagophore, but is later removed from the external side of the

phagophore/autophagosome (484).

5.1.2.1. Cargo recognition

Selectivity in autophagy is conferred by adaptor proteins which are able to bring together cargo
and autophagosome membranes. These proteins contain protein-protein interacting domains,
allowing the adaptor proteins to bind the cargo to be degraded and, on a different domain - the

LC3-interacting region, or LIR domain (473) — LC3-II on the membrane of the autophagosome,
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acting as a bridge between the cargo and the nascent autophagosome (472,473). Members of the
family of adaptor proteins are p62 (485), nuclear domain 10 protein 52 (NDP52) (486), neighbor

of BRCATI gene 1 (NBR1) (487), optineurin (OPTN) (488) and NIP3-like protein X (NIX) (489).

Protein p62, one of the best-studied adaptor proteins, interacts with ubiquitinated substrates via its
ubiquitin-binding associated (UBA) domain. In basal conditions, its affinity for ubiquitinated
proteins is not very high, in part due to the homodimerization of the protein. The affinity of p62
for ubiquitin increases dramatically after its phosphorylation at two different residues located
within the UBA: Ser409, by ULK1, and Ser403 by casein kinase 2 (CK2) and/or ULK1. These
phosphorylations promote a conformational change that disrupts the homodimers and increases
dramatically the p62 affinity for ubiquitin (490,491). During selective autophagy, p62
oligomerizes to promote the interaction of ubiquitinated cargo with the LC3 protein within the
autophagosomes, thus promoting the bending of the autophagosome membrane around the cargo
(492). Importantly, p62 does not bind all polyubiquitin chains with equal affinity. In fact, it has
more affinity for linear K63-linked polyubiquitin chains than any other type of polyubiquitination

(492-494).

The p62-aggresomes are classically thought to be a preliminary stage in the degradation of protein
aggregates by selective autophagy (aggrephagy). As previously reviewed in chapter 4, these
structures are highly enriched in K63-linked polyubiquitinated proteins, as well as p62
(438,495,496). Moreover, components of the autophagosome, such as LC3 colocalize with p62 at
the surface of the aggresome (497), and treatments that inhibit the fusion of the autophagosome
with the lysosome, such as bafilomycin A, or inhibit the formation of autophagosomes, such as 3-
methyladenine (3-MA), increase the size and/or number of aggresomes in various cell types

(497,498).
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5.1.2.2. Fusion with the lysosome

After the autophagosome has completed the cargo recognition process and the cargo is engulfed
by the membranes of the autophagosome, the next step is the fusion with the lysosome. This
process will start the degradation of the cargo by using a set of enzymes, including cathepsins and
lipases, among others, that reside within the lysosome. The product of the fusion between these
two compartments is named “autolysosome” (499). The regulation of this fusion process is still

under investigation, but some of the key players have been already identified.

It is known that the microtubule network is essential for the fusion between autophagosomes and
lysosomes. Treatment with agents that inhibit the polymerization of microtubules interfere with
the formation of the autolysosome (500). Proteins located at the membrane of the lysosome may
also play a role in the fusion since depletion of lysosomal associated proteins 1 and 2 (LAMP1 and

LAMP2) impairs the fusion between autophagosomes and lysosomes (501).

Small GTPases, more specifically RAB7, also has a role in this process. RAB7 is normally
associated with the membrane of the autophagosomes in basal conditions and after induction of
autophagy. Dominant negative RAB7 (DN-RAB?7) only partially associates with autophagosomes
during autophagy and DN-RAB7-transfected cells contain more and larger autophagosomes
during induction of autophagy, suggesting that their fusion with the lysosome, and therefore, their
degradation is impaired by DN-RAB7 (391). Moreover, depletion of RAB7 or expression of DN-

RABY7 interferes with the maturation of late endosomes/lysosomal vesicles (502).

Since lysosomes are essential for the degradation of cargo during autophagy, their genesis is

activated during proteotoxic stress and selective autophagy (503).
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5.1.3. Transcriptional regulation of autophagy

The transcription of the multiple genes involved in autophagy is controlled mainly by two
proteins/protein complexes: mTORCI1 and transcription factor EB (TFEB). In basal conditions,
mTORCI1 phosphorylates TFEB protein at residue Ser211, promoting its sequestration in the
cytosol by a direct interaction with 14-3-3 proteins. Upon starvation or pharmacological inhibition
of mMTORC1, TFEB is rapidly de-phosphorylated, destabilizing its interaction with 14-3-3 proteins
and promoting its translocation to the nucleus, where it works as a transcription factor of multiple
genes involved in the autophagy, lysosomal biogenesis, as well as some of the enzymes present in

the lysosome (i.e. cathepsins) (504-506).

Lysosomal calcium release is an important player in the regulation of TFEB activity.
Microdomains of calcium released from the lysosome through the transient receptor potential
channel mucolipin 1 (TRPML1) are able to activate calcineurin, a phosphatase that de-

phosphorylates TFEB, promoting its translocation to the nucleus (507).

In recent years, it was discovered that the protein zinc finger with KRAB and SCAN domains 3
(ZKSCAN3) acts as a negative regulator of autophagy and lysosomal biogenesis. Depletion of
ZKSCAN3 induced autophagy and promoted lysosome biogenesis, while overexpression of
ZKSCAN3 reduced the formation of autophagosomes. ZKSCAN3 represses the transcription of
over 60 genes related to autophagy. Interestingly, starvation induces the nuclear export and
cytoplasmic accumulation of ZKSCAN3, suggesting that TFEB and ZKSCAN3 localization and

activity are regulated in opposite manner (508).
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5.1.4. Autophagy in neurodegeneration and in HD

Many of the neurodegenerative diseases are characterized by the intracellular accumulation of a
misfolded protein that is prone to aggregation. As described before, aggregated proteins are, at
least partially, cleared by autophagy. It has been suggested that impairment of aggregate clearance

might contribute to the pathogenesis of diseases such as AD, PD, ALS and HD (509).

Aggresomes, a common finding in models of neurogenerative diseases, are thought to be degraded,
at least in part, by autophagy. Aggresomes are highly enriched in protein p62, an autophagy
adaptor protein. LC3 colocalizes with p62 at the edges of the aggresome, suggesting that
autophagosomes are present in the proximities of the aggresomes (443). Furthermore, K63-linked
polyubiquitinated proteins, which have been shown to be enriched within the aggresome

(496,510,511) are classic targets for autophagic degradation (495,496,512).

In the specific context of Alzheimer disease, it is known that pathological forms of AP aggregates
are degraded through autophagy. For instance, increasing autophagic activity via pharmacological
inhibition of mTORCI1 prevents cognitive impairment and reduces brain levels of AP in a
transgenic mouse model of AD (513). Results have been reproduced by using activators of AMP-
activated protein kinase (AMPK) in cell models of AD. AMPK can indirectly activate autophagy
by inhibition of mTORCI1, and derivatives of resveratrol activate AMPK, promoting autophagic
degradation of AP in cell lines overexpressing either WT or mutated APP (K595N/M596L,
SwAPP) (514). Conversely, pharmacological inhibition of autophagy promotes the accumulation
of AP, and depletion of genes involved in autophagy such as ATGS5, ULK1 and beclin 1 causes
similar effects in mouse primary neurons isolated from AD mice (515). Furthermore, beclin 1, a
protein essential for the initiation of autophagy, has been shown to be decreased in brains of early
AD patients (516).
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In the context of Parkinson’s disease, the products of genes involved in early-onset familial PD,
including PTEN induced putative kinase 1 (PINKI) and Parkin (517-519) play a crucial role in
the autophagic degradation of damaged or depolarized mitochondria via mitophagy

(205,207,509,520).

Loss of Parkin (521) or PINKI (522) cause a reduced lifespan, defects in locomotion, male
infertility, muscular degeneration and altered mitochondrial morphology in Drosophila. Parkin-
deficient mice do not show loss of dopaminergic neurons in the substantia nigra, but they have
behavioural impairments in motor tests that are sensitive to nigrostriatal dysfunctions (522).
Proteomic studies revealed alterations compatible with mitochondrial dysfunctions and oxidative
damage in these mice (523). PINKI-deficient mice have progressive weight loss and reduced
motor activity at old age, as well as reduced amounts of dopamine in the nigrostriatal axonal
projections (524). Altogether, these studies corroborate the crucial role of autophagy and

mitophagy in PD.

Autophagy is impaired in HD (152) and its stimulation has been shown to be beneficial in various
models of HD (459,525,526). Moreover, wtHTT has been shown to participate in selective
autophagy since depletion of Htt gene in Drosophila disrupts autophagy (527). Analysis of the
sequence of the Drosophila C-terminal domain of HTT revealed that it has high similarity with
the yeast protein Atgl1. Also, the C-terminal domain of HTT co-immunoprecipitates with various
proteins involved in autophagy, including Atgl (Ortholog of ULKI1) and Atg8 (Ortholog of
LC3C). Moreover, in silico analysis of the C-terminal sequence of HTT determined the presence
of multiple LIR motifs and mutation of a specific LIR motif located at a.a. 3037, disrupted the

interaction between HTT and Atg8 (527).
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Further studies done in mammalian cells confirmed the role of HTT as an autophagy “scaffold”.
Rui and collaborators (393,528) showed that the C-terminal HTT region interacts with protein p62,
thus facilitating the association between p62 and K63-linked ubiquitinated substrates. Moreover,
researchers were able to show that during selective autophagy activation (by using UPS inhibitors),
ULK1 is dissociated from the mTORCI1 complex and binds to HTT in a different domain than
bound by p62. Thus, HTT protein brings together the cargo recognition process mediated by p62,

and the core machinery of autophagy by its interaction with both ULK1 and p62 (393,528).

In HD, cargo recognition is impaired. Autophagosomes are found in normal or even increased
numbers in HD cells, however, they appear to be empty when observed under the electron
microscope. In fact, autophagosomes are degraded at normal rates. As a consequence of this failure
in cargo recognition, HD cells had a significantly higher number of damaged mitochondria
(impaired mitophagy) as well as an increased number of lipid droplets (impaired lipophagy) (152).
Moreover, in isolated autophagosomes from Q111 mice livers, p62 interacts more strongly with
muHTT than with wtHTT. It is hypothesized that this aberrantly increased interaction between
muHTT and p62 may impair the ability of the autophagosomes to recognize and engulf the cargo
(152). There is also evidence suggesting that muHTT affects autophagy initiation through an
aberrant interaction with RHES, a striatal-enriched small GTPase (529). RHES promotes
autophagosome formation via interaction with beclin 1. In HD, muHTT sequesters RHES
impairing autophagy activation. Since RHES is almost exclusively expressed in the striatum, its
sequestration by muHTT might explain the selective striatal neuronal death observed in HD (529).
Finally, alterations of axonal retrograde transport of autophagosome may also contribute to the

overall autophagy impairment observed in HD (530).
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In spite of all, pharmacological induction of autophagy was shown to be still beneficial in HD
models, reducing the accumulation of muHTT in cell, Drosophila and transgenic mouse models
of HD (459,525,526). Activation of autophagy is also beneficial in models of AD (513,514),
suggesting that increased autophagic degradation is an important common pathway for the

elimination of misfolded proteins and a therapeutic target.

5.1.5. Autophagy and GM1

The role of gangliosides in autophagy is still unclear and controversial. For instance, exogenous
supply of a mixture of gangliosides, including GM1, enhances autophagy in cultured astrocytes
(531). Moreover, pharmacological inhibition of ganglioside synthesis using D-threo-1-phenyl-2-
decanoylamino-3-morpholino-1-propanol (PDMP), an inhibitor of glucosylceramide synthase,
causes lysosomal membrane permeabilization and cytotoxicity. Treatment of cells with PDMP
also promotes the accumulation of a-synuclein in a cell model of synucleinopathy. Not
surprisingly, the exogenous supply of gangliosides is able to reverse lysosomal defects, restores

autophagy and decreases the accumulation of a-synuclein in this particular model (532,533).

