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Context

Huntington's disease (HD) is an autosomal dominant genetic disorder, caused by an increase in the
number of CAGs in exon 1 of Huntingtin’s gene. The neuropathology of HD mainly affects the striatum
and the cortex at early stages of the disease and progressively spreads to other brain structures. The
main clinical manifestations of this pathology are choreic movements, cognitive deficits and psychiatric
disorders. Currently, treatments are only symptomatic, there is no disease modifying treatment on the
marker for HD, which is why research on HD remains essential to understand and treat this disease. A
major challenge in the management of HD is to delay the age of onset of the disease and slow down
its progression. Over the last decade, a growing number of potential therapeutic targets has been
tested in HD clinical trials but the rate of success remains low with only 3,5% of trials progressing to
the approval phase (Travessa et al., 2017). The goal of our team is to understand the molecular
mechanisms involved in neurodegeneration in order to propose new therapeutic targets. In the past
10 years, alterations in cerebral cholesterol homeostasis have been described in HD (Valenza and
Cattaneo, 2011). However, the relevance of targeting cholesterol metabolism for therapeutic
interventions in HD remains to be established. Cholesterol is an essential membrane component in the
central nervous system, alterations of its homeostasis will have serious consequences on neuronal
functions. Since cholesterol does not cross the blood-brain barrier, it is synthesized and renewed in
the central nervous system. The metabolite derived from the catabolism of cholesterol in the brain,
the 24S-hydroxycholesterol (24S-OHC), is decreased in the plasma of patients at early stages and is
correlated with the atrophy of the putamen measured by MRI (Leoni et al., 2008). In addition, the
expression of CYP46A1, the neuronal protein and the rate-limiting enzyme that catabolizes cholesterol
into 24S-OHC, is strongly reduced in the putamen of patients, as well as in the striatum of R6/2 HD

mouse models (Boussicault et al., 2016).

The team previously demonstrated, in the R6/2 HD mouse models, that restoration of appropriate
CYP46A1 expression in striatal neurons is neuroprotective and directly reinstates cholesterol
metabolism, including production of sterols (lanosterol and desmosterol) and 24S-OHC (Boussicault et
al., 2016). The zQ175 mice are a recently characterized Knock-In murine model carrying the human
first exon with 190 CAGs in the mouse's endogenous Htt gene (Menalled et al., 2012). This model has
the advantage of respecting the genetic context of the pathology and displays several phenotypes
which can be quantified to evaluate therapeutic approaches and to study early events in HD
pathogenesis. As cholesterol metabolism appears like an interesting target in HD, my thesis project
was focused on the impact of a restoration of CYP46A1 expression in the striatum of the zQ175 mice

and the underlying molecular and cellular mechanisms involved in the beneficial effects of CYP46A1.



In this context, a better understanding of the cell-type-specific mechanisms underlying the
dysregulation of brain cholesterol signaling are essential to develop an efficient neuroprotective
strategy in HD. Therefore, the second part of my project was focused on the specific regulation of
transcription and cholesterol metabolism in purified astrocytes and neurons. Indeed, astrocytes are
the main site for cholesterol synthesis, whereas neurons mainly degrade cholesterol through CYP46A1
expression and the production of 24S-OHC. Thus, because cholesterol metabolism in the brain is
complex and strongly relies on astrocytes, we need to complete our understanding of the
neuroprotective mechanisms provided by CYP46A1. We thus started a more precise study on the
impact of neuronal CYP46A1 restoration in isolated and purified astrocytes and neurons from striatal
extracts. This study on neuronal and astrocytic populations will allow the identification of relevant
molecular targets involved in CYP46A1-mediated neuroprotection, which could be of therapeutic

interest in HD.

Therefore, my thesis project aimed at further understanding the cellular and molecular mechanisms
that drive CYP46A1-mediated neuroprotection and dissecting the cell type-specific mechanisms that

ensure an appropriate regulation of cholesterol metabolism.









INTRODUCTION

Chapter 1 - Huntington’s disease

Epidemiology

Huntington’s disease (HD) is a hereditary neurodegenerative disease, one of the most common
neurological disorders with an autosomal dominant inheritance. HD is endemic to all population;
however, it is most common in population of European descent. Indeed, in a Canadian study, HD
prevalence was estimated at 13.7 per 100 000 in the general population and 17.2 per 100 000 in the
population of European descent (Fisher and Hayden, 2014). Japan represents the most non-Caucasian
population studied, with a prevalence of 0.72 per 100 000 (Adachi and Nakashima, 1999). In France,
the number of people concerned is estimated at 6 000 patients and 12 000 asymptomatic carriers

(www.orpha.net). The mean age of onset is typically between 30 and 50 years, with a range of 2 to 80

years (Myers, 2004). The early onsets, before 21 years old, are known as Juvenile Huntington’s Disease
and concern 3 to 10% of the patients (Gonzalez-Alegre and Afifi, 2006). After the first symptoms

appear, the mean progression of the disease is 17 to 20 years (Myers, 2004).

Symptoms

Motor symptoms

Motor symptoms are characteristic of HD, with an evolution of the pattern of symptoms along with
the disease progression. Early in the disease, involuntary movements such as chorea are predominant,
causing limb incoordination. At later stages, chorea will decrease, replaced by dystonia (sustained or
repetitive muscle contraction leading to abnormal posture), rigidity and bradykinesia (slowness of
movement) (Novak and Tabrizi, 2010). Other motor symptoms include abnormal eye movement and
dysphagia (difficulty in swallowing). In the late stages of the disease, dysphagia is associated with a
high morbidity, with complication such as pneumonia, malnutrition and dehydration (de Tommaso et

al., 2015).
Cognitive symptoms

Cognitive symptoms tend to begin before motor disorders and can profoundly affect the daily life of
patients, especially because patients themselves may not be aware of the beginning of these
symptoms. Cognitive decline starts with subtle signs more than 10 years before diagnosis, worsening

with the course of the disease (Papoutsi et al., 2014). Patients are frequently impulsive; they will



experience executive dysfunctions at early stages, causing problems of planning, concentration and
multi-tasking. They can also have difficulty in learning new skills. Patients can experience perceptual
changes, visuospatial deficits, especially perception of their own bodies in their environment (Craufurd

and Snowden, 2002).
Psychiatric and behavioral symptoms

Psychiatric symptoms, like cognitive symptoms, often precede motor decline and highly impact
patients and their interaction with family members and care takers. Depression is common in HD, as
an intrinsic feature, independently of other symptoms. Suicide in pre-symptomatic and symptomatic
carriers is higher than in the general population (Paulsen et al., 2005). Other common symptoms
include anxiety, irritability and apathy (Paulsen et al., 2001). Apathy can be a challenging symptom to
manage because difficult to distinguish from depression. Apathy occurs early and worsens with the
progression of the disease (Camacho et al., 2018). Sleep disorders may be misinterpreted as
consequences of depression, but are characteristic of HD. Disturbed nocturnal sleep and increased

daytime somnolence have been described in patients (Arnulf et al., 2008; Videnovic et al., 2009).
Peripheral symptoms

HD symptoms are not restricted to the central nervous system (CNS) (van der Burg et al., 2009). Weight
loss is a prominent hallmark of HD; it is progressive and seems to be associated with an increased
metabolic rate. For instance, the pancreas is affected with an impaired glucose tolerance. Skeletal
muscle atrophy is another feature of HD and study of patient’s myocytes showed several cellular
defects. Cardiac failure is observed in 30% of HD patients and is an important cause of death in HD. A
recent study showed a cardiac electrical remodeling in HD patients, with changes in advanced ECG
variables (Cankar et al., 2018). Other described features include testicular atrophy, osteoporosis and
dysfunction of blood derived cells (van der Burg et al., 2009). Risk of cancer is significantly reduced in
HD, despite the high incidence of risk factors in patients, except for skin cancer where incidence is

higher (Coarelli et al., 2017).

Neuropathology

Neurodegenerescence in HD

HD is associated to a progressive and severe neurodegeneration, with at late stages a decrease in brain
weight up to 25% (Vonsattel and DiFiglia, 1998). The main affected structures are the striatum
(caudate-putamen), the cortex and the white matter (Figure 1). Morphometric analysis of coronal

brain slices showed important loss in the putamen (64% reduction), the caudate (57%), the white



matter (29-34%), the cortex (21-29%) and the thalamus (28%), associated to larger ventricles (de la
Monte et al., 1988).

Control HD patient Control HD patient

Figure 1. Neuropathology of HD. Brain coronal section at 2 levels of a representative control and a 35-year-
old male. We can observe a severe atrophy of the caudate (arrows), the globus pallidus (asterisks) and the
cortex. CN: Caudate Nucleus, P: Putamen, GPe: external Globus Pallidus, GPi: internal Globus Pallidus. Scale
bar: 1cm (Waldvogel et al., 2015)

Progression of the neurodegenerescence

The neurodegenerescence starts before the first symptoms and worsen with the disease progression.
A grading system was established based on the striatal atrophy, from 0 to 4 with increased severity
(Vonsattel et al., 1985): grade 0 with no macroscopic changes but 30 to 40% of striatal neurons are
already lost, grade 1 with a slight striatal atrophy and 50% neuronal loss. Striatal atrophy becomes
severe at grade 3 and 4 with a loss of 95% of striatal neurons. Atrophy in other brain structures is
clearly visible at grade 3 and 4. In the cortex, the atrophy is especially visible in in layers Ill, V and VI
(Sotrel et al., 1991). At grade 4, 50% of the globus pallidus volume is decreased, with a more severe
atrophy of the external globus pallidus (Lange et al., 1976). The thalamus and the subthalamic nucleus

are also affected at grade 3 and 4.

Recent MRI studies showed that brain atrophy starts at pre-symptomatic stages, with reduced volume
of the striatum before disease onset. White matter atrophy is also detectable very early (Figure 2).
Indeed, measure of corpus callosum volume, the largest and one of the most important white matter
structure, showed a significant decrease in pre-symptomatic gene-carriers, years before disease onset

(Crawford et al., 2013).
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Figure 2. MRI evaluation of brain atrophy in HD. VVoxel based morphometry of pre-symptomatic gene-carriers
(PreA: more than 10 years from onset, PreB: less than 10 years from onset) and symptomatic HD patients at
2 stages (HD1, HD2). Atrophy is indicated with a color code from red (substantial atrophy) to yellow (severe
atrophy). (Ross et al., 2014)

Differential vulnerability of cell population

This specific pattern of neurodegeneration is associated to a differential vulnerability of some neuronal
population. As described previously, the striatum is one of the main affected areas, it is mostly
composed of projections neurons called striatal projection neurons (SPN), which are medium spiny
GABAergic inhibitory neurons, representing up to 95% of the neurons of the striatum. Based on their

projection target, SPNs can be classified in two main groups:

- SPN from the direct pathway projecting to the GPi (internal Globus Pallidus) and SNr
(Substantia Nigra pars reticulata) expressing dopaminergic receptors of D1 subtype (D1R) and
substance P as co-neurotransmitter.

- SPN from the indirect pathway projecting to the GPe (external Globus Pallidus) expressing

dopaminergic receptors of D2 subtype (D2R) and encephalin as co-neurotransmitter.

SPN from the indirect pathway are the most vulnerable in HD and are the first affected by the
degeneration, followed later on by the SPN from the direct pathway (Figure 3) (Augood et al., 1996;
Reiner et al., 1988; Richfield et al., 1995). In the cortex, the most vulnerable cells are large pyramidal
projection neurons from layer V, VI and to a lesser extent layer lll (Cudkowicz and Kowall, 1990;
Hedreen et al., 1991). These pyramidal neurons from layer V and VI are the glutamatergic neurons
projecting to the striatum. Interneurons of the striatum and the cortex are less impacted in HD

(Cicchetti and Parent, 1996) (Figure 3).
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Anatomical Relative

. Il . NT NT Pepti
location Cell type vulnerability receptor Bpdelzs
SPN (direct pathway) +++ D1, NMDA, AMPA  GABA Substance P / Dynorphin

Striatum SPN (indirect pathway) +H+++ D2, NMDA, AMPA  GABA Enkephalin

Interneurons + D2, NMDA, AMPA ACh Neuropetide Y, Parvalbumin
Pyramidal neurons Glu, ACh, DA, NE,

Cerebral +++ Glu -

(layer V/VI) 5HT
cortex - -

Interneurons + Glu, GABA GABA  Somatostatin, Neuropeptide Y

Figure 3. Differential vulnerability of cell population in HD. Neurons in the striatum and the cortex display different
degrees of vulnerability in HD, the most vulnerable being the SPN (Striatal Projection Neurons) expressing D2
receptors and enkephalin, and the pyramidal neurons of layer V/VI. Degree of vulnerability: from least (+) to most
(+++++) vulnerable. NT: neurotransmitter (Adapted from Han et al, 2010)

The basal ganglia are sub-cortical nuclei involved in the control of mood, movement, as well as motor
learning, executive functions, behaviors and emotions. It includes the striatum (composed of the
caudate and putamen in primates), the globus pallidus (GPe and GPi: external and internal segment),
the subthalamic nucleus (STN) and the substantia nigra (SN) (Carpenter et al., 1976). The striatum
represents the main input structure of the basal ganglia, as it integrates contextual information from
the whole cerebral cortex, thalamus and amygdala (glutamatergic afferents), along with dopaminergic

inputs released in response to unexpected rewards and other salient stimuli.

In the indirect pathway, the excitatory pyramidal neurons of the cortex project onto the inhibitory SPN
of the striatum. These SPN will send projections to the inhibitory neurons of the GPe, lifting the
inhibition of the excitatory neurons of the STN, resulting in the excitation of inhibitory neurons of the
GPi which will inhibit the thalamus. In the direct pathway, the cortical excitatory neurons project onto
the SPN, which will inhibit the inhibitory neurons of the GPi and thus lifting the disinhibition of the
thalamus output onto the cerebral cortex (Smith et al., 1998). In the direct pathway, SPN also project

to the GABAergic neurons in the SNr (Figure 4).

Thus, the result of cortical activation in the direct pathway is opposite to that of the indirect circuit:
- Indirect pathway: inhibition of cortical activity which inhibits movements.

- Direct pathway: reinforcement of cortical activity which facilitate initiation of movements.

In this system, the dopaminergic neurons from the SNc (pars compacta) send projections to the
striatum (Figure 4) and the dopamine release modulates SPN activity, allowing an increased activation
of SPN expressing D1 receptor from the direct pathway and the inhibition of SPN expressing D2

receptor from the indirect pathway.
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At grade 0, the initial symptoms of hyperkinesia and chorea are caused by the damage in the indirect
pathway (Figure 4), reducing the inhibition of the GPe which increases inhibition on the STN. The STN
becomes hypo-functional, reducing disinhibition of the thalamus and leading to the over-activation of
the motor cortex which results in chorea (hyperactivity). At grade 1, SPN from the direct pathway
projecting to the SNr are degenerating (Glass et al., 2000). At grade 3, in the later stages of the disease,
the loss of SPN from the direct pathway projecting to the GPi causes increased inhibition of the

thalamus which decreases the activation of the motor cortex leading to rigidity (hypoactivity).