Recently, GM1 was shown to induce autophagy in cell and animal models of AD. WT mice were
injected with AP oligomers directly into the hippocampus as a model of AD. A subset of these
mice was treated with GM1 intraperitoneally prior to the injection of AP oligomers, and after the
procedure for up to 7 days. Mice that were treated with GM1 showed less spatial cognitive defects,
as well as an increase in levels of autophagy markers (LC3-II and beclin 1) in the hippocampus
(534). GM1 was also cytoprotective in PC12 cells treated with AP oligomers by increasing
autophagic flux. Instead, GM1 protection was halted by the addition of autophagy inhibitors such

as 3-methyladenine (3MA), an inhibitor of the formation of autophagosomes (534).
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Contrary to the studies mentioned above, others have shown inhibitory, rather than stimulatory
effects of GM1 on autophagy. GM1 is protective in a rat model of acute stroke, reducing autophagy
activation. Moreover, TAT-beclin 1 (a peptide derived from a region of beclin 1, attached to the
HIV-1 Tat protein transduction domain), a potent inducer of autophagy, reverts all GM1 protecting
effects. These results suggest that GM1 decreases autophagic activity after stroke, protecting the

cells located in the penumbra zone against apoptosis (535).

Our studies in HD mice (273) and my data in cell models (Chapter 4) suggest that administration
of GMI1 promotes degradation/elimination of HTT aggregates, as well as clearance of
ubiquitinated proteins that accumulate in conditions of proteotoxic stress. Because of the role
played by autophagy in these processes, and because of the potential effects of gangliosides on
autophagy (532,533), in this chapter, I tested the hypothesis that the effects of GM1 on muHTT

aggregates are mediated by stimulation of autophagy.
5.2. Results

5.2.1. Ganglioside GM1 does not affect autophagy markers in cells transfected with wtHTT

or muHTT

To test whether GM1 may facilitate autophagy in cells transfected with fragments of HTT, HelLa
cells were transfected with Ex1-25Q-HTT-eGFP, Ex1-72Q-HTT-eGFP or GFP alone, and then
treated with vehicle or GM1 for 24 h. This time point was chosen because in previous experiments,
insoluble p62 levels were found to be decreased after 24h of incubation with GM1 but not at earlier
timepoints (Fig. 4.7). Furthermore, in preliminary experiments, the earliest time I could detect
increased levels of LC3-II was 18h after induction of proteotoxic stress (data not shown). In my

experiments, neither transfection of any of the HTT transgenes, nor the treatment with GM1
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changed the levels of LC3-II, a major marker of autophagy, compared to cells expressing GFP
alone (Fig. 5.1A). Additionally, levels of pS403-p62, a marker of the activation of selective
autophagy, were barely detected across conditions (Fig. 5.1B). Moreover, levels of total p62 were
not changed by the expression of HTT, nor by treatment with GM1 (Fig. 5.1B). As a positive
control for induction of autophagy, a lysate from STHdh Q7/7 cells treated with MG132 (0.5 uM,

24 h) was used (Fig. 5.1B).

To determine whether GM1 could increase autophagy in a neuronal model, a similar experiment
was carried out in N2a cells transfected with Ex1-25Q-HTT-eGFP or Ex1-72Q-HTT-eGFP.
Transfection itself appeared to increase the levels of LC3-II compared to non-transfected (N.T.)
cells (Fig. 5.1C). However, treatment with GM1 did not change LC3-II levels in either of the
transfected or non-transfected cells (Fig. 5.1C). Similar to results obtained in HeLa cells, levels of
total and pS403-p62 were unchanged by transfection of HTT fragments, or treatment with GM1.
(Fig. 5.1D). As a positive control for selective autophagy induction, a lysate from N2a cells treated

with MG132 (1 pM, 20 h) was used (Fig. 5.1D).

5.2.2. GM1 does not affect LC3-II levels in a model of proteotoxic stress induced by MG132

It was previously reported that proteotoxic stress caused by pharmacological inhibition of the UPS
results in the induction of selective autophagy in cell models (460,471). Since GM1 was able to
decrease the accumulation of p62 and ubiquitinated proteins (Chapter 4), I investigated whether
this was due to increased autophagy. As expected, MG132 treatment (0.5 uM, 24 h) caused an
increase in the levels of LC3-II in STHdh Q7/7 cells (Fig. 5.2A). However, combined treatment
of MG132 and GM1 (50 uM, 24 h) showed similar levels of LC3-II in comparison to MG132

alone (Fig. 5.2A).
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These results were confirmed in rat cortical primary neurons treated with MG132 (0.5 uM, 24 h)
and with two different doses of GM1 (50 and 100 puM, 24 h) (Fig. 5.2B). Importantly, GM1
treatment alone did not have any effect on the levels of LC3-II in any of the two models.
Altogether, these results suggest that GM1 may not have a significant effect on the number of

autophagosomes formed in response to proteotoxic stress in any of the two cell models tested.

5.2.3. GM1 does not affect MG132-induced phosphorylation of p62

During the initiation of autophagy and formation of the autophagosome, ULK1 kinase protein
complex plays a crucial role by phosphorylating and activating multiple substrates such as beclin
I, ATG13, ATGY9 and p62. (464,490,491,536,537). Of particular interest to me, is the
phosphorylation of p62 by ULK1 (pSer403), since it has been shown to cause a conformational
change in the p62 ubiquitin-binding domain, allowing the recognition of poly-ubiquitinated
proteins. This phosphorylation occurs preferentially during proteotoxic stress, such as UPS

inhibition, but not under nutrient starvation conditions (490,491).

To test whether ULK 1 activity was modified by GMI1 in conditions of proteotoxic stress (UPS
inhibition), STHdh Q7/7 cells were treated with MG132 (0.5 uM, 24 h), GM1 (50 uM, 24 h) or
combination of the two drugs, and phosphorylation of p62 at residue serine 403 (pS403-p62) was
measured by immunoblotting. As expected, MG132 caused an increase in pS403-p62 (Fig. 5.3).
However, the combination of GM1 and MG132 did not change the levels of pS403-p62 nor the
ratio pS403-p62/total p62 with respect to MG132 alone (Fig. 5.3). Levels of total p62 were also
unaffected by GM1 (Fig. 5.3). GM1 alone did not change the levels of pS403-p62 nor total p62,

when compared to untreated controls.
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5.2.4. GM1 treatment does not decrease p62 protein half-life in STHdh Q7/7 cells

Differences in the rate of autophagic target degradation might result from changes in autophagic
steps downstream of autophagy initiation or autophagosome formation, such as the fusion of
autophagosomes with lysosomes and/or lysosomal degradation of the targets. Therefore, I
investigated whether GM1 affects the degradation rate of a known autophagy target, protein p62
(538). To test whether GM1 accelerates degradation of p62 during proteotoxic stress induced by
MG132, STHdh Q7/7 cells were treated with cycloheximide (CHX, 5ug/mL) in order to stop
whole-cell protein synthesis and specifically look at the rate of protein degradation. The decline in
the signal for total p62 protein was measured by Western blot (Fig. 5.4A). The slope of p62 signal
decay was remarkably similar across treatments (Fig. 5.4B), suggesting that degradation of p62 is
not modified by the addition of GM1 in conditions of proteotoxic stress. It is important to mention
that I did not observe any decay in tubulin protein in my experiments, likely due to its long half-
life that has been calculated to be ~50 h in certain cell models (539,540). This experiment was

performed in two additional striatal cell clones, with nearly identical results (data not shown).

5.2.5. GM1 treatment prevents upregulation of lysosomal genes and lysosome biogenesis in

proteotoxic stress conditions, but not in basal conditions

Finally, and to further confirm that GM1 does not affect autophagic protein degradation, I
measured the amounts of lysosomes and lysosomal gene expression. Lysosomes are essential
organelles for the degradation of cellular components via autophagy. Thus, lysosome function is
tightly related to autophagy regulation. In fact, transcription factor EB (TFEB) is considered to be
the master regulator of the transcription of genes associated with both autophagy and lysosome

biogenesis (504-506).
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The lysosomal genes Lampl (Lysosome-associated membrane glycoprotein 1), Atp6vih (V-type
proton ATPase subunit H) and Ctsd (Cathepsin D) are targets of TFEB and were used as a
surrogate measure of lysosomal biogenesis. As expected, concomitantly with the activation of
selective autophagy, MG132 treatment caused upregulation of the expression of these three
lysosomal genes (Fig. 5.5). Interestingly , the addition of GM1 prevented the MG132-dependent
upregulation of lysosomal genes, although it did not affect their expression in basal conditions
(Fig. 5.5). Similar experiments were conducted in two additional striatal cell clones, with nearly

identical results (data not shown).

In order to explore the effects of GM1 in lysosome content during proteotoxic stress, cells were
labelled with Lysotracker® Deep Red and analyzed by confocal microscopy to visualize and count
lysosomes (Fig. 5.6A). In line with the expression of lysosomal genes, the number of
Lysotracker®-positive particles per cell as well as total Lysotracker® intensity and percentage of
cell area stained with Lysotracker® increased much more in cells treated with MG132 alone,
compared to cells that received the combination of MG132 and GM1 (Figs. 5.6B-D). In basal
conditions (no MG132), GM1 alone did not reduce any Lysotracker® staining parameters,
compared to untreated control, suggesting that GM1 prevented lysosome biogenesis induced by

MG132, rather than affecting lysosomes in basal conditions.

In conclusion, I could not find any evidence of autophagy being enhanced by GM1, at least in the
autophagy markers and/or steps evaluated in my models of proteotoxicity, suggesting that GM1

may not stimulate autophagy in these cell models.
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5.3. Discussion

Autophagy is a major pathway for the degradation of misfolded and aggregated proteins
(462,463,541). Thus, my initial hypothesis was that GM1 administration increases autophagic
degradation of muHTT, as well as components of the aggresomes. This hypothesis was supported
by studies suggesting that, at least in some models, exogenous supply of gangliosides stimulate

autophagy (532-534).

Following pharmacological inhibition of the UPS using MG132, I observed increased amounts of
LC3-II in both, STHdh Q7/7 and rat cortical primary neurons, suggesting that MG132 treatment
promotes the formation of autophagosomes. These results are in line with previous studies that
reported that inhibition of the UPS activity causes accumulation of polyubiquitinated proteins,
formation of aggresomes, as well as the activation of the autophagic machinery in various cell
models (451,471,498). Contrary to my expectations, co-treatment with GM1 did not increase the
levels of LC3-II when compared to MG132 alone, neither in STHdh Q7/7 cells nor in rat cortical
primary neurons. Only steady-state levels of LC3-II were measured in my experiments, which
could be affected by both rate of autophagosome formation, as well as rate of autophagy flux (i.e.
the rate at which the autophagosomes fuse with lysosomes and autophagic cargo is degraded). To
more specifically determine whether GM1 could have an effect on each or both of these autophagy
steps, LC3-II levels should be measured in the presence of inhibitors of autophagosome-lysosome
fusion or inhibitors of lysosomal activity (bafilomycin A1 or ammonium chloride). However, cell
treatment with such inhibitors for the duration of the experiments (24 h) caused a dramatic increase
in LC3-II levels (data not shown), even in the absence of MG132, thus profoundly confounding
data interpretation. Nevertheless, the conclusion that GM1 does not enhance autophagic

degradation of proteins is also supported by the fact that phosphorylation of p62 at residue Ser403,
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a specific marker of selective autophagy initiation (490,491) was not affected by GM1. Moreover,
treatment with GM1 did not reduce the half-life of total p62 protein after UPS inhibition,
suggesting that autophagic degradation of proteins is also not affected by GMI1. Furthermore,
although my results do not indicate that transfection of HTT fragments triggers selective autophagy
in either of the two cell lines analyzed, the fact that GM1 treatment did not cause any change
autophagy markers when compared to untreated cells, is also in support of the idea that GM1 does

not increase autophagic degradation of misfolded proteins.