Cerebral Figure 4. Representation of the cortico-
cortex basal ganglia pathways and the affected
Pl ) pathways in HD. Within the striatum, the
.\"_ ' e L. . . .
| inhibitory SPN will either connect with the
‘ GPi through the direct pathway, or with the
GPe through the indirect pathway which will
then connect to the STN and finally to the
GPi. The dopaminergic neurons from the SNc
send projections to the striatum to modulate
SPN activation. The most vulnerable neurons
Thalamus < A in HD, the SPN and the pyramidal neurons
are represented by dashed lines. 1.
Degeneration of SPN from the indirect
pathway projecting to the GPe at early
stages. 2. Degeneration of SPN projecting
onto the SNr. 3. Degeneration of SPN from
the direct pathway projecting to the GPi.
STN: Subthalamic nucleus, GPe: external
Globus Pallidus, GPi: internal Globus
SNC_ Pallidus, SN: Substantia Nigra. (Modified

SNr from Han et al, 2010)

Huntingtin’s gene
Discovery of the gene

George Huntington was the first physician to give a comprehensive and thorough description of HD in
1872. His father and grandfather were also physician and by gathering observations from these 3
generations he was able to describe a hereditary transmission of the disease. Mendel’s work in the
1900s allowed the association of George Huntington’s description to a Mendelian dominant pattern
of transmission of HD. In the 1980s, the first HD gene-mapping project was launched and HD was the
first genetic disease to be mapped to a chromosome in 1983, without prior knowledge of its
chromosomal location (Gusella et al., 1983). Once the technology was available, the gene was cloned
by the Huntington’s Disease collaborative research group in 1993 and the mutation responsible for the

disease was identified (MacDonald et al., 1993).
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Description of Huntingtin’s gene

Huntingtin’s gene (Htt) is located on the short arm of chromosome 4 at position 16.3 (4p16.3) (Gusella
et al., 1983) (Figure 5). Using cloned trapped exons, the Huntington’s disease collaborative research
group was able to isolate the IT15 (Interesting Transcript 15) reading frame encoding for HD gene. The
human Htt gene is a large locus of 180 kB containing 67 exons. The first exon contains a (CAG), repeat
and the abnormal expansion of this repeat is responsible for the disease. This repeat is located 17
codons after the ATG initiation site (Figure 5). In the normal population, the CAG repeat is on average
17 and in the HD population the CAG repeat is superior to 40 copies (MacDonald et al., 1993). A subset
of single nucleotide polymorphism (SNP) was identified in Htt gene with three common HD haplotypes
(A1, A2, A3) highly associated to the disease (Lee et al., 2012a; Warby et al., 2011). Characterization of
Htt gene promotor allowed the identification of GC rich regions and binding sites for regulatory
element such as SP1, AP2, p53, but this promotor lacks TATA and CAAT boxes (Feng et al., 2006;
Holzmann et al., 2001).

Chromosome 4

CAG Human Htt gene

Figure 5. Localization of Huntingtin gene. Htt gene is located on the small arm of chromosome 4. (Modified
from Déglon, 2017)

Expression of Huntingtin’s gene

There is a differential polyadenylation of Htt gene, giving two forms, a larger 13.7 kb transcript which
is the predominant form in the human brain and a 10.3 kb transcript widely expressed (Lin et al., 1993).
Huntingtin mRNA is ubiquitously expressed with variability depending on the structures. Htt mRNA is
expressed in all brain regions, with high levels in the cerebellum, the hippocampus, the cerebral cortex,
the substantia nigra pars compacta and pontine nuclei, in the striatum the levels are intermediate and
they are low in the globus pallidus. mMRNA expression is higher in neurons but still significant in glial
cells (Landwehrmeyer et al., 1995). A recent study showed that, in neuronal cells, 50% of wild type Htt
MRNA is located in the nucleus, where it is more stable than in the cytoplasm (Didiot et al., 2018). No
difference was observed between wild type and mutant Htt (mHtt) mRNA localization in post mortem
tissue (Gourfinkel-An et al., 1997). However, mHtt mRNA levels are higher in the cortex and striatum

of patients at early stages (Liu et al., 2013).
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CAG instability and disease onset

In the normal population, the polymorphic range of CAG repeat is between 6 and 35 repeats. Between
36 and 39 repeats, the penetrance is incomplete, meaning that the risk of developing HD is increased
but some individuals will never develop HD symptoms. With more than 40 CAG repeats HD penetrance
is total (Rubinsztein et al., 1996). The number of CAG repeat is unstable and can change size during
transmission from one generation to the next, especially for intermediate CAG repeat (27-35), with
more instability with increased CAG length. Typically, the increase or decrease involve one or a few
CAG, larger modification are rare but often associated to paternal transmission, suggesting a higher
instability during spermatogenesis (Duyao et al., 1993). Although rare, de novo mutation were
described in HD and epidemiologic analysis of the disease showed >10% new mutation rate in each
generation (Falush et al., 2001). There is an inverse relationship between the size of the CAG repeat
and disease onset (Figure 6). The allele with the longer CAG repeat will determine disease onset, in a
dominant manner, regardless of the length of the second allele (normal or not) (Lee et al., 2012b).
Juvenile HD is associated to alleles with more than 70 CAG repeats, however alleles with more than 80
repeats are extremely rare (Telenius et al., 1993). Interestingly, the size of the CAG repeat is not the
only factor associated with age of onset, it is estimated to contribute to 50-77% of the variance in HD
(Andrew et al., 1993). Indeed, several genetic modifiers have been identified in HD that could influence
disease onset (Figure 6). Genome wide association analysis showed a locus at chromosome 15 that
could accelerate or delay onset by 6.1 years and 1.4 years respectively and a locus at chromosome 8
that could increase onset by 1.6 years. These loci are strongly associated to pathways involved in DNA
repair and also to mitochondria, oxidative stress and proteostasis (Genetic Modifiers of Huntington’s
Disease (GeM-HD) Consortium, 2015). Another association was detected in chromosome 3, near the

MLH1 gene, involved in DNA mismatch repair (Lee et al., 2017).
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Figure 6. Huntingtin CAG length against age of motor onset in HD. Increased CAG length is associated to early
age of onset. In blue: influence of gene modifiers on age of onset (Modified from Holmans et al, 2017)
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Modeling Huntington’s disease

Before the discovery of HD gene, the first models relied on striatal lesions using toxins, based on the
knowledge that it is the most affected structure (Beal et al., 1986; Brouillet et al., 1993). The
identification of the mutation responsible for HD allowed the establishment of many models to
decipher HD molecular and cellular mechanisms and to evaluate the potential of therapeutic
strategies. Since then, many strategies and species have been used to model HD and address different
questions (Figure 7). The size of the genomic sequence and the variable phenotype depending on the
CAG repeat gave rise to several questions to establish the appropriate genetic strategy: use of the full-
length or the mutated fragment of Htt, the size of the CAG repeat, use of the endogenous mouse

promoter or the human Htt promoter...

The most commonly used animals to model HD are rodent models. The N-terminal transgenic model
usually exhibits rapid phenotype onset (Mangiarini et al., 1996; Schilling et al., 1999), whereas full
length knock-in models are closer to the human genetic context and have a more progressive
phenotype (Lin et al., 2001; Menalled et al., 2003; Wheeler et al., 2002) (Figure 7). Other full length
model were created using YAC (Yeast Artificial Chromosome) and BAC (Bacterial Artificial
Chromosome) technology, also giving a progressive phenotype (Hodgson et al., 1999; Yu-Taeger et al.,
2012) (Figure 7). Another technic to generate HD models is based on the transfer of viral vectors
expressing the mutated Htt (Déglon and Hantraye, 2005). Lentiviruses coding for the 171 first amino
acids of Htt with 82 CAGs (N171-82Q) were largely used, this model develops a neuropathological
phenotype but no behavioral changes (Damiano et al., 2013; Galvan et al., 2012). Adeno-associated
viruses (AAV) coding for the mutated Htt were also developed, with AAVs coding for Htt fragments
with 97 or 100 CAGs (DiFiglia et al., 2007; Senut et al., 2000) and more recently the N171-82Q Htt

fragment, which is associated to motor dysfunctions (Jang et al., 2018).

A few large animal models were created to be closer to the human physiology and anatomy. A rhesus
macaque model was established using fragments of human Htt, they reproduced HD phenotype,
however this model was very severe and the animals died quickly (Yang et al., 2008). A sheep model
was established using the full length Htt, neuropathological hallmarks and metabolic disruptions were
reported, however, no motor symptoms were observed up to 3 years (Jacobsen et al., 2010; Skene et
al., 2017). A new knock-In mini-pig model was established using CRISPR/Cas9 and characterization of

this model showed promising recapitulation of HD symptoms (Yan et al., 2018).

Non-mammalian models such as C. Elegans and Drosophila melanogaster have also been established
and can be useful for high throughput genetic and pharmacological screening (Parker et al., 2001;

Romero et al., 2008) (Figure 7).
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Cellular models are also useful tools to dissect cellular mechanisms (Figure 7). For instance, a striatal

cell line was established from HdhQ111 knock-in embryos, with a strong dominant phenotype caused

by the mutant HTT protein (mHTT) and a high sensitivity to stress (Trettel et al., 2000). The recent use

of induced pluripotent stem cells (iPSC) opened the new possibility to model HD using cells derived

directly from patients, giving new resources to gain further mechanistic insight and explore novel drug

targets for HD (HD iPSC Consortium, 2012).

Model Transgene Promoter (CAG)n  Motor phenotype
Non-mammalian models
C. Elegans N-terminal human Htt cDNA  Osm-10 (sensory neurons) 95,150 5 days
Drosophila N-terminal human Htt cDNA Gmr (Glass multimer 178 10 days
melanogaster Full-length human Htt cDNA reporter) 20 days
N-terminal transgenic and fragment models
) 67 amino acids of N-terminal Human Htt bromoter
R6/1 mice fragment (human Htt) p 116 4.5 months
) 67 amino acids of N-terminal Human Hit oromoter
R6/2 mice fragment (human Htt) p 144 6 weeks
171 amino acids of N-
N171-82Q mice terminal fragment (human Murine prion promoter 82 3 months
Htt cDNA)
Rhesus Monkey Human Htt exon 1 Human polyubiquitin-C 84 1 week
Transgenic full-length models
, Full-lenath human Het Human Htt promoter and
YAC128 mice g regulatory elements 128 6 months
Full-leneth human Het Human Htt promoter and
BACHD rats eng regulatory elements 97 2 months
Sheep OVT73 Full-length human Htt Human Htt promoter 73 -
Knock-In models
) Full-length chimeric human Endogenous mouse Htt
CAG140 mice Htt exon 1:mouse Htt promoter 140 4 months
) Full-length chimeric human Endogenous mouse Htt
zQ175 mice Htt exon 1:mouse Htt promoter 188 2 months
‘ Full-length chimeric human Endogenous mouse Htt
HdhQ111 mice Htt exon 1:mouse Htt promoter 111 24 months
) Full-length chimeric human Endogenous mouse Htt
HdhQ150 mice Htt exon 1:mouse Htt promoter 150 10 months
Mini-pig Full-length chlme.nc human Endogenous pig Htt 150 5 months
Htt exon 1:pig Htt promoter
Cellular models
STHAhQ111/Q111 Full-length chimeric human Endogenous mouse Htt 111 i
Htt exon 1:mouse Htt promoter
ipsc Full-length human Hit Endogenous human Htt 60, 109, i
promoter 180

Figure 7. Overview of HD models. (Crook and Housman, 2011; Pouladi et al., 2013)
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The zQ175 knock-in mouse model

Knock-In models are the most appropriate models to mimic the genetic context of HD. Among these
models, the zQ175 mice derived from a spontaneous expansion of the CAG repeat in the CAG140
knock-in mice (Menalled et al., 2012). They develop impairment of motor behavior (Menalled et al.,
2012; Smith et al., 2014), cognitive deficit (Heikkinen et al., 2012), apathy (Oakeshott et al., 2012) and
sleep disorder (Loh et al., 2013). They display striatal and cortical atrophy (Heikkinen et al., 2012; Peng
et al., 2016), along with neuropathological landmarks of HD such as the formation of aggregate (Carty
et al.,, 2015) and decreased myelination (Ma et al.,, 2015). In other knock-in models, working on
homozygous mice has been necessary to observe clear phenotypic changes, whereas with the zQ175
mice, heterozygous mice display characteristic HD phenotype. Since in humans most of patients are
heterozygous for HD, heterozygous zQ175 mice are mouse models with robust behavioral,
electrophysiological and histopathological features that may be valuable in furthering our
understanding of HD pathophysiology. Therefore, it is an interesting model to evaluate potential
therapeutic strategies. Recently, the zQ175 mice were crossed with the FVB/N strain, which is highly
susceptible to neurodegeneration, giving the Q175F line. The zQ175 Knock-In allele retains a floxed
neomycin resistance cassette upstream of Htt gene, decreasing the expression of mutant Htt. This neo
cassette was removed from the Q175F mice, generating the Q175FDN line, with an increased

expression of mHtt and an enhanced phenotype severity (Southwell et al., 2016).
Structure and function of huntingtin

Structure of Huntingtin protein

Huntingtin (HTT) is a highly conserved protein of 348 kD containing 3144 amino acids. The CAG repeat
of Htt gene translates into a poly glutamine stretch (polyQ) at the N-terminus of the protein, which is
preceded by 17 amino acids and followed by a proline rich domain (PRD). This PRD domain can interact
with proteins containing tryptophans and Src homology 3 domains (Harjes and Wanker, 2003). The
polyQ tract, which forms a polar zipper, can also interact with other proteins (Perutz et al., 1994). HTT
has several HEAT domains (acronym for the four proteins where these structures are found:
Huntingtin, Elongation factor 3: EF3, protein phosphatase 2A: PP2A, lipid kinase TOR) which are
tandem repeats composed of two alpha helices linked by a short loop. HEAT domains are involved in
the formation of inter and intra-molecular interactions (Palidwor et al., 2009) (Figure 8). With partner
proteins HEAT can act as scaffold structures and within HTT it allows the formation of different three-
dimensional conformation for HTT (Seong et al., 2010). HTT is subjected to several post-translation
modifications: phosphorylation, acetylation, palmitoylation, ubiquitylation and sumoylation (Figure 8),

which regulate its functions, localization and stabilization. HTT has PEST proteolytic sites (for cleavage
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at proline, glutamic acid, serine, threonine amino acids), targeted by proteins such as caspases, calpain,
cathepsins and the metalloproteinase MMP10 (Gafni and Ellerby, 2002; Kim et al., 2001) (Figure 8).
Both wild-type and mHTT have functional cleaving sites, but proteolysis activity is increased in mHTT,
with generation of various mHTT fragments (Weiss et al., 2012), accumulation of N-terminal fragment
containing the polyQ stretch (Lunkes et al., 2002) and production of non-polyQ fragments (El-Daher et

al., 2015), both involved in cell toxicity.

Integrated studies crossing experimental methodologies, such as affinity purification, combined to
network based investigation of potential interactors, allowed the identification of 395 partners for HTT
(Schaefer et al., 2012) (HIPPIE data base). The mutation of HTT can change its interactions, indeed, in
striatal cells 349 interactors have been identified, 200 being more abundant in complexes containing
mMHTT and 149 more abundant in complexes containing wild type HTT (Ratovitski et al., 2012). Through
these numerous interactions, HTT has important functions in several cellular pathways. The structure
of HTT was recently determined using cryo-electron microscopy, by isolating the HTT-HAP40 complex
to access a stable form of HTT; allowing a high resolution description of HTT and its HEAT domains
(Guo et al., 2018). This more precise structure of HTT will be of great interest to further examine HTT

interactors and to improve our knowledge on its functions and regulations.
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Figure 8. Scheme of the human huntingtin protein sequence. Orange amino acid (aa): phosphorylation sites. Black

aa: sites of indicated modifications. Blue aa: cleavage sites. Orange and black stars: potential phosphorylation and

acetylation sites. Numbers bellow the 2D structure: limits of the indicated domains (HEAT, PEST, Highly disordered
regions). H: number of predicted HEAT repeats organized in larger domains. PEST: proteolysis-sensitive domains.
Bottom: Schematic HTT with spheres corresponding to stretches of HEAT repeats. Ubi: ubiquitin; Sumo: sumoylation;
Acet: acetylation; Palm: palmitoylation; MMP10: metalloproteinase 10; Calp: calpain; Casp: caspase. (Saudou and
Humbert, 2016)
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Huntingtin expression and localization

HTT is a stable protein with a half-life of about 24h (Persichetti et al., 1996). It is an ubiquitous protein
found in all cell types, with high levels in neurons (Sharp et al., 1995). HTT is mainly cytoplasmic but
can also go to the nucleus. Indeed, the first 17 amino acids sequence has a nuclear export signal (NES)
and is subjected to post-transcriptional modifications that can affect HTT clearance and localization
(Atwal et al., 2007; Thompson et al., 2009). HTT co-localize with several cellular compartments such as
the endoplasmic reticulum, the mitochondria, the Golgi apparatus, the cytoskeleton and vesicles
(DiFiglia et al., 1995; Gutekunst et al., 1995; Sharp et al., 1995). HTT is enriched in cortical neurons
from layers V, which project to the striatum. Interestingly, HTT is less abundant in the striatum, and in
this region, the cells expressing the highest levels are the cholinergic interneurons (less affected in HD),

SPN expressing intermediated levels (Fusco et al., 1999).
Huntingtin and development

After the gene discovery, invalidation of Htt gene was undertaken to understand HTT function.
However, homozygous invalidation was lethal in mice, with abnormal gastrulation at E7.5 (Duyao et
al., 1995) and heterozygous mice had increased motor activity and cognitive deficits (Nasir et al., 1995).
These studies highlighted the role of HTT during development, especially in the nervous system.
Indeed, decreased expression of HTT severely affects brain formation, with the most evident
malformation in the fore and mid-brain and abnormal organization of the striatal subventricular zone
(White et al., 1997). More specifically, silencing of HTT in cortical progenitors favors neuronal
differentiation instead of maintaining their proliferative status by disturbing mitotic spindle
orientation (Godin et al., 2010). Knock down of Htt in neuroepithelial cells of the neocortex was
associated to a defect in migration, reduced proliferation and increased cell death (Tong et al., 2011).
A recent study showed that HTT is essential for the establishment of the proper morphology and
positioning of cortical neurons during the development of the neocortex. This regulation of newborn

neurons polarization by HTT is mediated by RAB11 recycling of N-cadherin (Barnat et al., 2017).
Huntingtin and mitosis

HTT is involved in the coordination of cell division, by being targeted to spindle poles through its
interaction with dynein. HTT mediates the localization and accumulation to the cell cortex of NUMA
and LGN, proteins that are necessary to generate the pulling forces on astral microtubules in order to
properly position the spindle (Elias et al., 2014). Moreover, the specific loss of HTT function has been

shown to lead to spindle mis-orientation, highlighting HTT role in mitosis (Godin et al., 2010).
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Huntingtin and transcription

HTT interacts with major transcription factors such as CBP, Sp1, p53 and might act as a scaffold for the
transcriptional machinery. Importantly, HTT sequestrates the REST/NRSF complex in the cytoplasm,
allowing bdnf transcription (Figure 9). HTT binds to nuclear receptors LXR (Liver X Receptor), acting as
a co-activator, and others such as PPARy (Proliferator Activated Receptor y) and VDR (vitamin D
receptor) (Figure 9). HTT can interact with proteins involved in epigenetic modification like PRC2.
Through these interactions, HTT can facilitate transcription activation or the repression, having large
potential consequences on cellular functions. HTT itself can also bind DNA acting as a co-factor, indeed
exon 1 can directly bind DNA and alter its conformation, however, polyQ expansion increases this

interaction, altering the binding of transcription factors (Benn et al., 2008).

Name Action of HTT Target - Role Reference

Transcription factors

cAMP-response element

(CREB)-Binding Protein (CBP) Interaction Transcription activator (Steffan et al., 2000a)

Neuronal development

NeuroD Facilitates activation (Marcora et al., 2003)

and survival
Cell differentiation,
SP1 (Specificity Protein 1) Scaffold apoptosis, chromatin (Dunah et al., 2002)
remodeling
Tak d Gusell
NF-kB (Nuclear Factor kB) Scaffold Stress response (Takano and Gusella,

2002)

p53 (tumor suppressor protein Cell cycle, apoptosis, DNA

ffol ff I, 2

53) Scaffold repair (Steffan et al., 2000a)
Transcriptional activators or repressors
Co-activator TAFII130 Scaffold Transcription co-activator (Dunah et al., 2002)

S trati f REST: NRST sil
REST/NRSF (repressor-element equestration o srencer

. REST/NRSF NRSF: Neuronal
1 transcription factor/neuron (Zuccato et al., 2003)
L Promotes bdnf development and

restrictive silencer factor) o .

transcription maintenance

BP - inal-
C.t v(Corepre.ssor C-termina Scaffold Transcription co-repressor  (Kegel et al., 2002)
Binding Protein)
Nuclear receptors
Lipid h tasi
LXRa (Liver X receptor a) Co-activator ipid omgos asts (Futter et al., 2009)
Inflammation

Chromatin remodeling
PRC2 (Polycomb Repressive FaC|||ta.tes hfst.one Tri-methylation at H3K27 (Seong et al., 2010)
Complex 2) catalytic activity

Figure 9. HTT interacts with proteins involved in the transcription.
Huntingtin and vesicular transport

HTT interacts with molecular transporter, directly with dynein or through the Huntingtin associated
protein 1 (HAP1) (Figure 10) (Colin et al., 2008; Engelender et al., 1997; McGuire et al., 2006). It is
involved in the anterograde and retrograde transport of organelles like autophagosomes (Wong and

Holzbaur, 2014), endosomes and lysosomes (Caviston et al., 2010). In neurons, HTT is important for
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the transport of vesicles in axons and dendrites, for instance for the transport of vesicles containing
synaptic precursor, vesicles containing GABA receptor (Twelvetrees et al., 2010), the transport of BDNF
vesicles (Brain Derived Neurotrophic Factor) from cortical neurons to striatal neurons (Gauthier et al.,
2004) and the transport of BDNF receptor, TrkB, in dendrites of striatal neurons (Liot et al., 2013). HTT
involvement in vesicular transport has been supported by experiments showing that HTT silencing
decreases vesicles transport whereas its overexpression favors transport (Zala et al., 2013a). Some
evidence suggests that HTT participate to the transport of mitochondria, but the role of wild type HTT
is less clear since it has been mostly studied in the context of mHTT. Vesicles velocity might also be
increased by HTT thanks to its ability to bind GAPDH (glyceraldehyde 3-phosphate dehydrogenase),

providing a local source of energy for vesicles (Zala et al., 2013b).
Huntingtin and endocytosis

Among its partners, HTT interacts with complexes associated to endocytosis. Through its interaction
with HIP1 (huntingtin interacting protein 1) and HIP1R (HIP1 receptor), HTT is involved in the assembly
of clathrin at the membrane for membrane invagination (Waelter et al., 2001). Dynamin 1, which is
involved in clathrin-mediated endocytosis, is inactivated after artificial proteolysis of HTT, suggesting
a role of HTT in dynamin 1 activation (El-Daher et al., 2015). HTT also participates to the recycling of
vesicles by interacting and activating GTPase Rab11 (Li et al., 2008). To regulate endocytosis and vesicle
recycling, HTT may also be involved in a larger complex containing endophilin A3, endophilin B1,
amphiphysin and dynamin (Modregger et al., 2003). HTT interacts with HAP40, which can bind Rab5
to regulate endosomal trafficking. Doing so, HTT allows the switch of cargo from microtubules to actin
filaments by interacting with actin and decreasing endosome motility (Pal et al., 2006). This transition
could also be mediated by HTT interaction with complexes such as Rab8-optineurin-myosin VI and

HAP1-dynactin (Hattula and Peranen, 2000; Sahlender et al., 2005).

Huntingtin and autophagy

HTT has an important role in the regulation of autophagy, which is an essential pathway for the
elimination of unfolded or aggregated proteins and defective organelles. HTT can act as a scaffold
protein for the specific macroautophagy by interacting with p62 (autophagy cargo receptor) which
facilitate its association with LC3 (involved in autophagosome membrane formation and fusion) and
ubiquitinated cargo (Ub-K63). By doing so, HTT facilitates cargo loading into autophagosomes.
Moreover, HTT promotes autophagy induction by binding to ULK1 (a kinase initiating autophagy),
releasing it from the negative regulation by mTOR (Rui et al., 2015). The structural similarities between
HTT and yeast autophagy proteins give further support that HTT is a key component as a scaffold

protein for autophagy (Ochaba et al., 2014). In neurons, autophagosomes formed at the periphery
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need to be transported to the soma, to do so, HTT and its partner HAP1 promotes the retrograde
axonal transport of these autophagosomes by regulating dynein and kinesin motor complex (Wong
and Holzbaur, 2014). Interestingly, deletion of the polyQ stretch in mice increased autophagy and was
associated to an extended lifespan (Zheng et al., 2010). Therefore, HTT role in autophagy may rely on

the polyQ stretch, thus modification of its length could impact this function.
Huntingtin and cell survival

Because of the neuronal loss observed in HD, it seems that the mutation of HTT is associated to pro-
apoptotic pathways and potentially that wild type HTT might be involved in cell survival. Indeed, wild
type HTT was shown in several studies to be associated to pro-survival pathways, for instance
overexpression of HTT protects against excitotoxic cell death (Leavitt et al., 2006). HTT can also directly
act on the pro-apoptotic pathway by preventing caspase 3 activity and inhibiting pro-caspase 9
processing (Rigamonti et al., 2001; Zhang et al., 2006). The striatum does not produce BDNF (brain
derived neurotrophic factor) and relies mostly on cortical delivery of this trophic factor for neuronal
survival (Baquet et al., 2004). As seen previously, HTT promotes BDNF transcription (Zuccato et al.,
2003). HTT is also involved in the axonal transport of BDNF vesicles along cortical axons (Gauthier et
al., 2004) and upon release, BDNF will activate TrkB receptors, which are then endocytosed and
transported to striatal cell soma where they can activate pro-survival pathways. This transport of TrkB
is mediated by HTT interaction with dynein IC-1B (Liot et al., 2013). By acting at different levels of BDNF

transport, HTT participates to the survival of striatal neurons (Figure 10).

(‘Vesicular transport
Dynactin %
complex

Dynein
complex

Figure 10. Huntingtin acts as a
scaffold protein for vesicular
transport. HTT associated to
Dynactin, Dynein, HAP-1 and
kinesin-1 mediates anterograde
and retrograde transport of
vesicles along microtubules. This
complex allows the transport of
BDNF from the cortex to the
striatum, in cortical axons and

dendrite of g P . ) i
a striatal TrkB T striatal dendrites to activate pro-

retrograde . i survival pathways. (Saudou and

transport

Humbert, 2016)

22



Physiopathology of Huntington’s disease

Because of the mutation, the normal function of HTT is altered (loss of its normal functions) and the
cleavage of mHTT, leading to the accumulation of the N-terminal fragments, disrupts several cellular

pathways (gain of toxic functions).
Accumulation of mHTT fragments

The presence of intracellular aggregates of mHTT is one of the prominent neuropathological hallmarks
of HD, as an early event in the disease course (Davies et al., 1997; Weiss et al., 2008). Aggregates were
observed in different neuronal compartment: cytoplasmic aggregates, intranuclear inclusion and
aggregates in neuronal processes which are more abundant than in the nucleus and present before

disease onset in human brains (DiFiglia et al., 1997; Gutekunst et al., 1999).

Formation of toxic species

The mHTT is cleaved at the accessible proteolytic sites by caspases, calpain and endoproteases (Figure
8), giving rise to a variety of N-terminal fragments. Particularly, cleavage by caspase 6 was linked to
neuronal dysfunctions. Indeed, in mice expressing mHTT, resistance to cleavage by caspase 6 was
protective from induced neurotoxicity, whereas resistance from caspase 3 cleavage did not protect

from excitotoxicity (Graham et al., 2006).

Aberrant Htt splicing can generate short polyadenylated exon 1 mRNA, translating into the N-terminal
fragments. Levels of this exon 1 mRNA are proportional to the CAG repeat length and was found in
mouse models and in patients tissues (Neueder et al., 2017). This study showed that the production of

N-terminal fragments can also be independent from proteolytic cleavage (Figure 11).

Recently, repeat-associated non ATG (RAN) translation was described in HD from both sense and
antisense Htt strands. RAN translations generate abnormal protein products with either poly-alanine,
poly-serine, poly-leucine or poly-cysteine (Figure 11). These proteins can accumulate and form

aggregates in the brain of patients, displaying toxic properties in neurons (Bafiez-Coronel et al., 2015).

Different form of toxic species

The N-terminal fragment is disordered as a monomeric fragment; it will favor a condensed state. PolyQ
fragments display polymerization kinetics of nucleated growth, in which polyQ monomers rapidly join
the growing aggregate. These aggregates are formed of aligned B-sheet fibrils, forming amyloid-like

fibers that associate to form aggregate inclusions (Bates, 2003; Jayaraman et al., 2012).
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Other intermediate structures have been described from N-terminal fragment association. For
instance, smaller oligomeric structures could be formed by direct interaction via the polyQ tract

(Legleiter et al., 2010).

Consequences on cellular dysfunctions

PolyQ aggregates can participate to cellular dysfunctions by sequestrating essential proteins:
transcription factors like p53 and CBP (Nucifora et al.,, 2001; Steffan et al., 2000a), ubiquitin-
proteasome system components, cytoskeleton proteins, proteins from the nuclear pore complex (Suhr

et al., 2001), transport protein (Trushina et al., 2004) and normal HTT (Martindale et al., 1998).

However, the toxic properties of aggregates have been largely debated. Some studies in mouse models
support that aggregates are not correlated to the neurodegeneration, showing that neuropathological
changes can occur without the presence of aggregates (Slow et al., 2003) and that aggregates can be
present without neuronal loss or dysfunction (Slow et al., 2005). Suppressing the formation of mHTT
inclusions in vitro actually resulted in an increased cell death (Saudou et al., 1998). Cell death might
rather be correlated to the amount of diffuse mHTT, aggregates formation would thus function as a

coping response to the more toxic soluble mHTT (Arrasate et al., 2004).

Therefore, the most toxic species would be intermediate conformers rather than aggregates. In vitro
studies suggest that the toxic conformers are composed of short B strands interspersed with B turns
(Poirier et al., 2005). Further observations of the different forms adopted by the N-terminal fragment
showed that the soluble oligomers of mHTT fragments are associated with direct toxicity, causing for

instance endoplasmic reticulum stress (Leitman et al., 2013).