Since lysosomes are crucial for the autophagic degradation of protein aggregates and are the final
stage of autophagy, I assessed whether GM1 might be increasing lysosomal biogenesis during
proteotoxic stress. As expected, MG132 treatment increased the transcription of lysosomal genes
such as Lampl, Atp6vih and Ctsd, as well as overall lysosome number. But surprisingly, co-
treatment with GM1 completely abrogated these transcriptional effects, and also prevented
lysosome biogenesis as determined by Lysotracker® staining. This phenomenon is, of course, not

compatible with an increase in autophagic degradation of protein aggregates.

Thus, altogether, my data do not support the hypothesis that GMI1 enhances autophagic

degradation of aggregated proteins.

My studies are in line with data generated by a former student of our laboratory, Mrs. Sabine
Schmelz, who found that levels of autophagy markers, including LC3-1I and p62, were not affected
in the brain of HD mice treated with GM1. Furthermore, while I focussed on studying selective
autophagy because of its relevance in the context of protein aggregate degradation, Mrs. Schmelz

showed that GM1 does not affect bulk autophagy in HD cells exposed to starvation.
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The effect of GM1 on lysosomal biogenesis during proteotoxic stress caused by UPS inhibition
was surprising. The genes analyzed in my experiments are targets of TFEB, considered to be the
master regulator of the transcription of genes associated with autophagy and lysosomal biogenesis.
The function of TFEB is mainly regulated in two ways: 1. TFEB is inhibited by the mTORC1
complex via phosphorylation. Upon starvation, phosphorylation of TFEB decreases, which
promotes its translocation to the nucleus (504-506). 2. Lysosomal release of calcium activates
calcineurin, which in turns de-phosphorylates TFEB, favouring its nuclear localization (507).
Although there is no reference in literature regarding a direct action of GM1 on TFEB regulation,

some hypotheses could be formulated, that could potentially be tested in the future.

The protein complex mTORCI not only regulates the phosphorylation of TFEB, but is also, in
concert with ULK 1, a regulator of initiation of autophagy through the phosphorylation of multiple
targets, including p62. Thus, based on my results that show that GM1 did not affect the initiation
of autophagy, it is unlikely that GM1 may have an effect on mTORC1-dependent regulation of

TFEB.

Instead, GM1 has been linked to the control of intracellular concentrations of calcium (542). For
instance, GM1 stimulates neurite outgrowth during development by promoting the influx of
calcium through TRPCS5 channels (408,409). However, it has also been shown that GM1 may
reduce cytosolic concentration of calcium by potentiating the sodium-calcium exchanger at the

level of the nuclear envelope (543).

Lysosomal calcium release, responsible for activation of TFEB, is controlled by two families of
lysosomal channels: 1) two-pore channels 1 and 2 (TPC1-2) and ii) transient receptor potential
mucolipin 1 channels 1-3 (TRPML1-3) (544). To the best of my knowledge, there are no previous

reports of an association between exogenous supply of GM1 and activity of any of these channels.
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However, it has been shown that TRPMLI activity, and consequently lysosomal calcium release,
is decreased by lysosomal lipid accumulation (545). Moreover, cell models of Niemann-Pick type
C (NPC) disease, characterized by the accumulation of cholesterol and ganglioside GM1 in the
lysosomes (546) showed decreased activity of TRPMLI channel and an impaired lysosomal
calcium release (547). One possibility is that exogenous GM1 would accumulate in the lysosome,

decreasing TRPMLI1-dependant calcium release, thus decreasing TFEB activation (507).

However, in the context of NPC disease, pathological accumulation of cholesterol and
gangliosides in the lysosomes is associated with cell dysfunction and death. In our studies,
administration of GM1 was never linked to cell toxicity, but rather to neuroprotection (272,273).
Furthermore, in my studies, administration of GM1 did not affect lysosomal markers in basal
conditions. Importantly, even though lysosomal biogenesis was decreased by GMI1 during
proteotoxic stress induced by MG132, autophagic protein degradation did not appear to be
disrupted, since I did not observe any accumulation of autophagosomes, nor changes in the half-
life and degradation of p62. So, the question remains as to how GM1 increases clearance of protein

aggregates in our models of proteotoxic stress.

Unconventional secretion pathways, independent of the Golgi and COPII-coated vesicles (548),
represent an alternative for cells to deal with misfolded proteins and other cargos. It has been
shown that autophagosomes, instead of fusing with the lysosome for the degradation of the cargo,
can fuse with the plasma membrane, thus releasing the cargo towards the extracellular space (548).
This mechanism is important for the secretion of cytokines such as IL-1f and IL-18 (549), but also
for proteins that have been linked to neurodegenerative diseases, such as a-synuclein (550) and
AP peptide (551). Stimulation of unconventional secretion pathways by GM 1 would be compatible

with my findings in the model of proteotoxic stress induced by UPS inhibition, and it would
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explain the apparent paradox that, in spite of unchanged levels of autophagosomes (as measured
by LC3-II levels) and a rate of p62 degradation, the number of lysosomes was greatly reduced in

cells treated with GM1 during proteotoxic stress. Future studies will address this hypothesis.

A second form of unconventional secretion is the production of extracellular vesicles (EVs). These
vesicles are derived from the fusion of multivesicular bodies/late endosomes (MVB/LE) with the
plasma membrane, or by direct budding of the plasma membrane (552). It has been shown that
EVs may play a role in the elimination of toxic/misfolded proteins from diseased neurons. For
instance, toxic TDP-43, a protein linked to neurodegenerative diseases such as ALS and FTD, can
be secreted via EVs. Pharmacological and genetic inhibition of EV secretion causes an
exacerbation of the disease in transgenic mice expressing a mutant form of human TDP-43 (553).
A few studies have also reported the presence of muHTT fragments in EVs derived from various
cell models (554,555). Interestingly, lysosome and/or autophagy inhibition can increase secretion
of EVs in various cell models of PD and AD (556). Therefore it is possible that GM1, by affecting
lysosomal biogenesis in the context of proteotoxic stress, may promote the secretion of EVs, as an

alternative proteostatic mechanism (557).

In the next chapter, I will describe the experiments aimed to investigate whether GM1 promotes

the secretion of toxic/misfolded proteins via EVs.
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5.4. Figures

Figure 5.1. GM1 does not affect autophagy markers in cells transfected with WT or muHTT
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A and B) HeLla cells were transiently transfected with Ex1-25Q-HTT-eGFP (25Q), Ex1-72Q-
HTT-eGFP (72Q) or GFP alone, and then treated with vehicle or GM1 for 24 h. A) Immunoblot
for LC3. Total protein stain was used as loading control. B) Immunoblot for pS403-p62 and
total p62. Tubulin was used as a loading control. Positive control (C+) for pS403-p62 signal is
a lysate from STHdh Q7/7 cells treated with MG132 (0.5 uM, 24 h) to induce selective

autophagy. This experiment was performed only once.

C and D) N2a cells were transiently transfected with Ex1-25Q-HTT-eGFP (25Q), Ex1-72Q-HTT-
eGFP (72Q) or left non-transfected (N.T.) before being treated with vehicle or GM1 for 24 h.
C) Immunoblot for LC3. Total protein stain was used as loading control D) Immunoblot for
pS403-p62 and total p62. Total protein stain was used as a loading control. Positive control
(C+) for pS403-p62 signal is a lysate from N2a cells treated with MG132 (1 uM, 20 h) to induce

selective autophagy. This experiment was performed only once.

153



Figure 5.2. MG132 increases LC3-II levels in neuronal cells. Addition of GM1 does not
modify the response to MG132
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A)Representative immunoblot and densitometric analysis of LC3-II levels in STHdh Q7/7 cells
treated with MG132 (0.5 pM), GM1 (50 uM) or combination of both, for 24 h. Tubulin was
used as loading control. Bars show the mean £ SD of 5-7 independent experiments. One-way

ANOVA with Tukey-Kramer post-hoc correction. **p<0.01, ***p<0.001.

B) Representative immunoblot and densitometric analysis of LC3-II levels in rat primary cortical
neurons treated with MG132 (0.5 uM), GM1 (50 uM or 100 uM) or combination of both, for
24 h. Bars show the mean + SD of 3 independent experiments. One-way ANOVA with Tukey-

Kramer post-hoc correction. *»<0.05, **p<0.01.
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Figure 5.3. GM1 does not affect MG132-induced phosphorylation of p62 at Ser403
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Representative immunoblot and densitometric analysis of pSer403-p62 and total p62 in STHdh
Q7/7 cells treated with MG132 (0.5 uM), GM1 (50 uM) or combination of both, for 24 h. Tubulin
was used as loading control. The ratio pS403-p62/total p62 was not affected by GM1 (data not

shown). Bars show the mean values + SD of 3 independent experiments.
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Figure 5.4. GM1 treatment does not affect p62 protein half-life in STHdh Q7/7 cells
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A) Immunoblot showing the time-course of p62 degradation in STHdh Q7/7 cells. Cells were pre-
incubated with MG132 (0.5 pM), GM1 (50 uM) or combination of both for 12 h, and then

treated with cycloheximide (5ug/mL) for 0, 4 or 8 h.

B) The decline in p62 signal from the beginning of cycloheximide treatment (t=0 h) was calculated

for each treatment as a fraction relative to t=0 h. Tubulin was used as loading control. This

experiment was performed only once, in three different cell clones with nearly identical results.
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Figure 5.5. GM1 treatment prevents upregulation of lysosomal genes in proteotoxic stress
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Expression of lysosomal-associated membrane protein 1 (Lampl), ATPase H+ transporting V1
subunit H (4¢tp6vih) and cathepsin D (Ctsd) genes was measured in STHdh Q7/7 cells treated with
MG132 (0.5 uM), GM1 (50 uM) or combination of both for 24 h. Cyclophilin A was used as

housekeeping gene. Bars show the mean + SD of technical replicates. One-way ANOVA with

Tukey-Kramer post-hoc correction. ****p<0.0001. This experiment was performed only once, in

three different cell clones with nearly identical results.
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Figure 5.6. Ganglioside GM1 decreases the number of Lysotracker®-positive puncta during

proteotoxic stress
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Figure 5.6. Ganglioside GM1 decreases the number of Lysotracker®-positive puncta during

proteotoxic stress

A)Representative confocal microscopy images of STHdh Q7/7 cells treated with MG132 (0.5
uM), GM1 (50 uM) or combination of both for 24 h, and then labelled with Lysotracker® Deep
Red (green). Nuclei were stained with DAPI (blue). Scale bar =5 um.

B) Quantification of Lysotracker®-positive puncta per cell. Mean number of particles in each

treatment were plotted.
C) Total intensity of Lysotracker® staining per cell.

D) Percentage of cellular area positive for Lysotracker® staining. One-way ANOVA with Tukey-
Kramer post-hoc correction. *p<0.05, **p<0.01, ***p<0.001, ****p<(0.0001. Analyses were

performed in 49-53 cells from one single experiment.
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Chapter 6: GM1 increases the secretion of misfolded

proteins via extracellular vesicles

Data of this chapter have been generated in collaboration with Ms. Vaibhavi Kadam (NMHI,
University of Alberta) and Dr. Nasser Tahbaz (Department of Cell Biology, University of
Alberta).