Figure 11. Toxic species of mHTT. Expression
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Transcriptional dysregulations and alteration of gene expression

Early transcription dysregulations were described in patients’ striatum with altered gene expression
for D1 and D2 receptors (Augood et al., 1997), reduced levels of enkephalin and substance P mRNA
(Augood et al., 1996). Interestingly, gene deregulation was measurable in patients’ blood, indicating a
wide alteration of transcription in HD (Anderson et al., 2008). Study of mice models showed a nice
recapitulation of the dysregulations seen in patients, without significant modification depending on
mHTT length (Kuhn et al., 2007). However, co-expression network analysis from brain and peripheral
tissue samples, from HD knock-in mice with increasing CAG repeat length, revealed 13 striatal and 5
cortical networks that highly correlated with CAG length and age (Langfelder et al., 2016). Overall,
dysregulation of genes encoding for neurotransmitter receptors, cytoskeletal and structural proteins

and cell signaling were described (Cha, 2007).

mHTT directly interfere with transcription factors and requlators

As described previously, HTT can interact with transcription factors and regulators (Figure 9). The
mHTT will also interact with transcription factors, interfering with their normal functions. As aggregate
or soluble form, mHTT will interact with proteins necessary for the basal machinery of transcription
like TBP (TAT binding protein), TFIIF (transcription factor F), TAFII30 (tyrosine amino transferase Il)
(Shimohata et al., 2000; Suhr et al., 2001). PolyQ aggregates bind an sequester transcriptions factors
and regulators such as CBP (Nucifora et al., 2001), p53 (Steffan et al., 2000b), SP1 (Li et al., 2002), NCoR
(Boutell et al., 1999), which alter their normal function and is associated to cellular toxicity. mHTT
interfere with the transcriptional regulation of BDNF by preventing the normal sequestration of REST
into the cytoplasm and its release into the nucleus where it can repress BDNF transcription and
expression (Strand et al., 2007; Zuccato et al., 2001). The sterol responsive element binding protein
(SREBP), a transcription factor involved in cholesterol and lipid metabolism, has a decreased nuclear

translocation in the presence of mHTT (Valenza et al., 2005).

Chromatin remodeling in HD

Chromatin remodeling allows the compaction or decompaction of DNA through epigenetic
modifications, favoring or not the access of certain genes for transcription. It is critically controlled by
post-translational modifications of histones, a group of highly basic proteins tightly linked to DNA.
Acetylation of histone favors decompaction whereas histone methylation favors compaction.
Administration of HDAC (histone deacetylase) inhibitors improved behavior and neuronal survival in
several HD models (Ferrante et al., 2003; Steffan et al., 2001). Expression of the methyltransferase
ESET is increased in patients and R6/2 mice. Pharmacological inhibition of ESET improved R6/2

phenotype and survival (Ryu et al., 2006). These studies showed a potential role of favoring DNA
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decompaction, either by promoting acetylation or inhibiting methylation, thus highlighting the role of
global transcription regulation in HD. Another post-translational modification involved in chromatin
compaction is histone phosphorylation. The mitogen- and stress-activated kinase-1 (MSK-1), a kinase
involved in H3 phosphorylation is deficient in the brain of patients and HD models (Roze et al., 2008).
Restoration of MSK-1 in vivo in HD models prevented dysfunction and death of striatal neuron and up-
regulated the expression of PGCla, indicating a role of MSK-1 deficiency in transcriptional

dysregulation in HD (Martin et al., 2011a)

Modification of gene expression in HD: non-coding RNAs

microRNAs are small non-coding RNAs that act as post-transcriptional regulators of gene expression
by targeting 3’ untranslated regions of mRNAs and repressing their translation or degrading them.
Interestingly, evaluation of microRNA levels in the cerebrospinal fluid (CSF) of pre-symptomatic gene
carriers revealed a specific increase of 6 microRNAs compared to control (Reed et al., 2018), revealing
them as biomarkers of prodromal and diagnosed patients. In HD models, altered microRNA expression
was described with differential levels throughout development, along with changed expression of
proteinsinvolved in microRNA function (Lee et al., 2011). The transcriptional repressor REST is involved
in the regulation of a family of microRNA including the brain specific miR124a, allowing the persistence
of non-neuronal transcripts (Conaco et al., 2006). Changes in the expression of these specific
microRNAs could also result from mHTT-induced release of REST in the nucleus. There was evidence
suggesting that mutant Htt RNA give rise to small CAG repeated RNAs (sCAG RNA) that contribute to
neuronal toxicity (Figure 11). These sCAG RNA can then silence gene expression through the
microRNAs machinery (Bafiez-Coronel et al., 2012). Overalls these alterations impact mRNA related
regulations. Therefore, these mechanisms give another level of complexity to the alteration of gene

expression in HD.
Lack of trophic support

The normal HTT has an essential role in the transport of vesicles. However, abnormal polyQ alters its
interaction with components of the molecular motor complex. Altered axonal transport of BDNF form
cortical neurons to striatal neurons was shown in HD (Gauthier et al., 2004). Transport defect also
applies to trafficking of endosomes containing TrkB receptors, which are internalized after BDNF
binding and need to be transported to the soma to activate intracellular signaling. mHTT impairs the
binding of endosomes to the microtubules, reducing TrkB endosomal transport from dendritic
terminals to the soma (Liot et al., 2013). Combined to the decreased expression of BDNF, the global
impairment of BDNF and TrkB transport are thought to participate to the striatal vulnerability in HD,

by weakening the related pro-survival signaling, including ERK phosphorylation pathway.
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Impairment of autophagy

Autophagy is an important process for the clearance of aggregated proteins and defective organelles.
As described previously HTT plays a role in autophagy, facilitating its activation and autophagosomes
transport. In HD, an increased number of autophagosomes is observed, however they are empty of
content indicating a deficit in cargo loading (Figure 12) (Martinez-Vicente et al., 2010). mHTT can
activate autophagy by segregating mTOR (mammalian target of rapamycin) in aggregates (Ravikumar
et al., 2004), but because of a deficit of cargo loading, autophagosomes have a slower turnover and
accumulate, triggering a negative feedback loop where mHTT increases autophagy initiation but
impairs the next steps. Furthermore, autophagosomes motility through HTT and HAP1 is prevented by
mHTT, disrupting fusion of autophagosomes with lysosomes (Figure 12) (Wong and Holzbaur, 2014).
In addition, mHTT has a reduced interaction with optineurin/rab8 complex, impairing lysosomes
trafficking (del Toro et al., 2009). Ubiquitinated cargos are usually recognized by autophagy receptor
p62, which can then bind to LC3 at the autophagosomes membrane. p62 was shown to bind mHTT
aggregates (Bjorkgy et al., 2005), however, the subcellular localization of p62 bodies is modified,
suggesting a less efficient targeting of aggregates to the autophagy machinery (Huang et al., 2018). A
recent study showed that polyQ domains interact with the deubiquitinating enzyme ataxin-3, enabling
its interaction with beclin-1, a key initiator of autophagy. Ataxin-3 can then deubiquitinate beclin-1,
protecting it from degradation by the proteasome complex, thereby enables autophagy. In polyQ
disorders, there is a competition for ataxin-3, with longer polyQ tract increasing interactions. Thus, in
cells expressing mHTT, there is an impairment of autophagy, which is also observed in HD mouse model

brains and patients cells (Ashkenazi et al., 2017).
Impairment of the ubiquitin-proteasome system in Huntington’s disease

The ubiquitin-proteasome system (UPS) is involved in the recycling and degradation of misfolded
proteins. Ubiquitin was shown to co-localize with HTT aggregates, suggesting that mHTT might initially
be targeted for degradation, yet still accumulates (Davies et al., 1997; DiFiglia et al., 1997). Impairment
of the UPS activity was reported in HD cell models and in the brain of patients (Hunter et al., 2007; Seo
et al., 2004), which could potentially participate to the accumulation of mHTT. Accumulation of poly-
ubiquitin chains was demonstrated as an early event in R6/2 mice (Bennett et al., 2007). Interestingly,
UPS activity is decreased in the synapses of HD mice, decreasing protein turnover, which could alter
synaptic plasticity (Wang et al., 2008a). However, the proteasome is still dynamically recruited to HTT
aggregates (Schipper-Krom et al., 2014). Therefore, the mechanisms underlying UPS impairment are

still debated, even though there are several evidences implicating UPS in HD pathogenesis.
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Figure 12. Autophagy is impaired in Huntington disease. (A) Vesicles are formed and elongated and can
incorporate damaged organelles and/or aggregated proteins, and fuse with the lysosome for degradation. (B)
Autophagy is altered in HD at several levels including a defect in cargo loading, trafficking of autophagosomes,
and decreased fusion of autophagosomes with lysosomes leading to a build-up of defective materials in the
cytoplasm and empty autophagosomes. (Martin et al., 2015)

Astrocytes dysfunction in Huntington’s disease

Astrocytes are critical component of the CNS, involved in neurotransmission, calcium signaling and
brain metabolism. In response to a homeostatic dysregulation, astrocytes become reactive, adapting
their morphology and transcriptional regulation to respond to the changing environment. Astrocyte
reactivity is observed in post mortem tissue of patients, with increased reactivity from grade 1 to 4
(Vonsattel et al., 1985). However, it is worth noting that evidence of astrocyte reactivity in HD models
is not clear, instead astrocytes show functional alteration rather than morphological changes (Tong et
al., 2014). Aggregates are present in astrocytes, but are smaller and less present than neuronal
inclusions (Jansen et al., 2017). Interestingly, specific expression of mHTT in astrocytes is sufficient to
induce neurological symptoms in mice (Bradford et al.,, 2009) and contributes to neuronal
excitotoxicity in vitro (Shin et al., 2005). Thus, astrocyte dysfunction needs to be considered as a

contributor in HD pathogenesis.
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Astrocytes and neurotransmission

Astrocytes participate to the glutamatergic neurotransmission by reuptake of glutamate at the
synapse. One of the major transporters is the glutamate transporter 1 (GLT1), which is highly expressed
in astrocytes (Rothstein et al., 1996). Expression of GLT-1 is decreased in patients, visible from grade 0
and with increased loss with HD severity, and in various mouse models (Faideau et al, 2010; Behrens
et al, 2002; Arzberger et al, 1997), causing a decreased re-uptake of glutamate. This is due to a specific
decrease of GLT1 in astrocytes, indeed when mHTT is expressed only in astrocyte GLT1 expression is
affected, whereas specific neuronal expression of mHTT did not affect GLT1 expression (Bradford et
al., 2009; Faideau et al., 2010). mHTT can alter GLT1 expression by affecting SP1 binding to GLT1
promoter in astrocytes. In non-pathological conditions, astrocytes regulate extracellular potassium (K*)
levels, mainly through Kir4.1 potassium channel, which is essential to support SPN excitability (Nwaobi
et al., 2016). In HD mouse models, Kir4.1 expression was decreased and associated to an increase of
extracellular K* in the striatum, which increased SPN excitability. A viral delivery of Kir4.1 channels into
astrocytes rescued SPN excitability and ameliorated motor phenotypes in these mice (Tong et al.,
2014). This study highlights the fact that astrocytic homeostasis is pivotal for the development of HD
phenotype. Astrocytes from HD mouse models had reduced spontaneous Ca?* signals but had robust
evoked Ca?* signals after cortical stimulation. These signals were dependent on GLT1 and to a lesser
extent on Kir4.1 channel. These Ca?* dependent action potentials were mediated by astrocytes

mGIluR2/3 receptors, likely due to glutamate spillover (Jiang et al., 2016).

Astrocytes and metabolism

The CNS preferred energy substrate is glucose; in HD patient, positron emission tomography studies
showed an impairment of glucose metabolism (Grafton et al., 1992). According to the lactate shuttle
hypothesis, neurons rely on astrocytes for its energy supply. When neuronal activity is increased,
astrocytes take up glucose from the blood, oxidize it through glycolysis and redistribute it to neurons
in the form of lactate (Pellerin and Magistretti, 1994). Study in mouse models showed a decreased
glucose uptake in the striatum and in vitro expression of mHTT in astrocytes indirectly impairs glucose
uptake in neurons (Boussicault et al., 2014). Another important metabolic pathway regulated by

astrocytes is cholesterol metabolism, which will be addressed in detail in a specific chapter.
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Glutamatergic excitotoxicity

Excessive stimulation of NMDA receptors (NMDA-R) can lead to an aberrant Ca? signaling and the
induction of cell death, this mechanism is called excitotoxicity. The first evidence linking excitotoxicity
to HD was the observation that injection of NMDA-R agonists in the striatum recapitulates the
degeneration and was used to generate the first HD models (Beal et al., 1986; Coyle and Schwarcz,
1976). At pre-symptomatic stages, glutamate release is increased, SPN are abnormally depolarized and
dendritic spines loss starts. After onset of motor symptoms, the excitatory transmission is decreased
whereas inhibitory transmission is increased (André et al., 2010). Expression of GLT-1 is decreased in
patients and HD models (Arzberger et al., 1997; Behrens et al., 2002; Faideau et al., 2010), causing a
decreased re-uptake of glutamate. This excess of glutamate will affect Ca** homeostasis through
NMDA-R, because of their high permeability to calcium. NMDA-R are hetero-tetramers containing two
GluN1 subunits associated to GIuN2 (GIuN2A-D) and/or GIuN3 (GIuN3A-B) with different properties
depending on this subunit composition (Paoletti et al., 2013). GIuN2A containing receptors are
preferentially located at the synapse and are associated to pro-survival pathways, whereas GIuN2B
containing receptors are more extra-synaptic and associated to apoptosis (Hardingham and Bading,
2010). In YAC128 mice, extra-synaptic GIuUN2B-NMDA-R are increased and associated to enhanced
apoptosis (Milnerwood et al., 2010, 2012). The inhibition of extra-synaptic NMDA-R with memantine
antagonist improved YAC128 phenotype, validating the role of this pathway in HD deleterious
mechanisms (Milnerwood et al., 2010). Interestingly, the striatum expresses high levels of GIuN2B,
thus, GIuN2B-mediated excitotoxicity could participate to the striatal vulnerability in HD
(Kippenbender et al.,, 2000). Several cellular events have been described for the localization of
GIluN2B-NMDA-R. Phosphorylation of GIuN2B at Tyrosine 1472 (Tyr'*’?) by the tyrosine kinase Fyn
favors its localization at the synapse. Early in HD, STEP (Striatal Enriched protein tyrosine Phosphatase),
which inhibits Fyn, has an increased activity, reducing GIuN2B phosphorylation and synaptic
localization (Gladding et al., 2012). Another mechanism relies on the cleavage of GIuN2B C-terminus
by the protease calpain, which activity is enhanced at early stages in HD models, weakening GIuN2B
anchor at the synapse (Gladding et al., 2012). These modifications lead to an increased extra-synaptic
localization of GIuUN2B-NMDA-R (Figure 13). Early at post-natal stages, GIuN3A expression peaks and
participate to the elimination of immature synapses, then levels of GIUN3A progressively decrease
(Paoletti et al., 2013). In YAC128 mice, mHTT alters the endocytosis of GIUN3A by interacting with its
adaptor PACSIN-1, thus GIuN3A membrane expression remains persistent (Figure 13) (Modregger et
al., 2002). NMDA-R containing GIuN1-GIuN2B-GIuN3A are then more likely addressed to the extra-
synaptic domains (Martinez-Turrillas et al., 2012). These changes in receptor localization lead to

several deleterious cellular events along with activation of pro-apoptotic signaling pathways. Rhes
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activity (Ras-homolog enriched in the striatum) is increases by extra-synaptic NMDA-R activity. Rhes
will disaggregate mHTT by increased sumoylation, leading to smaller and more toxic mHTT fragments
(Subramaniam et al., 2009). These fragments can sequester CBP, preventing the transcription of CREB.
In the nucleus, mHTT blocks PGC-la expression by interfering with CREB and TAF4-mediated
transcription. Reduced PGC-1a, in turn, increases extra-synaptic NMDA-R currents, giving a toxic
positive feedback loop. Extra-synaptic NMDA-R activation may also contribute directly to PGC-1a
transcriptional shut-off by CREB inhibition (Okamoto et al., 2009). Overall, enhanced extra-synaptic

activity is associated with decreased pro-survival pathways (Figure 13).
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Mitochondrial dysfunctions and energy metabolism

Mitochondria regulate key homeostatic events in the cell, from energy metabolism, Ca?* levels to
apoptosis. In HD, numerous studies have shown a dysregulation of this homeostasis leading to cellular
stress and dysfunction. Targeting the mitochondria, using toxins such as 3-nitropropionic acid (3-NP),
was actually among the first in vivo model used to cause specific striatal degeneration and HD

phenotype in mice (Brouillet et al., 1993, 1995).
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Respiratory chain and ATP production

The enzymatic activity of the respiratory chain complexes is strongly and specifically reduced in post-
mortem caudate and putamen (Browne et al.,, 1997) (Figure 14), with a preferential and major
decreased expression of the complex Il (Benchoua et al., 2006). Loss of pyruvate dehydrogenase
complex was also described in patients’ brains (Sorbi et al., 1983). Reliable measures of ATP levels can
be challenging, so to measure high-energy phosphates in the brain a study used microwave fixation in
vivo to inactivate enzymes that could modify ATP levels. Using this method, a decrease of ATP levels in
the striatum, hippocampus and cerebral cortex was shown in R6/2 mice, associated to an early increase

of phosphocreatine (Mochel et al., 2012).

Mitochondrial membrane properties and Ca** homeostasis

Mitochondrial membrane potential is decreased in patients’ lymphocytes (Panov et al., 2002) and in
clonal cells STHdhQ111/Q111 (Milakovic et al., 2006). These cells also display high sensitivity to Ca®*
induced mitochondrial permeability, and when treated with 3-NP they have higher vulnerability to
permeability and death (Ventura et al., 2013). N-terminal fragment of mHTT can directly interact with
the outer mitochondrial membrane to trigger permeability changes and loss of membrane potential

(Choo et al., 2004).

Significant changes of intracellular Ca** concentration are toxic for neurons, however Ca?* buffering is
altered in patients’ lymphocytes and in cells expressing mHTT (Panov et al., 2002). STHdhQ111/Q111
mitochondria for instance have reduced capacity to take-up Ca?* (Milakovic et al., 2006). In vivo some
models showed decreased Ca?* buffering (R6/2 and YAC128) but not all (HdhQ150) (Brustovetsky et
al., 2005; Wang et al., 2013). (Figure 14)

Transcription dysrequlation and mitochondria

As described previously, transcriptional disruptions are found in HD. PGCla is a nuclear co-activator
involved in mitochondria biogenesis and levels of this protein are decreased in HD patients and models
(McGill and Beal, 2006) (Figure 14). mHTT repress PGCla gene transcription by association with its
promotor and interfering with CREB/TAF4 (Cui et al., 2006). Downstream targets of PGCla are also
dysregulated and participate to HD pathogenesis, like the nuclear respiratory factor NRF1 and 2 and

the peroxisomes proliferator activated receptor (PPARs) (Dickey et al., 2016; Scarpulla, 2008).
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Mitochondria dynamic and recycling in the cell

In vitro, cells expressing mHTT showed increased fission and decreased fusion (Shirendeb et al., 2011,
2012). Dynamin related protein (DRP1) is a GTPase involved in mitochondria’s fission. mHTT can
interact with DRP1, which results in enhanced and increased mitochondria fission. The pro-fusion
GTPase OPA1 (optic atrophy 1) is also affected with an abnormal oligomerization in R6/2 mice (Hering
et al., 2017) (Figure 14). Inhibition of DRP1 GTPase activity rescued mitochondria fragmentation and
transport (Song et al., 2011). Indeed, DRP1 also mediates mitochondrial transport, a mechanism that
is overall altered in HD. Moreover, studies have shown that aggregates impair mitochondria trafficking
along neuronal processes, causing mitochondria accumulation and immobilization (Figure 14) (Chang
et al., 2006). The N-terminal fragment can interact with mitochondria, preventing its interaction with

microtubules (Orr et al., 2008).

Mitophagy, the cellular self-degrading process for defective mitochondria, is altered in HD. Indeed, this
mechanism is dependent on macroautophagy (Martinez-Vicente et al., 2010; Wong and Holzbaur,
2014) which is impaired in HD, as described previously. Another mechanism called micro-mitophagy
also allows mitochondria elimination, where GAPDH activation under oxidative stress condition leads
to the detection and degradation of damaged mitochondria by fusion with lysosomes. But since GAPDH
is inactivated by mHTT, this mechanism is blocked, causing an accumulation of damaged mitochondria

which is deleterious for the cell (Hwang et al., 2015).

Mitochondria and cell survival

General dysfunction of the mitochondria can alter neuronal survival in HD. In addition of protein
fusion, OPA1 is crucial for the mitochondrial cristae stability, where many cytochromes involved in
apoptosis are concentrated. In HD, the integrity of the mitochondrial cristae is compromised, most
likely due to the impairment of OPA1 oligomerization (Figure 14). This structural defect could thus
impact the regulation of apoptosis (Hering et al., 2017). Global alteration of mitochondria can induce
an increased production of ROS (reactive oxygen species), which is associated to cell death (Liot et al.,

2009).

33



, Glutamate receptor

Depolarization l | Plasma membrane
>

Oros
[ ’:.F.'ch.-', —

ﬂ; o i ::'_.'
\ x Dot

"'\‘_J_L/_ .
{ Hespiratoryfl\»

chain

W 1) Iy

- \\,D—v% 1/ | mtNal §

= Respiration \§\ : / r ‘_,L'\_:-'J/L
o M p—

* “j « ROS def / Y /
. ) ence =3 (,./' APOPTOSIS B
_ Nucleus _ « Adaptive £

thermogenesis @

Figure 14. Alteration of mitochondria homeostasis in HD. The respiratory chain complex function is impaired
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in HD, along with decreased ATP levels. mHTT leads to a decrease of membrane potential. HD mitochondria are
less able to buffer Ca?* in the cell. PGCla transcription is inhibited by mHTT, leading to a decrease of ROS
defense. Mitochondria fission/fusion equilibrium is destabilized and mitochondria recycling through autophagy
are decreased. PTP: permeability transition pore (Costa and Scorrano, 2012)

Myelination defect in Huntington’s disease

White matter degeneration was well described in HD, appearing at early stages before disease onset,
and correlates with clinical progression (Bohanna et al., 2011; Zhang et al., 2018). For instance, myelin
damage and breakdown was found in pre-symptomatic gene-carriers (Bartzokis et al., 2007). Deficient
myelination was also observed in HD models, prior to neuronal loss (Teo et al., 2016). This last decade,
studies have been done to explore whether white matter defects are due to direct effects of mHTT on
oligodendrocytes, the myelinating cells in the CNS, or to secondary effects from neuronal damage.
Selective expression of mHTT in primary oligodendrocytes was associated to a decreased expression
of myelin associated genes such as PGCla (peroxisome proliferator activated receptor gamma
coactivator 1a), and MBP (myelin basic protein) (Xiang et al., 2011). Generation of transgenic mice
specifically expressing mHTT in oligodendrocytes showed age dependent demyelination, reduced
expression of myelin genes, associated to a strong motor decline, weight loss and early death. This
study showed that mHTT directly binds MYRF (myelin regulatory factor), which is a specific regulator
that activates and maintains the expression of myelin genes in mature oligodendrocytes, affecting its
transcriptional activity (Huang et al., 2015). Therefore, there are building evidences implicating

oligodendrocytes dysfunctions in HD pathogenesis.
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Microglial activation and inflammation in Huntington’s disease

Microglia are the resident immune cells of the CNS; they monitor the environment and when activated
can release pro-inflammatory and/or anti-inflammatory molecules, along with growth factors to
respond to changes in their environment. Microglial activation can either be neurotoxic or protective
depending on the factors released, the duration of activation and the stage of activation: pro-
inflammatory M1 microglia or pro-repair M2 microglia (Yang et al., 2017). In HD, microglial activation
was detected in patient post mortem’s brain (Singhrao et al.,, 1999) and by positron emission
tomography (PET), where it was significantly increased in affected areas (Pavese et al., 2006).
Interestingly, microglial activation was also detected in pre-symptomatic gene carriers by PET (Tai et
al., 2007), indicating that it is an early event in HD. Over-activated microglia can be neurotoxic, whereas
initial normal activation can be protective by increasing survival of mHTT expressing neurons (Kraft et
al., 2012). Patients’ monocytes are hyperactive in response to stimulation, suggesting a cell-
autonomous effect of the mHTT on immune cells (Bjorkqvist et al., 2008). This is supported by a study
showing that specific expression of mHTT in microglia induces pro-inflammatory transcriptional
activation, by enhancing the expression of myeloid lineage determining factors PU.1 and C/EBPs, and
is associated to an increased ability to induce neuronal death without external inflammatory signals
(Crotti et al., 2014). It must be noted that reactive astrocytes can also produce pro-inflammatory
and/or anti-inflammatory molecules. A recent study showed that activated microglia can induce the
activation of pro-inflammatory astrocytes, favoring cell death (Liddelow et al., 2017). The
neuroinflammation observed in HD most probably arise from a combination of cell-autonomous and
non-cell autonomous activation of microglia, with a communication between damaged neurons,

reactive astrocytes and microglia.
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General mechanism for Huntington’s disease dysfunctions
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The multiple dysfunctions of vital processes seen in Figure 15 and others like autophagy, lead to toxicity

over time, promoting neurodegeneration in both a cell autonomous and non-cell autonomous manner.
Of special interest, cholesterol metabolism will be further discussed in the next chapter.
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Chapter 2 - Cholesterol in the central nervous system

Cholesterol exerts key functions as a structural component of membranes, myelin sheaths but also
through its complex metabolism composed of numerous metabolites, which are involved in cell
signaling. It is also the precursor of bile acids, steroid hormones and oxysterols. Cholesterol is a major

component of the CNS, with a highly regulated metabolism.
Cholesterol content in the brain

In the human brain, the mean concentration of cholesterol is 20 mg per gram of tissue, accounting for
23% of the total body cholesterol, when the brain volume account for about 2.1% of the body mass
(Dietschy, 2009). Brain cholesterol is mainly unesterified; the larger pool of cholesterol is found in
myelin sheaths of oligodendrocytes (70% of the brain cholesterol), with a very slow turnover giving the
half-life of approximately 5 years. The 30% remaining is found in the membranes of neurons and
astrocytes, with a faster turnover and a half-life of 5 to 10 months (Andersson et al., 1990; Davison,

1965).

Cholesterol synthesis

Cholesterol cannot cross the blood brain barrier (BBB), due to its association with lipoproteins, so it is
synthesized de novo in the CNS (Jeske and Dietschy, 1980). The main origin for newly synthesized
cholesterol switches from neurons during embryogenesis to oligodendrocytes during postnatal

myelination, to mainly astrocytes in the adult brain (Saher and Stumpf, 2015).

Cholesterol synthesis in mammals CNS involve a complex series of reactions that are catalyzed by over
30 enzymes, which require energy and oxygen (Figure 16) (Gaylor, 2002). The first step is the
conversion of acetyl-CoA into HMG-CoA (3-hydroxyl-3-methylglutaryl-coenzyme A) via the reaction
catalyzed by HMG-CoA synthetase and then by HMG-CoA reductase (HMGCR) into melanovate. This
reaction catalyzed by HMGCR is an irreversible and rate limiting step in cholesterol synthesis (Rodwell
et al.,, 1976). It is followed by a sequence of enzymatic reactions converting mevalonate into 3-
isopenenyl pyrophosphate, farnesyl pyrophosphate, squalene and lanosterol, followed by 19 steps
involving two related pathways. These two pathways for cholesterol production in the brain seemingly
have preferential cell localization: neurons preferentially go throw the Kandutsch-Russel pathway via
synthesis of 7-dehydrocholesterol (7-DHC) and astrocytes preferentially go throw the Bloch pathway
via synthesis of desmosterol. In the adult brain, the Bloch pathway seems to be preferred, via
production of desmosterol (Pfrieger and Ungerer, 2011). Desmosterol is converted into cholesterol by
24-dehydrocholesterol reductase (DHCR24), while 7-DHC is converted into cholesterol by 7-
dehydrocholesterol reductase (DHCR7) (Figure 16).
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Figure 16. Cholesterol metabolism. Cholesterol synthesis involves a complex chain of enzymatic reaction, from
acetyl-CoA to the melanovate pathway that then divides into two possible pathways: the Bloch and Kandutch-
Russel. The main product of cholesterol hydroxylation in the brain is the 24S-hydroxycholesterol, it can also be
hydroxylated into 27-hydroxycholesterol and 25-hydroxycholesterol to a lesser extent. ACL: ATP citrate lyase,
TCA: tricarboxylic acid cycle, CH25H: Cholesterol 25 hydroxylase, CYP51: lanosterol 14 alpha-demethylase,
DHCR7: 7-dehydrocholesterol reductase, DHCR24: 24-dehydrocholesterol reductase, CY46A1: cholesterol 24-
hydroxylase.
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The machinery for cholesterol synthesis resides in the endoplasmic reticulum (ER). One of the main

regulators of cholesterol synthesis in the brain is SREBP-2 (sterol regulatory element binding protein

2), which is a transcription factor functioning as a sensor of cholesterol in the cell (Figure 17). When

inactive, it is anchored to the ER membrane and binds to SREBP cleavage activating protein (SCAP).