160



6.1. Introduction

In chapter 4, I presented evidence that exogenous supply of GM1 was able to decrease the
accumulation of aggregates after expression of muHTT, as well as polyubiquitinated proteins and
insoluble p62 after pharmacological inhibition of the UPS. In chapter 5, I showed that
enhancement of autophagy is not the mechanism by which GM1 promotes clearance of protein
aggregates. In this chapter, I investigate an alternative proteostatic mechanism that involves the

elimination of toxic/misfolded proteins via extracellular vesicles.

Secretion of misfolded proteins has been shown to be an important pathway for the maintenance
of proteostasis in models of neurodegenerative diseases (553,558). Moreover, the presence of
muHTT fragments and/or ubiquitinated proteins in extracellular vesicles has been described in the
literature (554,555,559,560). In fact, it has been shown that pharmacological inhibition of
autophagy initiation promotes the production and release of EVs enriched in proteins such as p62
and LC3, suggesting that EV secretion may be triggered as a compensatory proteostatic

mechanism to reduce the burden of aggregated proteins in vulnerable cells (559).

Therefore, I hypothesized that GM1 treatment promotes the secretion of misfolded proteins via
extracellular vesicles, contributing, at least partially, to the decreased accumulation of protein
aggregates observed in cell models of proteotoxic stress (shown in chapter 4) and animal models

of HD after treatment with GM1 (273).

6.1.1. Extracellular vesicles: general concepts

In a general sense, the term “extracellular vesicle” (EV) refers to any kind of secreted particle that
is composed by a lipid bilayer membrane, found in the extracellular space. EVs contain a portion

of the cytosol of the secreting cell and their contents may include proteins, carbohydrates, genetic
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material (especially RNAs of different nature) and/or lipids (552). EVs are found in almost any
bodily fluid, such as urine, blood, cerebrospinal fluid, among others. EVs can also be found in the

conditioned medium of cultured cells (285).

6.1.2. A brief review of the history of EVs

Presence of vesicles found outside of the cell limits or in bodily fluids (presumably EVs) has been
reported for many years. Earlier reports include the presence of such vesicles in cartilage and blood
(561,562). Isolated cells were also found to produce such vesicles, especially tumour cells and
platelets (563,564), but very little was known about the mechanisms of production or release of
these vesicles. Years later, two separate groups, while studying the maturation of sheep
reticulocytes into erythrocytes, observed that internalized labelled transferrin receptor (TfR) was
incorporated into small (~50nm) bodies present within the multivesicular bodies/late endosomes
(MVB/LE). The same authors also discovered that the fusion of MVB/LE with the plasma
membrane released such small bodies, still containing TfR, into the extracellular space (565,566).
A few years later, Johnstone and collaborators (567) isolated these vesicles after
ultracentrifugation of the conditioned media of reticulocytes in culture. The vesicles were enriched
in sphingolipids and TfR, among other reticulocyte-related markers. Authors concluded that the
vesicles were formed and secreted by reticulocytes as part of the process of maturation, and coined

the term “exosomes” to describe such vesicles.

6.1.3. Classification of EVs

Classification and nomenclature of the different EVs has been, and still is a huge challenge in the
absence of universally accepted rules. In the past, classification of EVs was based on size

(microvesicles or nanovesicles), origin (prostasomes, when isolated from prostatic tissue, or
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oncosomes, when the origin is a tumour) or function (calcifying matrix vesicles in the cartilage,
argosomes during Drosophila morphogenesis) (568). This lack of consensus is still present today,

however, most researchers now agree to classify EVs in three groups only:

e Apoptotic bodies are the biggest EVs, with sizes that range between 1-5 um. These
vesicles are generated during apoptosis as membrane protrusions, that eventually, as the
apoptotic process continues, detach from the cell (569).

e Microvesicles, previously known as ectosomes, shedding vesicle or microparticles, are
generally between 150-1,000 nm in diameter, although their size is still under debate. These
EVs are generated by direct budding of the plasma membrane (552) (Fig. 6.1A).

e Exosomes are typically smaller, between 30-100 nm. Exosomes are of endosomal origin,
produced by inwardly budding of the membranes into MVB, and are released upon fusion

of MVB/LE with the plasma membrane (552) (Figs. 6.1A, B).

It is likely that every cell in the body secretes a combination of all kinds of EVs. To date, in spite
of extensive research, clear discrimination between exosomes and microvesicles remains a

challenge (552,568,570,571).

6.1.4. Mechanisms of formation and secretion of EVs

The mechanisms of EVs formation and release are still under investigation. Exosomes and
microvesicles originate in distinct regions of the cells, therefore it is possible that the two kinds of
EVs may have slight differences in the mechanism of formation. However, it has been shown that

similar protein complexes may be involved in the generation of both, exosomes and microvesicles

(552,568).
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e Exosomes

The production of exosomes starts with the formation of the MVBs. This process is accomplished
by selection of the cargo at the membrane of an endosome, followed by the invagination of the
membrane, and finally, the detachment of vesicles towards the lumen of the forming MVB. More
than 30 proteins, assembled into four multiprotein complexes named endosomal sorting complex
responsible for transport (ESCRT)-0, -1, -II and -III, together with various accessory proteins (i.e.
ALIX, VTAI, VPS4) are in charge of the formation of the intraluminal vesicles (ILVs) inside the
MVBs, which eventually will become exosomes after the fusion of the MVBs with the plasma

membrane (572).

The complex ESCRT-0 recognizes and sequesters ubiquitinated targets in the proximity of the
endosomal membrane (572). Proteins that are either monoubiquitinated or K63-linked
polyubiquitinated are preferentially bound by the ESCRT-0 complex (455). The complexes
ESCRT-I and -II are responsible for the inward deformation of the membrane while “holding” the
cargo and the ESCRT-0 proteins, and finally, the proteins of the ESCRT-III complex are

responsible for the vesicle scission into the lumen of the MVBs (572).

Nevertheless, there is growing evidence for the existence of ESCRT-independent mechanisms for
the formation of ILVs. Stuffers and collaborators (573) simultaneously inactivated four proteins
of the four ESCRT complexes (HRS, TSG101, VPS22 and VPS24) in Hep2 cells. Researchers
reported morphological alterations of the components of the endocytic pathway, however, the
formation of MVBs still occurred (573). Another study did show that depletion of ESCRT-0 in
HeLa cells did not block the formation of ILVs. Instead, protein CD63 was shown to be essential
for the formation of ILVs when ESCRT-0 proteins are inactivated (574). Furthermore, two

enzymes related to lipid metabolism are associated with the formation of ILVs, independent of the

164



ESCRT machinery: neutral sphingomyelinase (nSMase), which hydrolyzes sphingomyelin into
ceramide and phosphocholine (575), and phospholipase D2, which catabolizes the hydrolysis of
phosphatidylcholine into phosphatidic acid and choline (576). It is believed that the changes in the
local lipid composition of the membrane may facilitate its budding, promoting the formation of
vesicles (552,568). Pharmacological inhibition of nSMase with GW4869 reduces the secretion of
exosomes from various cell lines (577-580). However, in human melanoma cells, treatment with
GW4869 does not impair the formation of ILVs nor the secretion of EVs (581). These apparently
contradictory results suggest that the mechanisms for the formation of ILVs, and therefore
exosomes, might be cell-dependent, and may change depending on the specific conditions of the

experiments (552,568).

Once the MVBs are formed, they can either be transported to the plasma membrane for the release
of exosomes, or they can fuse with the lysosome for the degradation of their components. It is
known that two distinct populations of MVBs, morphologically similar, co-exist within the cell.
One population of MVBs is preferentially targeted to the lysosomes for their degradation, while
the second pool of MVBs is directed towards the plasma membrane for exosomes secretion (582).
Using biotinylated-perfringolysin O, a toxin that strongly binds cholesterol, Mobius and
collaborators (582) showed that vesicles inside the MVBs located in the proximity of the plasma
membrane, as well as exosomes at the cell surface, were strongly labeled by perfringolysin O,
while the MVBs in proximity of the Golgi and other structures were negative for perfringolysin
O, suggesting that the cholesterol content may contribute to the fate of the MVBs. Conversely,
lyso-biphosphatidic acid has been detected in MVBs directed to the lysosomes (583), but is not
present in the exosomes (584,585), suggesting that lipid composition of MVBs may determine

their fate.
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e Microvesicles

Less is known about the mechanism of microvesicle formation in comparison with exosomes
(586). However, a few studies have shown some similarities between the two systems. For
instance, microvesicles from T lymphocytes are secreted from distinct domains at the level of the
plasma membrane that are enriched with proteins such as ALIX, TSG101 and VPS4, all
components of the previously described ESCRT machinery (587), and activation of the ATP
receptor P2X7 in cultured astrocytes promotes the activation of acid sphingomyelinase (aSMase),
which in turn increases the secretion of microvesicles (588). Addition of recombinant aSMase to
the culture media also increases the production of microvesicles, while pharmacological inhibition

of aSMase by using imipramine, decreases the shedding of microvesicles (588).

e Mechanisms of release of microvesicles and exosomes

Other proteins that are not necessarily related to the genesis of microvesicle or exosomes may have
arole in their secretion, for example proteins related to vesicular trafficking or interactors with the
microtubule network. This is the case for some members of the RAB subfamily of proteins, which
are associated with secretion of EVs. For instance, RAB11 has a role in EV secretion (589).
Overexpression of WT RABI11 in K562 cells, a myeloid cell line, increases the secretion of EVs,
while transfection with a dominant negative version of RABI11 inhibits EV release (589).
Additionally, RAB11 promotes the tethering and docking of MVBs to the inner face of the plasma
membrane, in a calcium-dependent manner. In cells treated with calcium chelator BAPTA-AM,
MVBs approach the membrane but do not proceed with the fusion, suggesting that RAB11
participates in the docking of MVBs, but calcium promotes their fusion with the plasma membrane

(590).
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An RNAI screening in HeLa cells revealed that depletion of 5 RAB GTPases (RAB2b, RABS5a,
RAB 9a, RAB 27a and RAB27b) decreased exosome secretion. Depletion of RAB27a and
RAB27b impairs the docking of MV Bs at the plasma membrane and silencing SLP4 and SLAC2B,
two downstream effectors of RAB27, inhibited exosome secretion (591). A second screening done
in Oli-neu cells, an oligodendrocyte cell line, showed that overexpression of known inactivators
of RAB35, such as proteins of the TBC1D10 family (-A, -B and-C), as well as depletion of RAB35
or expression of a dominant negative RAB35, resulted in decreased EV secretion. Conversely,

expression of constitutively active RAB35 promoted the secretion of EVs (592).

The soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) family of
proteins has been classically associated with the docking and fusion of multiple species of vesicles
(i.e. synaptic vesicles, lysosomes), (593). Thus, VAMP7, a member of the SNARE family,
participates in the fusion of the MVBs with the plasma membrane (594). Similarly, Gross and
collaborators (595) have shown that WNT proteins are secreted on exosomes, in a process that is

dependent on YKT6 protein, another member of the SNARE family.