When cholesterol concentration is high in the cell, SCAP, which has a cholesterol sensing domain, binds

to insulin induced protein (INSIG), maintaining the SREBP-2/SCAP complex in the ER membrane. When

cholesterol levels decrease, SREBP-2/SCAP complex is dissociated from INSIG, allowing SCAP to escort

SREBP-2 to the Golgi, where SREBP-2 is cleaved by SCAP releasing an active N-terminus domain. This

N-terminus domain translocate into the nucleus and binds to the sterol regulatory elements (SRE) in

the promoter region of target genes involved in the synthesis and uptake of cholesterol, fatty acids,

triglycerides and phospholipids (Horton et al., 2002). Cholesterol biosynthesis has an important

feedback control on HMGCR activity and degradation (Goldstein and Brown, 1990). Accumulation of

sterols in the ER membranes triggers the proteasome-mediated degradation of HMGCR through an

INSIG/GRP78 dependent ubiquitination (Figure 17) (Tsai et al., 2012). Cholesterol synthesis is regulated

by a negative feedback loop dependent of sterol levels.
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Figure 17. Cholesterol synthesis
pathway. Cholesterol is synthesized in
the endoplasmic reticulum (ER) from
acetyl-CoA through several enzymatic
steps. The rate-limiting enzyme
HMGCR irreversibly converts HMG-CoA
then
(IPP),
(FPP),

multiple enzymatic

to mevalonate, isopentenyl-

pyrophosphate farnesyl-
pyrophosphate followed by
reactions until
lanosterol (LA), which is succeeded by
involving the Bloch and
pathways. These
pathways use desmosterol (DE) or 7-

dehydroxycholesterol (7D) as

19-steps
Kandutsch-Russel

cholesterol
DHCR7
Sterol

precursors of
DHCR24  and
respectively.

through
enzymes,
accumulation
triggers proteasome-mediated
degradation of HMGCR through an
Insig/GRP78-dependent  mechanism
and the ER-retention of SREBP-2, which
is controlled by SCAP. Decreased
cholesterol allow SREBP-2 activation in
the Golgi and its translocation to the
nucleus (Arenas et al., 2017)



Cholesterol storage

The excess of cholesterol can be stored in cells as lipid droplets after esterification (Figure 18), which
constitutes about 1% of cholesterol in the adult brain. These lipid droplets are a direct pool of
cholesterol and fatty acids that can be used for myelination and synaptogenesis. The enzyme
responsible for cholesterol esterification is ACAT-1 (Acetyl-CoA cholesterol acetyltransferase 1) and its
expression can increase when cholesterol levels are high in the ER, but oxidative stress can also
enhance ACAT-1 expression. In the CNS, cholesterol ester levels are stable and can be unesterified back

by hydrolases. (Chang et al., 2009)
Cholesterol trafficking

In the mature brain, neurons rely on astrocyte for their cholesterol supply. To be transported to
neurons, cholesterol needs to be associated to lipoproteins because it is lipophilic. In the CNS, the main
lipoprotein for cholesterol transport is the Apolipoprotein E (ApoE), which is associated to
phospholipids to form lipoprotein complexes. In accord with the role of astrocyte in cholesterol
synthesis, ApoE is mainly synthesized by astrocytes (Pitas et al., 1987). The core of ApoE lipoproteins
is formed in the ER and is then lipidated and secreted by ATP binding cassette transporters (ABC),
(Figure 18) mainly ABCA1 (Wahrle et al., 2004), also ABCG1 and ABCG4. These lipoproteins are then
mainly targeted to neurons where they can be internalized by receptors from the family of low-density
lipoproteins (LDL) (Figure 18): LDL receptors (LDL-R) and LDL-R like proteins (LRP). LRP1 is expressed
on neurons and has a high transport capacity for ApoE lipoproteins due to its elevated rate of endocytic
recycling, whereas LDL-R is primarily expressed on glial cells (Vance and Hayashi, 2010). After
endocytosis, lipoproteins fuse with late endosomes/lysosomes where acid lipase hydrolyzes
cholesterol ester, unesterified cholesterol can then exit endosomes through Niemann-Pick Type C
(NPC) proteins, NPC2 (luminal protein) and NPC1 (transmembrane protein) to then reach the plasma
membrane or ER membrane (Figure 18) (Ramirez et al., 2011). ApoE lipoproteins interaction with their
receptors not only allows cholesterol transport but also triggers signaling pathways essential for nerve
regeneration (Ignatius et al., 1986), neuronal survival (Aono et al., 2002; Hayashi et al., 2009) and

synaptic plasticity (Herz and Chen, 2006).
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Figure 18. Global model for cholesterol
trafficking. The relative contribution of
each pathway to cholesterol
homeostasis is cell type-specific. Cells
can take up cholesterol by receptor-
mediated endocytosis of lipoproteins
bearing apolipoproteins, through LDL
receptors (LDL-R). Lipoproteins are then
directed to the endosome/lysosome
pathway where Niemann-Pick Type C
Protein 1 and 2 (NPC1 and NPC2)
cooperatively mediate the exit of
cholesterol allowing its incorporation
into the intracellular pool. Overload of
cholesterol is prevented by its
intracellular esterification by ACAT-1 and
subsequent storage in lipid droplets.
Cholesterol is released either in ApoE
lipoproteins via members of the ATP-
binding cassette (ABC) transporters or
after conversion into
hydroxycholesterol. (Martin et al., 2014)

To cross the BBB, cholesterol needs to be converted to a more hydrophilic form, to do so it has to be
hydroxylated into oxysterols (Figure 16). The main enzyme for cholesterol conversion in the brain is
cholesterol-24-hydroxylase (CYP46A1), converting cholesterol into 24(S)-hydroxycholesterol (24S-
OHC) (Lund et al., 1999; Smith et al., 1972), the role of this enzyme will be detailed in the next chapter.
24S-0OHC is transported out of the brain at a rate of 6 to 8 mg per day (Litjohann et al., 1996), by
crossing the BBB through diffusion or anion transporter. Once in the blood stream, 24S-OHC binds to
LDL, which are taken up by hepatocytes and excreted mainly as bile acids. Studies from cyp46a1 knock-
out showed that a third of cholesterol is excreted through another pathway, probably using

lipoproteins, which could account for cholesterol turnover in glial cells (Xie et al., 2003). Other



oxysterols are found in the brain, the 27-OHC, which is one of the major oxysterols in the general
circulation, can be produced by neurons, astrocytes and oligodendrocytes but at a very low rate. It is
synthesized in the mitochondria thanks to CYP27A1 enzyme. 27-OHC can also access the brain from
the blood stream, but the normal ratio of 27-OHC/24S-OHC is 1 to 8 in the frontal cortex, 1to 5 in the
occipital cortex and 1 to 10 in the basal ganglia (Heverin et al., 2004). 27-OHC can be then converted
by CYP7B1 into 7a-hydroxy-3-oxo-4-cholestenoic acid. 25-hydroxycholesterol (25-OHC) formation is
dependent on cholesterol-25-hydroxylase (CH25H), which expression is increased after innate immune
activation (Diczfalusy et al., 2009). Oxysterols levels can be implicated in neurodegenerative diseases.
Indeed, under oxidative stress, cholesterol can be converted into 27-OHC, which can increase the risk
of neurodegenerative diseases (Marwarha and Ghribi, 2015). Brain levels of 25-OHC can be elevated
in neurodegenerative diseases (Jang et al., 2016) and levels of 24S-OHC are decreased in

neurodegenerative diseases (Leoni et al., 2008; Testa et al., 2016).

Oxysterols and sterol activation of LXR in cholesterol metabolism

Liver X receptor (LXR) transcription factors are activated by oxysterols such as 245-OHC (Lehmann et
al., 1997; Yang et al., 2006) and some of cholesterol precursors such as desmosterol (Spann et al.,
2012). LXR form heterodimers with retinoid X receptors (RXR) which recognize the LXR response
elements (LXRE) in the promoter regions of their target genes (Figure 20). In the absence of ligand, the
complex is associated to co-repressors, which are replaced by co-activators upon binding of LXR with
oxysterols and RXR with 9-cis retinoic acid, allowing gene expression (Figure 20). LXR regulate the
expression of cholesterol synthesis enzymes Fdftl (squalene synthase) and Cyp51 (lanosterol C14
demethylase) (Wang et al., 2008b) and of protein involved in cholesterol transport like ApoE and
ABCA1 (Abildayeva et al., 2006). LXR activation is also important for oligodendrocyte differentiation
and myelination (Meffre et al.,, 2015; Xu et al., 2014), and is implicated in the modulation of

inflammation (Morales Jesus R. et al., 2008; Zelcer et al., 2007).
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Figure 20. Activation of transcription factors LXR. LXRs and RXRs form heterodimers and bind to LXRE. Without
ligands, LXR/RXR binds co-repressors. After activation of LXRs by oxysterols or synthetic ligands and RXR by 9-cis-
retinoic acid, co-repressors are replaced by co-activators, activating the expression of target genes. NCOA:
activating signal co-integrator 2; EP300: histone acetyltransferase p300; NCoR: nuclear receptor co- repressor;
SMRT: silencing mediator of retinoic acid and thyroid hormone receptor. (Wang and Tontonoz, 2018)
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Differential cholesterol metabolism in brain cell types

Throughout development, brain cells have differential role in cholesterol synthesis and homeostasis.
Cholesterol synthesis is the highest at postnatal stages during active myelination, then it gradually
decreases (Saher et al., 2005). Cholesterol synthesis switches from neurons during embryogenesis to
oligodendrocytes during postnatal myelination and mainly to astrocytes in the adult brain (Saher and
Stumpf, 2015). Oligodendrocytes have a higher capacity to synthesize cholesterol than astrocytes,
which themselves have 2 to 3 fold higher capacity than neurons (Bjorkhem and Meaney, 2004; van der

Waulp et al., 2013).

Myelin is composed of a multi-layered stack of extended oligodendrocyte membranes. Cholesterol in
myelin serves essential brain functions including proper insulation of axons allowing fast transduction
of neuronal signals. Cholesterol for myelin formation is synthesized locally (Jurevics and Morell, 1995),
mostly by oligodendrocytes. Indeed, when cholesterol synthesis is abolished in oligodendrocytes, CNS
myelination is severely disturbed and mutant mice have ataxia and tremor. Interestingly, in these
mutant mice, myelination is not completely abolished and transport proteins (ApoE and LRP) are
strongly increased, along with astrocyte activation, suggesting a partial compensation mechanism
where astrocytes provide cholesterol for oligodendrocytes (Figure 21) (Saher et al., 2005). Moreover,
oligodendrocytes specifically express LDL receptors at post-natal stages, which then progressively
decrease, indicating that a complementary source of cholesterol could come from uptake from other
brain cells during active myelination (Zhao et al., 2007). Before myelination the levels of desmosterol
are high in the brain, making it the most represented sterol in the brain (Fumagalli and Paoletti, 1963;
Jurevics and Morell, 1995). However, the decrease of desmosterol precedes the increase of cholesterol
for myelination. Desmosterol most likely reflects sterol synthesis by astrocytes (Nieweg et al., 2009).
This high production of desmosterol could be used by astrocytes as a substrate for progesterone, which
in turn participate to the differentiation of oligodendrocytes towards myelination (Goodman et al.,
1962; Schumacher et al., 2004). All major myelin proteins are associated to cholesterol rich domains
such as the proteolipid protein (PLP) which is of particular interest because of its direct association to
cholesterol (Simons et al., 2000). PLP is involved in cholesterol enrichment in myelin membranes
(Figure 21), and in PLP knock-out mice, cholesterol content in myelin is strongly reduced (Werner et

al., 2013).

In the adult brain, cholesterol synthesis and transport strongly depends on astrocytes (Figure 21)
(Nieweg et al., 2009). Importantly, specific inhibition of cholesterol synthesis by SREBP-2 knock-out in
astrocytes, strongly impact brain development and mice behavior, and causes a switch of metabolism

toward glucose oxidation as a compensation mechanism (Ferris et al., 2017). Furthermore, astrocytes
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express ApoE lipoproteins and ABCA1 receptor essential for lipidation and export of these lipoproteins
(Pitas et al., 1987; Wahrle et al., 2004). This allows astrocytes to regulate cholesterol efflux towards

neurons, with an important role of LXR dependent transcription of ApoE and ABCA1 (Chen et al., 2013).

Chol ——Acetyl-CoA
Neuron

Figure 21. Model for cholesterol homeostasis in the CNS. Peripheral cholesterol (Chol) does not cross the blood—brain
barrier (BBB) which is mainly constituted of endothelial cells (EC). ApoE facilitates the transport of cholesterol between
cells. ApoE containing lipoproteins are lipidated, then secreted by ABC transporter (ABCA1), predominantly by
astrocytes. Lipoproteins are endocytosed by LDL-R, providing neurons and oligodendrocytes with cholesterol. During
myelination, cholesterol associates with the proteolipid protein (PLP) and is integrated into the myelin sheath. One
excretion pathway for cholesterol is achieved by conversion into 24-OHC, catalyzed by cholesterol 24-hydroxylase
(CYP46). 24-OHC can cross the BBB into the blood stream where it gets transported to the liver for excretion. About one
third of cholesterol is excreted by another route potentially involving lipoproteins. (Saher and Stumpf, 2015)

Roles of cholesterol
Cholesterol at the membrane

Cholesterol has a rigid apolar ring structure, associated to a small polar hydroxyl group, giving it very
specific biophysical properties (Figure 22). Cholesterol hydrocarbon ring is deeply immersed in the lipid
bilayer, reducing membrane dynamic and fluidity (Sankaram and Thompson, 1990). Cholesterol
promotes the formation of highly ordered domains called liquid ordered domains (van Meer et al.,
2008). The increase of cholesterol in membranes slows down the lateral diffusion of lipids and proteins
(Rubenstein et al., 1979). Cholesterol can also impact the bending and compressibility properties of
the membrane (Chen and Rand, 1997). Due to its polar head, cholesterol can generate intrinsic

negative curvature in lipid bilayers (Wang et al., 2007). An increased order of membrane by enhanced
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cholesterol can influence the conformation of membrane proteins, changing for instance their binding
properties with ligands and their stability (Gimpl et al., 1997; Saxena and Chattopadhyay, 2012).
Protein membranes can directly interact with cholesterol through specific binding sites (Fantini and

Barrantes, 2013).
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Figure 22. Multiple effects of cholesterol on lipid bilayers. (a) Cholesterol changes the fluidity (b), thickness
(c), compressibility (d), water penetration (e), and intrinsic curvature (f) of lipid bilayers. Cholesterol also
induces phase separations in multicomponent lipid mixtures (g), partitions selectively between different
coexisting lipid phases (h), and causes membrane proteins to respond by changing conformation (i) or
redistribution (j) in the membrane. (Yang et al., 2016)

Lipid raft

Within the plasma membrane micro-domains called lipid rafts, enriched in cholesterol and
sphingolipids, act as a dynamic platform for protein clustering (Figure 23). Lipid raft participate to the
compartmentation of proteins contributing to spatial and temporal organization of cell signaling. The
lipid composition of these micro-domains can vary with the cell type, brain region and developmental
stage. Their identification was for long challenging, because of their size and fluctuating nature, but
the new technological advances in microscopy and spectroscopy produced compelling data for the
existence of these nano-domains (Lingwood and Simons, 2010). Lipid rafts participate to the
organization of the post-synaptic density, thus having a critical role in the signal integration at the
synapse (Suzuki et al., 2011). Lipid rafts are also found in synaptic vesicle membranes, which have been
shown to be enriched in cholesterol (Petrov et al., 2011). Lipid rafts are associated with several

proteins, for instance with the scaffold protein caveolin, which has binding domains for metabotropic
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receptors, MAP and Src-kinase, protein kinase A and C, adenylate cyclase (Stary et al.,, 2012). In
neurons, caveolin 1 co-localizes with NMDA receptors and PSD-95 in lipid rafts, and caveolin-1 knock-

out induces a loss of synapses (Head et al., 2010). Therefore, lipid rafts constitute platforms allowing

the organization and compartmentalization of cell signaling.