6.1.5. Physiological and pathophysiological role of EVs

Production of EVs is considered to be a mechanism of communication between cells. EVs have
been detected in almost every bodily fluid, including breast milk, saliva, synovial fluid, bile,
amniotic fluid, semen and even feces (596). By using EVs, cells can interchange genetic material,
proteins, second messengers, lipids and more. Thus, EVs could potentially be, and have been
associated with numerous functions in multiple systems, including neural development, antigen
presentation and/or neovascularization in the context of cancer. This subject is reviewed in detail

elsewhere (596).
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EVs were proposed to have important roles in neurodegenerative diseases caused by misfolded
proteins (558). EVs can export, and even transfer from cell to cell, misfolded proteins involved in
various diseases. However, whether EVs have a detrimental role in neurodegenerative diseases, or

rather serve a proteostatic function in conditions of proteotoxic stress, is still controversial.

Some studies suggest that EVs contribute to the pathophysiology or the progression of
neurodegenerative diseases. For instance, Fevrier and collaborators (597) showed that the prion
protein PrP%° is packaged into exosomes and secreted from infected cells. Moreover, exosomes
containing PrP5¢ are “infectious” to other cells, suggesting that EVs may constitute a vehicle for
the spreading of the toxic protein to neighbouring neurons. Similarly, multiple groups have
reported the presence of APP or AP in EVs, suggesting that EVs may also play a role in the
development or progression of AD (598-600). CSF from patients suffering from AD or mild
cognitive impairment has increased amounts of microglia-derived EVs. EVs purified from the CSF
of AD patients can promote the generation of toxic AP species that are neurotoxic to cultured

hippocampal neurons (601).

On the other hand, there are some reports suggesting that EVs may play a protective role in
neurodegeneration. For instance, neuroblastoma-derived exosomes injected into the brains of AD
mice are able to sequester AP, that is then promptly internalized and degraded by microglia.
Chronic intracerebral injections of exosomes result in decreased AP levels, plaque formation and
reduction in the synaptic dysfunction in AD mice (602). Furthermore, EV-mediated secretion of
mutant TDP-43, a protein with neurotoxic roles in ALS and frontotemporal dementia (FTD),
represents an important proteostatic mechanisms and is protective in cell and animal models of

ALS/FTD (553).
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In the context of HD, the role of EVs has just started to be explored, and whether EV's are beneficial

or detrimental in the pathophysiology of HD, remains to be elucidated.

There is evidence of muHTT fragments being incorporated into EVs. Diaz-Hidalgo and
collaborators (554) showed that muHTT is recruited into exosomes in a complex with
transglutaminase 2 (TG2), ALIX, TSG101 and BAG3, a co-chaperone that is involved in the
clearance of muHTT. However, whether exosomes containing muHTT can transfer the toxic

protein to normal cells, is still unclear (555).

The first indication that muHTT could be transported and transmitted via EVs came from
histopathological studies done in HD patients who received neural allografts from control
individuals. Examination of the pathology specimens revealed muHTT aggregation inside of the
grafts, which did not express the muHTT gene, suggesting that the mutant protein can spread into
non-HD tissue (603). To further explore the mechanism of spread of muHTT protein, researchers
implanted fibroblasts derived from HD patients, as well as HD induced pluripotent stem cells
(iPSCs) into the ventricle of neonatal wild-type mice. Surprisingly, mice injected with HD
fibroblasts or HD iPSCs developed motor and non-motor dysfunctions compatible with HD at later
ages (>30 weeks). Furthermore, upon co-culture with HD fibroblast, wild-type iPSC-derived
neurons were found to contain muHTT, and to undergo morphological changes compatible with
neurodegeneration. Finally, injection of exosomes derived from HD fibroblasts into the ventricle
of newborn wild-type pups was sufficient to induce an HD-compatible motor phenotype 8 weeks

post-injection (560).

Prion-like spreading of muHTT protein/aggregates was also suggested in Drosophila models of
the disease, where neuronal muHTT aggregates phagocytosed by microglia can act as intracellular

seeds that promote the aggregation of wtHTT (604). The findings of this study suggest that
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professional phagocytes, such as microglia, can participate in the spreading of the disease,
although it was not determined whether spreading was mediated by extracellular vesicles. In
another study in mouse models of AD (602), however, phagocytosis of AB-loaded EVs was shown
to be beneficial. Thus, it will be important to determine whether EVs could play a beneficial role
also in HD, potentially depending on EVs membrane/cargo composition, as well as their ability to
shuttle the toxic cargo from susceptible cells (neurons) to professional phagocytes (microglia) for

clearance.

In this chapter, I will show data suggesting that GM1 promotes the secretion of EVs in neuronal
and non-neuronal cells, and with them, the elimination of misfolded proteins, possibly explaining,
at least in part, the decrease in protein aggregates induced by GM1, and perhaps, the disease-

modifying properties of GM1 in HD mice treated with this ganglioside (273).
6.2. Results

6.2.1. GM1 promotes the secretion of extracellular vesicles from neuronal cells

Ganglioside GM1 is present in EVs purified from neuronal cells (605), however, it is not known
whether it has a specific function in these membrane-limited vesicles, or if it is rather “passively”
incorporated into EVs. Additionally, to the best of my knowledge, the effects of exogenously

supplied GM1 on the production and secretion of EVs, has never been studied.

In order to test whether GM1 could promote secretion of EVs, I incubated N2a cells with the
lipophilic dye Vibrant® Dil to label cellular membranes (Fig. 6.2A) and then analyzed the release
of Dil into the EV fraction purified by ultracentrifugation of the conditioned media. GM1 treatment

(16-18h) caused an increase in the secretion of Dil-stained membranes (Fig. 6.2B), as well as an
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increase in the secretion of ALIX, an established marker of EVs (571) (Fig. 6.2C). Together, these

data suggest that GM1 treatment promotes secretion of EVs towards the extracellular medium.

Administration of GM1 (50 uM) for 72 h had similar effects in cultures (DIV15) of embryonic
primary neurons, as determined by immunoblotting for the EVs markers TSG101 and flotillin-1
(571). Treatment with GM1 did not significantly change the abundance of TSG101 or flotillin-1
in the lysates of primary neurons (Figs. 6.3A-C). However, GM1 treatment significantly increased
the amount of both TSG101 and flotillin-1 in the EVs fraction (Figs. 6.3A-C). Purified EVs
fractions were probed for the presence of calnexin, to exclude contamination with apoptotic bodies

or cell debris.

6.2.2. Exogenously administered GM1 is internalized by cells and incorporated into

extracellular vesicles

To check whether exogenously supplied GM1 was incorporated into cells and subsequently
released in the EVs, N2a and HeL a cells were stained with Vibrant® Dil to label membranes, and
then treated with GM1 (50 uM) or vehicle overnight, prior to collection and purification of EVs
from the media. Lysates from N2a cells treated with GM1 contained approximately 3 times more
GMI1 than untreated cells (Figs. 6.4A, B). In HeLa cells, the amount of GM1 increased by
approximately 112-fold (Figs. 6.4A, B). The higher fold-increase in HeLa compared to N2a cells

is due to the fact that the basal content of GM1 in HeLa cells is very small compared to N2a cells.

In EV fractions, the amount of GM1 increased ~10 times (N2a cells) and ~185 times (HeLa cells),
compared to untreated cells (Fig. 6.4C). Interestingly, the ratio of the amount of GM1 over
Vibrant® Dil fluorescence in EV fraction was higher in cells treated with GM1 (Fig. 6.4D). This

suggests that not only cell treatment with GMI1 increases the amount of EVs secreted (as
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determined by Dil measurements in the conditioned medium), but it also results in EV particle-
enrichment with the ganglioside. Since GM1 may be present in small amounts in the serum,

unconditioned media was used for background subtraction in my experiments (Fig. 6.4A).

6.2.3. GM1 promotes the secretion of HTT via extracellular vesicles

Next, I investigated whether administration of GM1 could promote secretion of misfolded
proteins, specifically muHTT into EVs. To answer this question, I transiently transfected HeLa
cells with GFP alone, Ex1-25Q-HTT-eGFP or Ex1-72Q-HTT-eGFP and then treated the cells with

GM1 (50 uM) or vehicle for 24 h.

I confirmed the expression of GFP and both chimeric wtHTT and muHTT fragments in the lysates
of transfected HeLa cells (Fig. 6.5A). GM1 treatment did not significantly change the amount of
wtHTT nor muHTT fragments in the lysates (Fig. 6.5A). However, in the EVs, the amounts of
GFP, wtHTT and muHTT were increased by GM1 treatment (Fig. 6.5B). Interestingly, despite the
fact that the secretion of all transfected proteins was increased by GM1, the amount of flotillin-1
in EV fraction was increased by GMI1 treatment, only in cells expressing the toxic muHTT

fragment, but not in cells expressing wtHTT or GFP alone (Fig. 6.5B).

To assess whether GMI1 treatment promotes the secretion of microvesicles or exosomes in a
differential manner, after removing apoptotic bodies, microvesicle-enriched and exosome-
enriched fractions were prepared by differential centrifugation of the conditioned media (285,606).
GMI1 caused an increase in the secretion of wtHTT and muHTT in both fractions (Fig. 6.6),

suggesting that GM1 promotes the secretion of HTT in microvesicles, as well as in exosomes.

To confirm the effects of GM1 in a neuronal cell line, experiments were replicated in N2a cells

transfected with Ex1-25Q-HTT-eGFP or Ex1-72Q-HTT-eGFP and then treated with GM1. In this
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model, GM1 did not significantly change the amount of wtHTT within the cells. Instead, levels of
muHTT showed a trend towards a decrease, which however did not reach statistical significance

due to the very high variability among experiments (Fig. 6.7A).

As in HeLa cells, GM1 promoted the secretion of both wtHTT and muHTT (Fig. 6.7B). This
increase in the secretion of HTT fragments was accompanied by an increase in the amount of the
EV marker ALIX (Fig. 6.7B). Once again, absence of calnexin confirmed the purity of the EV

preparation.

To avoid potential confounding effects due to the cellular stress induced by transient transfection
and protein overexpression, I generated, with the help of another student, miss Vaibhavi Kadam,

N2a and HeLa stable cell lines expressing Ex1-72Q-HTT-eGFP.

Treatment with GM1 (50 uM, 16-18h) did not affect muHTT or flotillin-1 levels in lysates of
muHTT-expressing N2a cells (Fig. 6.8 A). However, the amount of muHTT and flotillin-1 detected
in the EVs purified from GMI-treated cells was higher, when compared to untreated cells (Fig.
6.8B). Concomitantly, GM1 treatment increased the amount of total proteins secreted (Fig. 6.8B)

as well as the amount of Dil-stained EV membranes (Fig. 6.8C).

These findings were replicated in HeLa cells stably expressing Ex1-72Q-HTT-eGFP (Figs. 6.9A,
B), where GM1 treatment increased Dil-stained membrane secretion (Fig. 6.9C) and the
abundance of muHTT and EV markers, such as flotillin-1 and TSG101, in the EV fraction (Fig.

6.9B).

Altogether, these data support the hypothesis that GM1 promotes EV secretion and through this,

secretion of muHTT.
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6.2.4. GM1 promotes the secretion of p62 via extracellular vesicles in cells undergoing

proteotoxic stress

In chapter 4, I showed that GM1 promotes the clearance of p62 and ubiquitinated proteins in a
second model of proteotoxic stress, induced by MG132. Thus, I sought to determine whether GM 1
may also contribute to the secretion of other aggregated proteins, such as p62, that accumulate

upon cell treatment with MG132.

STHdh Q7/7 cells were treated with MG132 (0.5 uM, 24 h), GM1 (50 uM and 100 uM), or
combination of both. MG132 treatment alone increased the amount of p62 detected in the EV
fraction, compared to untreated cells. GM1 supplied in combination with MG132, but not when
given alone, further increased the amount of p62 detected in the EV fraction (Fig. 6.10). Instead,
the amount of ALIX detected in the EV fraction increased with both treatments, even when GM 1
was provided in the absence of proteotoxic stress (Fig. 6.10). This experiment was performed only

once, and further experimentation is required before reaching any conclusion.

6.3. Discussion

In previous chapters, I showed that GMI is able to reduce the accumulation of misfolded
aggregated proteins in two cell models of proteotoxic stress, and that such reduction is not achieved

by a GM1-dependent enhancement of autophagic degradation.

Here I showed evidence that GM1 increases secretion of p62 and muHTT into the medium of cells
of neuronal (N2a) and non-neuronal (HeLa) origin. Furthermore, GM1 increased overall secretion
of EVs, as determined by an increase in both, EV protein markers and Dil fluorescence (a surrogate
measure of membrane content) in isolated EV fractions. Of note, the ratio GM1 over Dil in the EV

fraction was increased when cells were treated with GM 1, suggesting that, not only GM1 increases
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the secretion of EVs but also that these EVs are enriched with GM1, more than in basal conditions.
It was previously shown that GM1 localizes to EVs membranes (605), thus it is not surprising that
an increased availability of GM1 ganglioside, would result in more incorporation of GMI1 into

EVs.

My initial experiments were performed in transiently transfected cells, where transfection
(electroporation) itself may cause cellular stress with unpredictable consequences and potentially
confounding effects. For this reason, it was important to confirm my findings in stable cell lines
expressing muHTT. Moreover, the effects of GM1 on EV secretion extended also to a model of
proteotoxic stress induced by inhibition of the UPS, where treatment with GM1 increased the
secretion of p62 in EVs. Although the presence of muHTT fragments and/or autophagy adaptors
proteins such as p62 in EVs has been reported in the past (554,555,559,560), there are no previous

reports of EV and protein secretion being enhanced by treatment with exogenous GM1.

My data are in line and further supported by preliminary gene ontology analysis of proteomics
data performed by other members of our laboratory, showing an enrichment of proteins in the
“extracellular vesicle” category among the proteins whose abundance was changed in HD mouse

brains treated with GM1 (unpublished data).

The potential consequences of increasing EV formation bearing a toxic protein such as muHTT
are currently unknown, and will be investigated in further studies. On one side, it is possible that
an increased secretion of EVs may contribute to the spreading of the disease, as it was reported by
previous studies in HD (560) and in other neurodegenerative diseases (607,608). Nevertheless,
some other studies suggest that EVs may have a protective role against neurodegeneration. For
instance, inhibition of EV secretion increased intraneuronal aggregation of mutant TDP-43, a

protein associated with diseases such as FTD and ALS, and worsened the behavioral phenotype of
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mice expressing mutant TDP-43 (553). In another study, sequestration of AP peptides by EVs and
delivery to microglia for subsequent degradation was associated with decreased A} pathology and
improved synaptic dysfunctions in AD mice (602). Based on the fact that administration of GM1
has profound therapeutic effects in HD, being able to improve motor and non-motor behaviour, as
well as neuropathology across HD mouse models (115,273), it is unlikely that enhancement of EV
secretion by GM1 treatment would promote the spreading of the disease. I speculate that a higher
content of GM1 in EVs (as observed in my studies upon cell treatment with the ganglioside) might
facilitate their phagocytosis and clearance by microglia, thus promoting EVs protective roles,

rather than detrimental ones. This hypothesis will be tested in future studies.

One question that remains unanswered is whether GM1-dependent increase in muHTT secretion
is sufficient and necessary for the reduction in intracellular protein aggregates. Future experiments
could address this question, using pharmacological inhibitors of nSMase, or by genetic depletion
of proteins of the ESCRT complexes or members of the RAB subfamily of GTPases, such as

RAB27a and RAB27b (591) which are required for the secretion of EVs.

In my experiments, the increase in muHTT secretion after treatment with GM1 did not correspond
to a statistically significant decrease in intracellular levels of soluble muHTT, contrary to what we
observed in the brains of Q140 mice treated with GM1 (273). This may be due to various reasons.
First, in our in vivo experiments, mice were treated for a total of 42 days, while in my studies,
HTT-expressing cells were treated for a maximum of 24 h. A prolonged treatment may be
necessary to detect a decrease in the total (SDS-soluble and -insoluble) levels of HTT protein.
Second, expression of muHTT in the cell models used in my study was driven by a CMV promoter,

which is known for its high efficiency and strength. Thus, it is possible that any reduction in soluble
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muHTT caused by GM1 would be quickly masked by a steady supply of newly synthesized

protein.

Both problems could be addressed in the future by using inducible cell models. Our laboratory has
recently obtained PC12 cells stably expressing the first 171 a.a. of HTT with an expanded polyQ,
under the control of an inducible promoter (kindly donated by Dr. Sue-Ann Mok, University of
Alberta). In this cell model, the effects of GM1 could be tested after removal of the hormone that
allows for the expression of the transgene, thus preventing confounding effects related to

continuous transgene expression.

A potential caveat of my work is that I only used surrogate measures, such as Dil secretion or
abundance of EV markers, to infer the amount of EVs produced by cells in culture. Although these
techniques are widely accepted, a more in-depth analysis of the effects of GM1 on EV secretion
will require the use of specific techniques such as nanoparticle tracking analysis (NTA), direct
light scattering (DLS), and nano-FACS, to obtain information about exact size and number of

particles secreted by the cells.

Different EV markers were used in my experiments depending on the cell model, in line with
growing evidence that EV markers may differ among cells, tissues and samples of different origins

(609-613).

Most of my experiments were done using GM1 at 50 uM concentration. This dose was chosen
based on previous studies performed in our laboratory, where it was determined that 50 uM was
the optimal GM1 dose to observe anti-apoptotic effects and no toxicity in cell models of HD, while
higher concentrations affected cell adhesion (but not viability) if used in the absence of serum in

the culture medium (272).
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In my work, I have not explored the possibility that, in addition to promote muHTT secretion
through EVs, GM1 treatment might also slow down the kinetics of muHTT aggregation. For
instance, in a cell model of PD, GM1 does prevent a-synuclein aggregation by directly interacting
with it (423). The two mechanisms (i.e. increased secretion and decreased aggregation) are not
mutually exclusive, and could potentially act in concert to mediate the disease-modifying
properties exerted by GM1 in HD models. Alternatively, GM1 could promote disaggregase
activity (614,615), with the release of muHTT from aggregates followed by its elimination through
the UPS or via EVs. GM1 is a very versatile molecule, playing roles at multiple levels (542). Most
likely, the beneficial effects observed in animals and cells treated with exogenous GM1 may result
from a combination of different protective mechanisms triggered upon administration of this

ganglioside.

178



6.4. Figures

Figure 6.1. Extracellular vesicles: microvesicles and exosomes

A O Microvesicles

Extracellular
Vesicles

A) Schematic representation of extracellular vesicles (exosomes and microvesicles). Exosomes
derived from the fusion of multivesicular endosomes (MVE) with the plasma membrane,
while microvesicles are originated by budding of the plasma membrane (CCV = Clathrin-
coated vesicle; ER = Endoplasmic reticulum).

(Modified from (552): Raposo, G. and W. Stoorvogel (2013). "Extracellular vesicles:
exosomes, microvesicles, and friends." J Cell Biol 200(4): 373-383)
B) Transmission electron microscopy (TEM) microphotograph of exosomes isolated from N2a

cells, showing their typical cup-like shape.
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Figure 6.2. GM1 promotes the secretion of extracellular vesicles from neuronal cells
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Figure 6.2. GM1 promotes the secretion of extracellular vesicles from neuronal cells

A)Representative images of N2a cells stained with Dil and then treated with vehicle or GM1.

Scale bar =40 pm.

B) Dil fluorescence in EVs collected from medium conditioned by N2a cells treated with vehicle
or GM1 was used as a surrogate measure of EV abundance, and normalized over total cellular
Dil content. Bars show the mean values = SD of 3 independent experiments. Two-tailed

Student’s t-test *p<0.05.

C) Dot blot and densitometric analysis of the EV marker ALIX in extracellular vesicles purified
from N2a cells treated with vehicle or GM1, normalized over total cellular protein content.
Unconditioned media (blank) was run as a control for ALIX protein content in the
unconditioned culture media. Bars show mean values = SD of technical replicates of one

experiment. Two-tailed Student’s t-test. **p<0.01.
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Figure 6.3. GM1 promotes the secretion of extracellular vesicles from embryonic cortical

primary neurons
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Figure 6.3. GM1 promotes the secretion of extracellular vesicles from embryonic cortical

primary neurons

A)Representative immunoblot against extracellular vesicle markers flotillin-1 and TSG101 in
lysates and extracellular vesicles purified from embryonic rat cortical primary neurons treated
with vehicle or GM1 (50 uM, 72 h). The absence of calnexin is used as a marker of purity of

the extracellular vesicle preparation.

B) Densitometric analysis of flotillin-1 in cell lysates and EV fractions (N=2-3). Bars show mean

values £+ SD.

C) Densitometric analysis of TSG101 in cell lysates. and EV fractions (N=3-4). Bars show mean
values = SD. Two-tailed Student’s t-test. **p<0.01.
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Figure 6.4. Exogenously administered GM1 is internalized by cells and incorporated into

extracellular vesicles
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A)Dot blot of lysates and extracellular vesicles purified from N2a and HeLa cells after treatment
with vehicle or GM1. Cholera toxin subunit B (ChoB) was used to detect GM 1. Unconditioned

media was loaded as negative control. This experiment was performed only once.
B) Densitometric analysis of GM1 levels in cell lysates, normalized over total proteins.

C) Densitometric analysis of GM1 levels in the extracellular vesicles, normalized over the total

protein content in the lysates.

D)Ratio of GM1 levels in EVs, divided by Dil fluorescence in EVs. Bars show mean values + SD

of technical replicates of one experiment. Two-tailed Student’s t-test. ****p<(0.0001.
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Figure 6.5. GM1 promotes the secretion of HTT via extracellular vesicles in transiently

transfected HeLa cells
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A)Representative immunoblot and densitometric analysis of GFP, SDS-soluble HTT-eGFP and

flotillin-1 in lysates from HeLa cells transiently transfected with GFP, Ex1-25Q-HTT-eGFP

(25Q) or Ex1-72Q-HTT-eGFP (72Q), treated with vehicle or GM1. Each bar represents the

fold-change normalized over total protein content and over control (untreated) levels (indicated

by the red dashed line). Bars show mean values + SD of 4 independent experiments.

B) Immunoblot and densitometric analysis of GFP, HTT-eGFP and flotillin-1 in extracellular

vesicles purified from HeLa cells transiently transfected with GFP, Ex1-25Q-HTT-eGFP (25Q)

or Ex1-72Q-HTT-eGFP (72Q), treated with vehicle or GM1. L=Lysate. In the graph, each bar

represents the fold-change normalized over total protein content in lysates and over control

(untreated) levels (indicated by the red dashed line). N=1 for GFP and 25Q. N=2 for 72Q.
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Figure 6.6. GM1 promotes the secretion of HTT in both, microvesicles and exosomes
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Immunoblot against HTT and flotillin-1 in microvesicle-enriched (10,000 x g) and exosome-
enriched (100,000 x g) fractions, purified from conditioned media of HeLa cells transiently
transfected with GFP, Ex1-25Q-HTT-eGFP (25Q) or Ex1-72Q-HTT-eGFP (72Q) plasmids,

treated with vehicle or GM1. L=Lysate. This experiment was only performed once.
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Figure 6.7. GM1 promotes the secretion of HTT via extracellular vesicles in transiently

transfected N2a cells
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A)Immunoblot and densitometric analysis of SDS-soluble HTT and ALIX in lysates from N2a
cells transiently transfected with Ex1-25Q-HTT-eGFP (25Q) or Ex1-72Q-HTT-eGFP (72Q)
and treated with vehicle or GM1. The asterisk marks a non-specific band. GM1 did not change
the amount of WtHTT (25Q) or muHTT (72Q) in the lysates in a statistically significant manner,
compared to untreated. Each bar represents the fold-change normalized over total protein stain
and over control (untreated) levels (indicated by the red dashed line). Bars show mean values +

SD of 3 independent experiments. The immunoblot for ALIX was performed only once.