Figure 23. Model of a lipid raft
associated to two proteins. A
glycosylphosphatidyl  inositol  (GPI)
anchored protein is attached to the
extracellular leaflet, and a Src-kinase to
the cytoplasmic leaflet. Lipids from the
liquid-ordered phase (lipid raft) are
shown in red and from the liquid-
disordered phase in blue. Cholesterol (in
orange) preferentially locates into the
liquid-ordered phase. The outer leaflet
of the raft is enriched in
glycosphingolipids and sphingomyelin

and the corresponding inner leaflet in
glycerolipids with mainly saturated fatty
acyls. (Simons and lkonen, 2000)

Cholesterol and synaptic vesicle dynamic

In the CNS, cholesterol has an essential role in vesicle dynamics and constitutes 40% of total lipids in
synaptic vesicle membranes (Takamori et al., 2006). To illustrate this role, cholesterol depletion by B-
cyclodextrin increased the spontaneous neurotransmission in hippocampal cultures, due to an

enhanced spontaneous vesicle recycling (Wasser et al., 2007).

Cholesterol and synaptic vesicle exocytosis

Inhibition of cholesterol synthesis has been shown to impair synaptic vesicle exocytosis, the
fundamental process for neurotransmitters release (Linetti et al., 2010). This exocytosis process is
defined by fast Ca®* triggered fusion, which kinetics is dependent on cholesterol levels within
membranes (Churchward et al.,, 2005). Importantly, cholesterol content influences fusion pore
formation and stability during exocytosis (Koseoglu et al., 2011), by directly reducing the fusion pore-
bending energy (Stratton et al., 2016). It has been postulated that SNARE proteins (Soluble NSF

Attachment Protein Receptor), implicated in the machinery for membrane fusion, are clustered in
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cholesterol rich domains of the vesicle membrane (Figure 24) (Gil et al., 2005). However, it is debated
whether these domains are lipid rafts per se or other type of cholesterol ordered domains (Destainville
et al., 2016; Lang, 2007). Syntaxin-1 for instance, which is part of the SNARE complex involved in
synaptic vesicles exocytosis, was found to form clusters in cholesterol domains (Murray and Tamm,

2009).

Figure 24. Model for cholesterol implication in SNARE-mediated fusion. Cholesterol content directly
influences the formation of fusion-pore and indirectly favors exocytosis by clustering t-SNAREs (in red, green
and yellow) into concentrated docking domains. (Stratton et al., 2016)

Cholesterol and synaptic vesicle recycling

Endocytosis of new vesicles is necessary to replenish the pool of synaptic vesicles. As a general
mechanism, cholesterol-rich domains are important for the clustering of adaptor proteins. Indeed,
cholesterol depletion blocks endocytosis via caveolae and clathrin-coated pits (Subtil et al., 1999).
Cholesterol has a critical role in the formation of synaptic vesicles; when associated to synaptophysin,
it can promote membrane curvature and the formation of synaptic like vesicles (Thiele et al., 2000).
Within vesicles, synaptophysin/synaptobrevin complex promotes the functional build-up of v-SNARE
complex (vesicle SNARE); and this interaction critically depends on cholesterol content at the

membrane of synaptic vesicles (Mitter et al., 2003).
Cholesterol and synaptic transmission

The content and activity of post-synaptic receptors is critical for synaptic function and plasticity. Due
to its role on membrane organization, cholesterol can differentially impact neurotransmitter receptor
functions. These functions have mainly been studied in the context of cholesterol depletion.
Cholesterol depletion can reduce agonist effectiveness on GABAx receptors and increase receptor
potentiation by benzodiazepines (Nothdurfter et al., 2013; Sooksawate and Simmonds, 2001). AMPA

receptors are associated to lipid rafts, acute cholesterol depletion leads to instability of AMPA
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receptors and gradual loss of synapses and dendritic spines (Hering et al., 2003). Moreover, alteration
of lipid rafts suppresses AMPA receptor exocytosis, reducing its cell surface expression (Hou et al.,
2008). After acute cholesterol depletion, NMDA-R responses are decreased due to a reduction of
channel opening probability and increased desensitization, impairing long term potentiation (LTP)
(Korinek et al., 2015). As seen previously, NMDA-R are associated to lipid rafts with caveolin-1 (Head
et al., 2010), which activation pathway is associated to ERK and Src-kinase, promoting cell survival
(Head et al., 2008). Astrocytic glutamate transporter EAAT are also associated to lipid raft and upon
cholesterol loss, glutamate uptake by astrocytes is reduced (Butchbach et al., 2004). Interestingly, after
activation of NMDA-R, a rapid and transient decrease of cholesterol intracellular pool is observed,
activating cdc42 dependent trafficking of AMPA receptors from Rab11 endosomes to the post-synaptic
membrane, thereby favoring LTP. Overall, cholesterol loss at the synapse is induced by excitatory
neurotransmission, which is recovered after stimuli (Sodero et al., 2012). Thus, cholesterol could act
as a sensor of NMDA-R activation, triggering downstream signals for LTP (Brachet et al., 2015).
Receptor localization and trafficking at the synapse is dependent on the lipid composition of the
membrane. At the synapse, NMDA-R and its cytoplasmic scaffold protein PSD-95 move between the
post-synaptic density and rafts following learning or ischemia. In this context, PSD-95 has a key role in
the localization of GIuN2A-containing NMDA-R to lipid rafts (Delint-Ramirez et al., 2010). Moreover,
cholesterol depletion can redistribute GIuN2B-containing NMDA-R outside lipid rafts (Frank et al.,
2004). Dopamine transporters (DAT) cluster into cholesterol-rich nanodomains in the plasma
membrane of pre-synaptic varicosities and neuronal projections of dopaminergic neurons; their
location in these domains is reversibly regulated by NMDA-R activation. These nano-domains are

highly sensitive to cholesterol depletion (Rahbek-Clemmensen et al., 2017).
Cholesterol and transport

The presence of cholesterol domains on vesicles can regulate the recruitment of motor proteins.
Lysosomal transport for instance is co-regulated by a multi-protein complex: Rab7-RILP-ORP1L. The
Rab7 interacting lysosomal protein (RILP) directly and concomitantly associates to the homotypic
fusion and vacuole protein sorting (HOPS) complex and the dynein motor. The oxysterol binding
protein related protein 1L (ORP1L) then acts as a cholesterol-sensing switch controlling RILP-HOPS-
dynein interactions (Kant et al., 2013). The Rab7-RILP-ORP1L complex couples and regulates transport
on microtubule by efficiently recruiting dynein-dynactin motors (Johansson et al., 2007; Jordens et al.,
2001). Cholesterol depletion can promote endosome motility towards the plus end of microtubules by
suppressing the association of endosomes containing lipid rafts with Rab7 GTPase and promotes their

association with Rab4 GTPase (Chen et al., 2008).
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Cholesterol and autophagy

Modulation of cholesterol dynamics can affect autophagy. This is clearly described in lysosomal storage
disorders like Niemann-Pick type C disease (NPC), where defective cholesterol trafficking leads to
altered endocytic trafficking and accumulation of autophagic vesicles (Liao et al., 2007; Sarkar et al.,
2013). Interestingly, driving accumulated cholesterol out of the endosome/lysosome compartment
prevents neurodegeneration in NPC (Aqul et al., 2011). Accumulation of cholesterol in late endosomes
leads to an enlargement of these endosomes and affects their trafficking (Sobo et al., 2007).
Cholesterol accumulation in membranes reduces the lysosomes ability to fuse with endocytic and
autophagic vesicles, due to an abnormal sequestration of SNARE proteins in cholesterol enriched
regions of endolysosomal membranes (Fraldi et al., 2010). High cholesterol content impairs lysosomal
fusion by altering Rab7A and SNARE content and distribution (Barbero-Camps et al., 2018). Moreover,
acute removal of cholesterol in membranes also strongly reduces autophagosomes/lysosomes fusion
(Koga et al., 2010). At physiological levels, cholesterol is critical for autophagosomes fusion and
transport. Dynein motors cluster into lipid raft at the membrane of phagosomes as they mature. This
organization facilitates the generation of forces, allowing several dynein motors to cooperate to

rapidly transport phagosomes to lysosomes (Rai et al., 2016).
Cholesterol and cell survival

Because of its critical role in membrane dynamics and cell signaling, alterations of cholesterol content
and homeostasis can have deleterious impacts on cell survival. The binding of BDNF to TrkB receptor
triggers ERK and Akt signaling, two major survival pathways. Interestingly, in aging neurons, loss of
cholesterol is associated with increased TrkB activity (Martin et al., 2008). Stimulation of cultured
neurons and hippocampal slices by BDNF induces an increase of TrkB receptor location in lipid rafts,
showing a potential need of selective receptor location for efficient signaling (Suzuki et al., 2004).
Because of their high need in energy production, neurons progressively accumulate ROS (reactive
species of oxygen). Interestingly, in conditions of oxidative stress related to production of ROS, loss of
membrane cholesterol is associated to the activation of the pro-survival receptor TrkA, whereas
addition of cholesterol in non-stressed condition inhibit receptor activation and favors stress (lannilli
et al., 2011). Cholesterol overload can decrease cell survival and TrkB signaling (Huang et al., 2016).
Thus, changes in cholesterol content might be a way to regulate receptor activity towards cell surviving
pathways, acting as a sensor of the cell state. Altogether, cholesterol level seems to be precisely

regulated to favor cell survival, within a physiological range of concentration.

49



General functions of cholesterol in neurons

Overall, cholesterol has many essential functions in the cell, in the CNS, it has particularly major
functions in neurons. Cholesterol is an essential structural component for integration of intracellular
signaling through the organization of the plasma membrane in microdomains like lipid rafts. It is a
major component of the myelin, important for a proper conductance of action potentials. It also
regulates the dynamic of synaptic vesicle biogenesis and vesicle fusion. Moreover, cholesterol domains
on vesicles participate to the proper transport of vesicles along microtubules (Figure 25).
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Figure 25. Cholesterol functions in neurons. Cholesterol (yellow ovals) is a major structural
component of membranes (1), essential for their structure and organization. It can be concentrated
in microdomains in the plasma membranes, also referred to as lipid rafts (2), which participate to
the organization of intracellular signaling triggered by different neurotrophic factors and their
receptors. Up to 70% of the brain cholesterol is found in the myelin (3) surrounding axons.
Cholesterol plays a crucial role for vesicles biogenesis (4) and for vesicles fusion (5), essential for an
optimal neurotransmitter release neurotransmitter release. It is also important to maintain pre- and
postsynaptic microdomains (6), in order to organize the signal transduction after binding of
neurotransmitters to their receptors. Cholesterol domains on vesicles also participates to the
transport of vesicles along microtubules (7). (Valenza and Cattaneo, 2006)

50



Chapter 3 - Impairment of cholesterol metabolism in neurodegenerative diseases

As seen previously, cholesterol metabolism is tightly regulated and is involved in many essential
cellular processes. Therefore, dysregulations of this metabolism will have serious consequences in the
brain. During the last decade, a growing number of evidences have implicated impairment of

cholesterol metabolism in neurodegenerative diseases.
Cholesterol and ageing

To understand pathological modification of cholesterol metabolism, we should look at its content
evolution during normal aging. An age dependent loss of cholesterol was described in the human brain.
However, alterations in the amount of cholesterol are highly variable during aging, ranging from no
change to a 40% decrease (Soderberg et al., 1990). On average, cholesterol decreases by 47% in
women and 53% in men, with a significant loss of myelin lipids (Svennerholm et al., 1997). Cholesterol
loss is more pronounced in the white matter than in the cerebral cortex (Svennerholm et al., 1991).
Cholesterol synthesis rate declines with aging in the human hippocampus, with lower concentration
of lanosterol and desmosterol precursors in elderly subjects (Thelen et al., 2006). In the aging rat brain,
there is also a decreased synthesis with altered expression of gene related to cholesterol synthesis
(Blalock et al., 2003). In the aging rat hippocampus, lanosterol, desmosterol and lathosterol are
decreased, whereas in the cortex only desmosterol is decreased over time (Smiljanic et al., 2013). Age
dependent loss of cholesterol was also described in the mouse hippocampus (Martin et al., 2008;
Sodero et al., 2011a) and is associated to a cognitive decline (Martin et al., 2014). Regarding 24S-OHC,
the major catabolism product of cholesterol, its plasma levels are very high in children, then decreases
to become constant in the adult life and tend to increase in more advanced ages (Bretillon et al.,
2000a). The exact causes of this loss are not yet clear but some mechanisms have been proposed. An
increase of transcriptional activation (Ohyama et al., 2006) and membrane mobilization (Sodero et al.,
2012) of CYP46A1 could participate to cholesterol loss during aging. Indeed, CYP46A1 increases in high
stress situations, accumulation of cellular stress over time could thus favor cholesterol loss in aging.
The age-dependent lowering of cholesterol may also be due to reduced synthesis or impaired delivery

from glial cells.
Cholesterol metabolism in neurodegenerative diseases

Some neurodegenerative diseases related to cholesterol metabolism alterations are caused by direct
mutations on genes implicated in cholesterol homeostasis and are associated to severe brain
development defects. The Smith-Lemli-Optiz syndrome (SLOS) is due to a mutation on dhcr7 gene,

causing a defect of cholesterol synthesis (Nowaczyk and Irons, 2012). Desmosterolosis is also due to a
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defect of cholesterol synthesis, with a mutation on dhcr24 gene (Zolotushko et al., 2011). The
Niemann-Pick type C (NPC) disorder is caused by a defect of cholesterol intracellular trafficking, due to

a mutation on either NPC1 (95% of cases) or NPC2 (5% of cases) (Zech et al., 2013).

Sporadic neurodegenerative diseases also show impairment of cholesterol metabolism. In Parkinson’s
disease, there are evidence linking a-synuclein aggregation to cholesterol levels, and in patients, 24S-
OHC levels in cerebrospinal fluid (CSF) correlate to the disease duration (Doria et al., 2016). Cholesterol
dependence of Muller glial cells in the retina has been implicated in glaucoma and macular
degeneration (Lakk et al., 2018). Moreover, oxysterol signature can impact age related macular

degeneration (Lin et al., 2018a).

Extensive studies have focused on the role of cholesterol in Alzheimer’s disease. Cholesterol turnover
is involved in APP (amyloid precursor protein) processing at the membrane and modification of
cholesterol levels can influence AP formation (Allinquant et al., 2014). Interestingly, oxysterols levels
are altered in Alzheimer’s disease, with decrease of 245-OHC and increase of 25-OHC and 27-OHC in
patients’ brain, which could be linked to neuroinflammation (Testa et al., 2016). Moreover, the €4
allele of apoe gene is more frequent in Alzheimer’s patients and is associated to an increased mean
age of onset (Farrer et al., 1997). Recent studies showed that expression of ApoE4 causes molecular
and cellular alterations associated to Alzheimer’s disease (Lin et al., 2018b) and is more potent in

stimulating AP production than other isoforms (Huang et al., 2017).
Deregulation of cholesterol metabolism in Huntington’s disease

An increasing number of studies have implicated dysregulations of cholesterol metabolism in HD (see
Figure 26 for references). Studies on rodent models, cell lines and data from patients’ samples have
shown a global down regulation of cholesterol metabolism. Levels of the precursors lathosterol and
lanosterol are decreased in multiple models and in patients’ plasma. This global alteration of
cholesterol biosynthesis pathway could be caused by a decreased translocation of the transcription
factor SREBP to the nucleus and a decreased expression and activity of synthesis enzymes. Especially,
expression of enzymes such as HMGCR, CYP51, DHCR7 and DHCR24 are reduced in whole tissue extract
and also specifically in astrocytes primary cultures, cells that are essential for cholesterol synthesis in

the adult brain HD (Figure 26).