B) Immunoblot and densitometric analysis of HTT and ALIX in extracellular vesicles purified
from N2a cells transiently transfected with Ex1-25Q-HTT-eGFP (25Q) or Ex1-72Q-HTT-
eGFP (72Q) and treated with vehicle or GM1. The asterisk marks a non-specific band.
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L=Lysate. Each number under the blot indicates fold-change vs. untreated. Data were
normalized over total protein content in lysates. The analysis of extracellular vesicles was

performed only once.
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Figure 6.8. GM1 promotes the secretion of muHTT via extracellular vesicles in stably

transfected N2a cells
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A)Immunoblot and densitometric analysis of SDS-soluble muHTT and flotillin-1 in lysates from

N2a cells stably expressing Ex1-72Q-HTT-eGFP (muHTT), treated with vehicle or GM1. Each

number under the blot indicates fold-change vs. untreated. GM1 did not significantly change

the levels of muHTT (72Q) or flotillin-1 in the lysates. The experiment was repeated twice more

with similar results

B) Immunoblot and densitometric analysis of muHTT, flotillin-1 and total protein stain in

extracellular vesicles purified from N2a cells stably expressing Ex1-72Q-HTT-eGFP (muHTT),

treated with vehicle or GM1. L=Lysate. Each number under the blot indicates fold-change vs.

untreated. Data were normalized over total protein content in lysates. The experiment was

repeated once more with nearly identical results.

C) Dil fluorescence in EVs collected from medium conditioned by N2a cells stably expressing

Ex1-72Q-HTT-eGFP (muHTT), treated with vehicle or GM1, normalized over total cellular

Dil content. Bars show the mean values = SD of 6 independent experiments. Two-tailed

Student’s t-test. *»<0.05.
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Figure 6.9. GM1 promotes the secretion of muHTT via extracellular vesicles in stably

transfected HeLa cells
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A) Immunoblot blot and densitometric analysis of SDS-soluble muHTT, flotillin-1 and TSG101 in
lysates from HeLa cells stably expressing Ex1-72Q-HTT-eGFP (muHTT), treated with vehicle
or GM1. Each number under the blot indicates fold-change vs. untreated. GM1 did not
significantly change the levels of muHTT (72Q), flotillin-1 or TSG101 in the lysates. The

experiment was repeated twice more with similar results.

B) Immunoblot and densitometric analysis of muHTT, flotillin-1 and TSG101 in extracellular
vesicles purified from HeLa cells stably expressing Ex1-72Q-HTT-eGFP (muHTT), treated
with vehicle or GM1. L=Lysate. Each number under the blot represents the fold-change vs.
untreated. Data were normalized over total protein content in lysates. The experiment was

repeated once more with nearly identical results.
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C) Dil fluorescence in EVs collected from medium conditioned by HeLa cells stably expressing
Ex1-72Q-HTT-eGFP (muHTT), treated with vehicle or GM1, normalized over total cellular

Dil content. Bars show the mean values + SD of 2 independent experiments.
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Figure 6.10. GM1 promotes the secretion of p62 via extracellular vesicles in cells undergoing

proteotoxic stress
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Western blot against and densitometric analysis of p62 and ALIX in extracellular vesicles purified

from STHdh Q7/7 cells treated with MG132 (0.5 uM), GM1 (50

uM or 100 uM) or combination,

for 24 h. Each number under the blot represents the raw density value normalized over total protein

content in lysates. This experiment was performed only once.
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Chapter 7: General discussion and conclusions

This chapter is my original work
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7.1. Summary of findings

7.1.1. The mevalonate pathway is impaired in HD models, but protein prenylation is not

affected

Decreased activity of the mevalonate pathway and decreased synthesis of cholesterol have been
implicated in the pathogenesis of HD (214,287-290), but whether production of isoprenoids - also
products of the mevalonate pathway - and downstream protein prenylation could also be affected
in HD, was not known. In this thesis, as a surrogate measure of global protein prenylation, the
prenylation status of selected small GTPases was assessed in cell and animal models of HD.
Contrary to my expectations, I could not detect any alteration in the prenylation status of these
selected small GTPases in any of the models that were analyzed. Future studies will extend this
investigation to the entire cell “prenylome” to determine whether my findings are applicable to all
prenylated proteins or whether selected proteins that have been shown to be a “low priority” (383)

for the prenylation machinery, might be under-prenylated in HD.

Interestingly, while analyzing the prenylation status of RAB7, 1 found that total levels of this
protein were decreased across multiple cell and animal models of HD. RAB7 is a small GTPase
that is involved in selective autophagy (394-396) and vesicular trafficking (363,392). Whether
restoring RAB7 would improve selective autophagy and vesicle transport in HD models, remains

to be investigated.
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7.1.2. Exogenous supply of ganglioside GM1 reduces accumulation of aggregated proteins in
an autophagy-independent manner, and increases misfolded protein secretion via

extracellular vesicles

Previous work done in the Sipione laboratory has shown that levels of ganglioside GM1 are
reduced in various cell models of HD (272) and that exogenous supply of GM1 protects HD striatal
cells from apoptosis (272) and restores motor and non-motor behaviour to normal, in three

different HD mouse models (115,273).

The mechanisms by which GM1 exerts these dramatic therapeutic effects in HD models are still
under investigation. In recent work to which I collaborated, we observed decreased levels of
soluble and insoluble muHTT in the brains of HD mice treated with GM1 (273). In this thesis, |

investigated this phenomenon and the potential underlying mechanism/s in more detail.

I showed that exogenous supply of GM1 decreases SDS-insoluble muHTT aggregates in cells
expressing a toxic N-terminal fragment of muHTT. Moreover, GM1 was also able to decrease the
size and number of aggresomes, as well as the amount of insoluble p62, after pharmacological
inhibition of the UPS, suggesting that the beneficial effects of GM1 might extend beyond HD, and
to other protein misfolding disorders such as Parkinson’s disease and Alzheimer’s disease. The
underlying mechanisms are still not completely clear, but I made progress by showing that
autophagy - contrary to our initial expectations and to literature reports that suggest that
gangliosides increase autophagy (531-534) - does not mediate the effects of GM1 in our models.
Through an investigation of multiple autophagy steps, I was able to show that GM1 does not
increase the levels of LC3-II, a surrogate measure of autophagosome abundance, nor induces the
activation of selective autophagy, measured by phosphorylation of p62 after pharmacological

inhibition of the UPS or expression of an N-terminal muHTT fragment, nor reduces the half-life
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of p62, a known autophagy target. Moreover, GM1 decreases activation of lysosomal biogenesis

during proteotoxic stress (inhibition of UPS).

My studies have revealed that GM1 treatment causes the activation of an alternative pathway for
elimination of toxic cargo, i.e. the secretion of extracellular vesicles (EVs) containing muHTT.
The protein p62, one of the main components of the aggresome, can also be secreted via EVs
during inhibition of the UPS, and its secretion was further increased when cells were treated with
GM1. However, the extent of the contribution of this proteostatic mechanism to the decrease of

protein aggregates caused by GM1, remains to be determined.

7.2. Overall significance of findings and concluding remarks

HD is a devastating neurodegenerative disease for which there is no cure nor effective disease-
modifying treatments (266). Thus, pharmacological treatments that modify the course of HD, are

urgently needed.

Understanding the mechanisms by which muHTT leads to neurodegeneration is essential for the
design of new therapies. Here I report that levels of RAB7, a protein that is essential for vesicular
trafficking (363,392) and selective autophagy (394-396), is decreased across cell and mouse
models of HD. Selective autophagy and vesicular trafficking are two of the many cellular functions
that have been found to be affected in HD (152,366,367,393). Therefore, it is possible that restoring

normal levels of RAB7 would improve these two dysfunctions in HD models.

In the second part of my thesis, I made significant progress towards understanding the molecular
mechanisms underlying the neuroprotective activity of ganglioside GMI1 in HD. A clear
understanding of GM1 mechanism of action is crucial to move GM1 to clinical trials, as well as to

elucidate the role of gangliosides in brain and cell physiology.
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The discovery that GM1 promotes the secretion of muHTT through EVs, and away from
vulnerable neurons, has important implications not only for HD, but also for other protein

misfolding disorders of the nervous system.

7.3. Future directions

While answering, at least in part, important questions related to the impact of dysfunction of the
mevalonate pathway in HD, and to the mechanism of action of GMI as a disease-modifying
therapy in HD, my studies have opened the door to new questions that will need to be investigated
in future studies. What is the role of decreased levels of RAB7 in HD pathogenesis? And can it be
corrected? Are there other prenylated proteins that might be impacted by dysfunction of the

mevalonate pathway in HD more than the ones I selected in my studies?

My discovery that GM1 can affect protein aggregates and their elimination from neurons through
EVs might promote the development of GM1 as a therapy for HD, and potentially also other

protein misfolding diseases.

Systemic administration of GM1 has been already tested in humans as a potential treatment for
PD. In 1995, Schneider and collaborators (616) recruited 10 PD patients who received GM1
intravenously once, followed by subcutaneous administration for up to 18 weeks. None of the
patients suffered from severe adverse reactions. Follow-up trials confirmed the safety of systemic
GM1 administration (617), even in patients who continued receiving GM1 for up to 5 years (618).
These results suggest that systemic administration of GM1 is safe in humans, and could be tested

in clinical trials in HD patients.
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7.4. Figures

Figure 7.1. GM1 effects on the accumulation of protein aggregates: a working model

GM1 Extracellular
vesicles

Cells treated with GM1 show decreased accumulation of misfolded proteins. I could not find any
evidence of increased autophagic degradation upon GM1 treatment. However, cells treated with
GM1 showed increased secretion of extracellular vesicle (EV) markers along with muHTT and

p62, which suggests that GM1 might modulate misfolded protein secretion through EVs.
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Appendix I: Mutant HT'T impairs nuclear transport of

mSREBP2 and causes a defective upregulation of

transcription of cholesterogenic genes upon culture in

lipoprotein-deficient medium

Data presented in this appendix were generated in collaboration with Mrs. Alba Di Pardo and
will be submitted for publication as a co-authored paper (Di Pardo A., Morales L.C, Maglione
V., Lingrell S., Horkey M., Baker G., Kar S., Wozniak R. and Sipione S. In preparation).
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Nuclear transport of mature SREBP?2 is impaired in HD models

As described in chapter 3, the expression of cholesterogenic genes is affected in HD (214,287).
During my graduate studies, I contributed to work aimed to determine the underlying mechanisms
of such impairment. We investigated the effects of muHTT expression on SREBP2, the factor
responsible for the transcription of cholesterogenic and other lipid metabolism-related genes

(619,620).

Work performed by Dr. Di Pardo in the Sipione laboratory revealed that in HD cells and animal
models, the mature form of SREBP2 (mSREBP2) is mislocalized to the cell cytoplasm (Figs. Al-
C). It 1s important to mention that total levels of mSREBP2 were comparable between WT and
YACI128 brain tissue (data not shown), suggesting that the processing of the precursor form of

SREBP?2 is not affected in HD models.

Further studies showed that the reason for mSREBP2 mislocalization in HD cells, is that muHTT
binds to, and sequesters mSREBP2 in a complex with importin B, the protein that shuttles
mSREBP2 to the nucleus, preventing its nuclear entry and causing the transcriptional defects

observed in cell and animal models of HD (214,287).

HD cells have impaired regulation of transcription of cholesterogenic genes

upon culture in lipoprotein-deficient medium

To determine the extent to which impaired nuclear localization of mSREBP2 affects transcription
of cholesterogenic genes, I measured the expression of two mSREBP2 gene targets,
hydroxymethylglutaryl CoA reductase (HMGCR) and 24-dehydrocholesterol reductase
(DHCR24) in HD cells, in basal conditions, as well as during treatments that are known to activate

the mevalonate pathway. There was no difference in the mean basal expression of either HMGCR
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or DHCR24 genes between human primary HD fibroblasts and controls (Fig. A2-A). When control
fibroblasts were cultured in lipoprotein-deficient medium (LPDM) for 48 h, expression of HMGCR
and DHCR24 genes was upregulated by 2-fold, approximately. HD fibroblasts cultured under the

same conditions showed reduced upregulation of the same two genes (Fig. A2-B).

Next, [ used statins to inhibit HMGCR and stimulate transcription of cholesterogenic genes (621).
Upon treatment with pravastatin (125 uM for 48 h), WT fibroblasts increased the transcription of

HMGCR, but HD fibroblasts failed to do so (Fig. A2-C).

Similar results were obtained in two clones of immortalized mouse astrocytes stably expressing an
N-terminal fragment (548 a.a.) of HTT containing either 15 CAG repeats (15Q) or 128 CAG
repeats (128Q). When cultured in regular medium containing cholesterol (RM), expression of
Hmgcr was similar between cells expressing wtHTT or muHTT. However, after 48 h of culture in
LPDM, both clones of astrocytes expressing muHTT had decreased upregulation of Hmgcr when
compared to the two clones expressing wtHTT (Fig. A3). Altogether, these data suggest that in
basal conditions, when cholesterol is obtained from the medium, basal transcription of genes of
the mevalonate pathway is normal in HD cells. However, in conditions when the activity of the
mevalonate pathway has to be increased to produce cholesterol, HD cells fail to upregulate

cholesterogenic gene transcription.

Discussion

Work in the Sipione laboratory, to which I contributed, has shed light on the mechanism behind

the impairment of the mevalonate pathway in HD (Di Pardo, Morales, et al. In preparation).

We have shown that muHTT interacts with the mSREBP2-importin B complex and sequesters it

in the cytoplasm. My experiments showed that the consequence of this dysfunction, is that HD
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cells fail to properly upregulate the transcription of cholesterogenic enzymes when cultured in

conditions of low availability of cholesterol.

However, I did not observe differences in the transcription levels of cholesterogenic enzymes in
basal conditions i.e. when cells were grown in the presence of lipoprotein-containing serum, which
provides most of the cholesterol the cells need. A possible explanation is that other transcription
factors (i.e. Spl) may regulate the basal transcription of these genes when SREPB2 activation is
limited (622,623). In these conditions, the mevalonate pathway is still active to ensure proper
supply of isoprenoids, molecules that are essential for protein prenylation, mitochondrial oxidative

phosphorylation and protein glycosylation.

In HD, there is significant evidence of an impairment of the cholesterol biosynthetic pathway at
various levels. Transcription of cholesterogenic genes is reduced in immortalized striatal cells
expressing muHTT (214), as well in the brains of established HD mouse models, and even in
human HD brain tissue and peripheral cells (287). It was also shown that biosynthetic precursors
of cholesterol, such as lanosterol and lathosterol are reduced at early disease stages across various
mouse models of HD, before any detectable motor phenotype, suggesting that the mevalonate
pathway might be impaired before the onset of neuronal degeneration (287-289). A few papers
have reported intracellular accumulation of cholesterol in HD cells. However, most of these
observations were made by using filipin staining, a non-quantitative measure of cholesterol
accumulation. In other neurodegenerative diseases in which cholesterol misdistribution may occur
such as AD and NPC, cells show strong positivity for filipin in the endosomal or lysosomal
compartment, in spite of the fact that total cholesterol mass remains unchanged when measured by
quantitative techniques (331,344,345). In fact, total cholesterol mass is either normal, or decreased

only at very late stages of the disease in HD mouse models as well (288,289). To my knowledge,
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one single study reported increased amounts of cholesterol in the striatum of HdhQ111 mice
measured by quantitative techniques. However, the increase was driven by esterified cholesterol
and occurred concomitantly with an increase in triglycerides. Authors interpreted this phenomenon

as to be secondary to defects in lipid droplet clearance due to a failure in selective autophagy (341).

It is currently unknown why levels of cholesterol remain unchanged in HD, despite the
downregulation of the mevalonate pathway. It is possible that cells (or organs) may compensate
any reduction in production of cholesterol by reducing its catabolism. In fact, mouse models of
HD (290), as well as human patients (332,334), have reduced brain cholesterol catabolism as
measured by the abundance of 24-OH-Chol in the plasma, since the origin of this hydroxylated
form of cholesterol is exclusively neuronal. Although it is tempting to hypothesize that reduction
of 24-OH-Chol in the plasma is secondary to a compensatory reduction in neuronal cholesterol

turnover, it may be simply an indication of neuronal dysfunction/degeneration.
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Figures

Figure Al. Nuclear transport of mature SREBP2 is impaired in HD models
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A)Representative confocal microscopy images showing the intracellular localization of
mSREBP2-EGFP transgene in transiently transfected parental striatal 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. Notice the abnormal cytoplasmic mSREBP2-EGFP

localization in cells expressing the muHTT fragment.

B) Percentage of cells containing cytoplasmic mSREBP2-EGFP in parental (ST14A), and in cells
expressing N548-15Q or N548-128 HTT fragments. Eighty cells were counted per group in

three independent experiments. Bars show mean values + SD. ***p<(.001.
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C) Representative blot and densitometric analysis of Total (T), cytoplasmic (C) and nuclear (N)
fractions prepared from cerebral cortex of YACI128 mice and probed with anti-SREBP2
antibodies to detect the cleaved mature form of SREBP2 (mSREBP2). B-actin was used as
loading control for total and cytoplasmic fractions, while lamin A/C was used as a loading
control for nuclear fractions. The graph shows the densitometric analysis of 3 independent

experiments. Bars show mean values = SD. *p<0.05.

(Figure from DiPardo A, Morales LC, et al. Manuscript in preparation)
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Figure A2. HD fibroblasts do not efficiently upregulate the transcription of cholesterogenic

genes upon culture in lipoprotein-deficient medium (LPDM)
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Figure A2. HD fibroblasts do not efficiently upregulate the transcription of cholesterogenic

genes upon culture in lipoprotein-deficient medium (LPDM)

A)Analysis of hydroxymethylglutaryl CoA reductase (HMGCR) and 24-dehydrocholesterol
reductase (DHCR24) gene expression in primary fibroblast lines obtained from healthy controls

and from HD patients, cultured in medium containing 10% fetal bovine serum (regular medium,

RM, WT N=3; HD N=4. Bars show mean values + SD.

B) Changes in gene expression of HMGCR and DHCR24 in WT and HD human fibroblasts
cultured in lipoprotein-deficient medium (LPDM) for 48 h. Values are expressed as fold-change
compared to regular medium (red line) for each genotype. WT N=3; HD N=4. Bars show mean
values = SD. Two-tailed Student’s t-test. *»<0.05.

C) Changes in expression of HMGCR in WT and HD human fibroblasts after treatment with
Pravastatin (125 uM, 48 h). Values are expressed as fold-change compared to untreated cells in

each genotype. WT N=2; HD N=2. Bars show mean values + SD.
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Figure A3. Decreased upregulation of Hmgcr gene in mouse HD astrocytes upon culture in

lipoprotein-deficient medium (LPDM)
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Changes in gene expression of Hmgcr in two clones of immortalized mouse astrocytes stably
expressing N548-HTT fragment with 15 CAG repeats (WT) or 128 CAG repeats (HD). Cells were
cultured in lipoprotein-deficient medium (LPDM) for 48 h. Gene expression is presented as fold-
change compared to regular medium (RM, red line) for each cell clone and genotype. Bars show
mean values + SD of technical replicates of one single experiment. One-way ANOVA with Tukey-

Kramer post-hoc correction. ***p<(0.001, ****p<0.0001.
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Table 1. Sequence of primers used in this thesis

Gene Species Forward Reverse

DHCR24 | Human @ cgc gtg tga aac act ttg aa gca gtc gge ata cag cat ¢
HMGCR | Human | ctg tca ttc cag cca agg tt tgg cag agc cca cta aat tc
Lampl Mouse | aat ggc aca acg tgt ata atg g ggc agg gaa atg ttc acg
Atp6vlh | Mouse | gct cac gat gtt gga gaa tat gt gca tgt ggt tca cca act

Ctsd Mouse | agc cag tgt cag agt tac tca aaa aaa gac tgt gaa aca ctg ¢
Rab7 Mouse | cca agg cca tca atg t cag gga att cat tgt aca gtt cc
Housekeeping genes

36B4 Human | gat gcc cag gga aga cag aca atg aaa cat ttc gga taa tca
EIF442 | Human @ aac tgg ctc aac aga tcc aaa cct gea gtt ttt gca ttt ca
ATP5B | Human | ttg ctg agg tct tca cag gtc gcc tgt tet ggg aga tgg t
Atp5b Mouse | tcc agc aga ttt tag cag gtg gct gga gtc cct cac gac
Eif4a2 Mouse | tcg aaa tga aat gca gaa gtt g gct tcg tee aaa acg aac at
36b4 Mouse | act ggt cta gga ccc gag aag tce cac ctt gtc tcc agt ct
Ppia Mouse | gaa agg att tgg cta taa ggg gat gcc agg acc tgt atg ctt
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Table 2. List of antibodies used in this thesis

Antibody Raised in Cat. No Brand/Provided b
AIP1 (ALIX) Mouse 611621 BD
Calnexin Rabbit ADI-SPA-865 | Enzo
COX1v Mouse ab14744 ABCAM
Flotillin-1 Mouse 610820 BD
GFP Goat Dr. Berthiaume/UofA
GFP Mouse Dr. Berthiaume/UofA
GFP Mouse sc-9996 Santa Cruz
GFP Rabbit Dr. Berthiaume/UofA
GFP Rabbit 2956 Cell Signaling
HSP90 Rabbit ADI-SPA-846 | Enzo
HTT MAB5492 Mouse MAB5492 Millipore
HTT N-18 Rabbit Dr. Truant/UBC
HTT-MAB2166 Mouse MAB2166 Millipore
HTT-PolyQ Mouse MAB1574 Millipore
HTT-PW0595 Rabbit PWO0595 Enzo
Lamin A/C Rabbit 2032 Cell Signaling
LC3B Rabbit 2775 Cell Signaling
p62 Mouse ab56416 ABCAM
pSer403 p62 Rabbit GTX128171 GeneTex
RABI11 Mouse 610656 BD
RAB7 Rabbit sc-10767 Santa Cruz
RAS Mouse 05-516 Millipore
SREBP2 Rabbit ab30682 ABCAM
TSG101 Rabbit ab125011 ABCAM
Tubulin Mouse T5201 Sigma
Tubulin Rabbit 2125 Cell Signaling
Ubiquitin Mouse 3936 Cell Signaling
Ubiquitin-K63 Rabbit 5621 Cell Signaling
VDAC1 Mouse MABNS504 Millipore
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