Studies of cholesterol content gave rise to more differential results, with decreased, increased or no
changes in cholesterol levels in the brain of animal models; whereas studies in human post mortem
caudate and putamen showed increased cholesterol levels (Figure 26). Interestingly, specific studies

on cell cultures showed an accumulation of cholesterol in membranes due to an altered trafficking of
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cholesterol by caveolin-1. The methodology used to measure cholesterol levels is critical to have
reproducible data. A comparative study demonstrated that biochemical and mass spectrometry
methods showed reduced cholesterol levels whereas colorimetric and enzymatic methods showed
increased cholesterol levels. Colorimetric and enzymatic methods appear to have lower sensitivity,
giving more variable results than analytical methods like gas chromatography-mass spectrometry. The
method for sample preparation is also critical to have sensitive and reliable measures (Marullo et al.,

2012).

The product of cholesterol degradation in the brain, 24S-OHC is decreased in the brain of several HD
models and in patients’ tissues. Interestingly, 24S-OHC levels are decreased in patients’ plasma at early
stages and correlates with caudate atrophy measured by MRI and to motor impairment (Figure 26).
24S-OHC seems to be an interesting biomarker for HD, however, it should be noted that peripheral
factors can significantly modify its plasma levels like plasma lipoproteins turnover and the rate of

excretion of oxysterols by the liver.

Cholesterol transport by astrocytes is less efficient in HD, with decreased expression of apoe and
abcal. Astrocytes expressing mHTT produce and release less ApoE, impacting cholesterol transport to
neurons (Figure 26). Reduced transport might be associated to a decreased activity of LXR. Indeed, in
normal conditions, HTT acts as a co-activator for LXR transcription factors, therefore HTT mutation can

potentially lead to a loss of function and thus a decreased LXR activity (Futter et al., 2009).

Of interest in HD, knock-out of PGC1la, which expression is altered by mHTT, causes a reduction of
cholesterol synthesis and degradation and is associated to a defect of myelination. Especially, a knock-
out of PGCla in oligodendrocytes impact cholesterol biosynthetic pathway, by decreasing expression

of HMGCS1 and HMGCR (Figure 26).
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Alteration of cholesterol homeostasis Event associated Experimental model Reference
Decreased cholesterol synthesis
Altered transcription of cholesterol Early transcriptional (Sipione et al.,
biosynthesis enzymes events 2002)
Decreased SREBP nuclear translocation Reduced SRE activity : R6/2 mice %ﬂg;za etal,
Decrease after glial (Valenza etal,
Reduced mRNA levels of hmgcr, cyp51, dhcr7 ) . 2010)(Valenza et
differentiation
al., 2015a)
) Decreased rate of . (Samara et al.
Reduced f DHCR24 ) ) ’
edlced expression o cholesterol synthesis * R6/2 mice 2014)
D d rate of . Val tal.
Reduced levels of HMGCR, CYPS1, DHCR7 ecreased rate of R6/2 mice (Valenza et al,
cholesterol synthesis 2005)
. . (Valenza et al.,
Reduced strlaFaI levels of Iathgsterol, Reclju.ced expression and R6/2 mice 20072)(Boussicault
lanosterol (striatum, cortex, hippocampus) activity of HMGCR etal, 2016)
Reduced sterol content in myelin and Early in synaptosomes, ) (Valenza et al.,
. : R6/2 mice
synaptosomes later in myelin 2010)
e Early reduction of lathosterol and lanosterol  Plausible reduced activity (Krell ol
in the cortex and the striatum of DHCR7 and DHCR24 R6/1 mice zorle;)aus etal,
¢ Increased desmosterol at late stages enzymes
. * Reduced pl levels:
Reduced brain levels of lanosterol, lathosterol educed plasma fevels ) (Valenza et al.,
(early) and desmosterol (later) lathosterol, desmosterol YAC128 mice 2007b)
e Reduced hmgcr activity
* YAC46, YAC72, YAC128 mice
CAG-d dent ! ' ) .
Reduced brain levels of lathosterol ?peh en ) ¢ HdhQ111/Q111 mice (Valenza etal,
reduction in YAC mice 2010)

e HD transgenic rat

Reduced brain levels of lathosterol,
zymosterol, stigmasterol

HdhQ150

(Trushina et al.,
2014)

® Reduction of lathosterol in the striatum
(early) and cortex (late)

Reduced striatal mRNA
levels for hmgcr and fdft1

Heterozygous zQ175 mice

(Shankaran et al.,
2017)

Reduction of lathosterol content in the
striatum and the cortex

CAG-dependent
reduction in the striatum

Heterozygous Q80, Q111, Q175
mice

(Shankaran et al.,
2017)

Decreased regulation of Human striatum, cortex post Val tal.,
Reduced levels of HMGCR, CYP51, DHCR7 & _ P (Valenza et a
melanovate pathway mortem tissues and fibroblasts 2005)
Reduced capacity to activate cholesterol Reduced levels of ) (Valenza et al.,
. . Human fibroblasts
biosynthesis cholesterol 2005)

Decreased plasma lathosterol and lanosterol

Lathosterol at pre-
symptomatic stages

Human plasma

(Leonietal., 2011)

Increased desmosterol, lathosterol,
zymosterol, dihydrolanosterol

Decreased DHCR24
protein levels

Human post mortem putamen

(Kreilaus et al.,
2016)

Impairment of cholesterol levels

Reduced total cholesterol content

(Valenza et al.,
2005)(Ritch et al.,
2012)

Reduced brain levels of cholesterol

* YAC72, YAC128 mice
¢ HdhQ111 and HdhQ150 mice
* HD transgenic rat

(Valenza et al.,
2007b)(Valenza et
al., 2010)(Trushina
etal, 2014)

Reduction striatal levels of cholesterol

Decreased cholesterol
synthesis rate per day

Heterozygous zQ175 mice

(Shankaran et al.,
2017)

Reduced cholesterol levels

Striatum and cortex

Heterozygous Q80, Q175 mice

(Shankaran et al.,
2017)

Reduced levels of cholesterol in the striatum

At 5 weeks and 10 weeks

R6/2 mice

(Valenza et al.,
2005)

No changes of cholesterol levels in the brain

R6/2 mice

(Valenza et al.,
2007a)

Increased cholesterol levels in the striatum

R6/2 mice

(Boussicault et al.,
2016)

Accumulation of cholesterol

mHTT impairs caveolin-1
dependent endocytosis

YAC72 (brain and
)

(Trushina et al.,
2006)

Increase caveolin-1 levels
and excitotoxicity

(del Toro et al,,
2010)
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Accumulation of cholesterol

mHTT binds caveolin-1
and impair cholesterol
exit from the Golgi

(Trushina et al.,
2014)

Increased levels of cholesterol and
cholesterol esters

SIRT2 regulates sterols
biosynthesis

(Luthi-Carter et al.,
2010)

No changes of plasmatic cholesterol

Human plasma

(Leoni et al., 2008)

Decreased plasma cholesterol

At very late stages

Human plasma

(Leonietal., 2011)

. ) del Toro et al.,
Increased total cholesterol in the caudate Important neuronal loss Human post mortem tissues (2010)

. . Kreilaus et al.,
Increased total cholesterol in the putamen Human post mortem tissues 2(016)

Decreased cholesterol degradation

Decreased CYP46A1 expression

Decreased cholesterol
turnover

* R6/2 mice

* Human putamen

(Boussicault et al.,
2016)

Decreased CYP46A1 expression

Decreased protein levels

Human post mortem tissues

(Kreilaus et al.,

but not mMRNA 2016)
Impairment of oxysterols levels
. . . (Kreilaus et al.,
Reduction of striatal 24S-OHC and 27-OHC At late stages R6/1 mice 2015)
No changes of 245-OHC levels in the brain R6/2 mice (Z\ézl?;)za etal,
e YAC46, YAC72, YAC128 mice (Valenza et al.,

Reduced brain levels of 24S-OHC

e HdhQ111/Q111 mice
e HD transgenic rat

2007b)(Valenza et
al., 2010)

Decreased levels of 24S-OHC in the striatum
(early) and in the cortex (late)

Decreased 24S-OHC
synthesis rate per day

Heterozygous zQ175 mice

(Shankaran et al.,
2017)

® Reduction of plasma 24S-OHC
o Reduction of 24S-OHC (striatum and cortex)

Reduction not CAG-
dependent

Heterozygous Q80, Q111, Q175
mice

(Shankaran et al.,
2017)

Reduced levels of 245-OHC

Specifically, in the
caudate and the putamen

Increased levels of 27-OHC, 7B-OH, 7-keto

Specifically, in the

Human post-mortem tissues

(Kreilaus et al.,
2016)

cholesterol caudate
C lat ith caudat i .
Decreased levels of 24S-OHC orrelates with caudate Human plasma (Leoni et al., 2008,
atrophy 2013)
27-OHC: pre-

Decreased levels of 245-OHC and 27-OHC

symptomatic

Human plasma

(Leoni et al., 2011)

Impairment of cholesterol transport

¢ Reduced genes expression abcal and apoe

¢ Reduced cholesterol

¢ Reduced ApoE secretion by HD astrocytes transport (Valenzaetal,
N o e Reduced ApoE ) 2010)
® Smaller ApoE-containing-lipoproteinsin CSF . * YAC128 mice
lipidation
Reduced ApoE production and release by Reduced cholesterol in (Valenza et al.,
astrocytes the medium 2015a)

Cholesterol in mitochondrial membranes is altered

Decreased cholesterol levels in mitochondrial
membranes

Increased mitochondrial
membrane fluidity

BACHD rats

(Eckmann et al.,
2014)

e Increased mitochondrial conjugated
cholesterol in the striatum
 Decreased cholesterol/phospholipid ratio

Decreased membrane
fluidity

Rats 3-NP treated

(Mehrotra et al.,
2015)

PGCla regulates cholesterol metabolism

PGCla KO: Reduced brain levels of
cholesterol, lathosterol, lanosterol,
desmosterol and 7-DHC, 24S-OHC and
27-0OHC

Reduced expression of
MBP, HMGCS1, HMGCR

PGC1la KO mice

Reduced expression of
MBP, HMGCS1, HMGCR

Decrease of PGCla and
its targets: MBP,
HMGCS1, HMGCR

(Xiang et al., 2011)

Figure 26. Impairment of cholesterol metabolism in HD models and patients. Rodent models in purple, cell cultures

in orange and human samples in blue. Decreased levels are in red, increased levels in green.
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Cellular consequences of altered cholesterol metabolism in Huntington’s disease

Altered cholesterol metabolism can have deleterious impacts at several levels. Modification of
cholesterol content and dynamics can impact membranes fluidity and the distribution of
microdomains. The study of peripheral cells from HD patients showed an alteration of membrane
properties and fluidity related to differences in cholesterol and phospholipid content (Muratore,
2013). Higher number of ordered domains was observed in mHTT expressing neurons, suggesting that
cholesterol accumulation is associated to increased amount of lipid rafts. This is accompanied by an
increased localization of NMDA-R in the cholesterol enriched domains, thus altering NMDA-R
distribution; potentially contributing to NMDA mediated excitotoxicity. Moreover, administration of
cholesterol lowering drugs such as simvastatin and B-cyclodextrin protected against NMDA mediated
excitotoxicity (del Toro et al., 2010). Cholesterol can also influence HTT binding and aggregation to

membranes, with decreased HTT insertion as cholesterol content increases (Gao et al., 2016).

Aberrant interaction between mHTT and caveolin-1 impairs the intracellular trafficking of cholesterol,
leading to cholesterol accumulation in the Golgi and in lysosomes. This accumulation could impact the
normal function of the Golgi apparatus and lysosomes, contributing to cellular toxicity. Interestingly,
loss of caveolin-1 in HdhQ150 mouse model was able to rescue cholesterol trafficking and motor

decline in these mice (Trushina et al., 2006, 2014).

A proper supply of cholesterol is critical for neurite outgrowth, synapses and dendrites formation and
axonal guidance (Fester et al., 2009; Goritz et al., 2005). Cholesterol depletion leads to a decreased
synaptic plasticity and neurite degeneration caused by a neurodegenerative break of neurofilaments
integrity (Koudinov and Koudinova, 2005). Moreover, targeting cholesterol synthesis by inhibition of
HMGCR causes neurite loss by interfering with the melanovate pathway (Schulz et al., 2004). At late
stages in R6/2 mice, cholesterol content is decreased in myelin, highlighting a potential link between
cholesterol impairment and myelin defects in HD (Valenza et al., 2010). Since cholesterol in myelin is
critical for an efficient transmission of action potential, this defect could impair the neuronal

transmission. Thus, a global alteration of cholesterol metabolism can affect the neurotransmission.

Studies showed that mHTT decreased mitochondrial membranes fluidity in STHdh cells, in isolated
mitochondria from HD knock-in mice and BACHD rat, while mitochondrial cholesterol levels were
decreased only in BACHD rats (Eckmann et al., 2014). The authors concluded that cholesterol levels
might not be the major determinant of membrane fluidity changes found in mitochondria isolated

from different HD models.
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Overall, altered cholesterol metabolism is associated to a decreased cell survival and re-establishment
of normal cholesterol levels is often neuroprotective. Several strategies have been addressed to
modulate cholesterol metabolism and content in order to improve cell survival in HD. For example,
addition of cholesterol rescues the cell death induced by mHTT in transfected cells (Valenza et al.,
2005) and partially alleviates HD phenotype in a mouse model (Valenza et al., 2015b). In another
cellular model where cholesterol level was increased by mHTT, inhibition of sirtuin 2 decreased nuclear
trafficking of SREBP-2, cholesterol synthesis and protected from mHTT toxicity (Luthi-Carter et al.,
2010). Even addition of cholesterol precursors lanosterol and desmosterol are neuroprotective in vitro
on neuronal models of HD (Boussicault et al., 2016), showing a global need to compensate for impaired

cholesterol metabolism even through cholesterol precursors.
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Chapter 4 - CYP46A1, the rate limiting enzyme for cholesterol degradation in the
central nervous system

Dysregulation of cholesterol metabolism is well described in HD. Most of the studies have focused on
sterols, oxysterols and cholesterogenic enzymes. Despite its important role in cholesterol turnover in
the brain, CYP46A1 was not studied in HD. In this chapter, we will focus on CYP46A1 function,
regulation and its key position in cholesterol homeostasis. Since targeting cholesterol metabolism in
HD can be an interesting therapeutic strategy for a global compensation of HD cellular dysfunctions, it

is important to have a better understanding of CYP46A1 functions.

CYP46A1 function

Cholesterol 24-hydroxylase or CYP46A1l is an enzyme that converts cholesterol into 24S5-OHC in a
reaction requiring NADPH, allowing the addition of an hydroxyl group to the lateral hydrocarbon chain
of cholesterol (Figure 27) (Dhar et al., 1973; Dzeletovic et al., 1995). This conversion allows the crossing
of the BBB, thus the elimination of cholesterol. In vivo formation of 245-OHC was detected in human
(Lutjohann et al., 1996), rats (Breuer and Bjérkhem, 1995) and mice (Meaney et al., 2000). CYP46A1 is
responsible for 99% of 24S-OHC in the brain, which account for 60 to 80% of 24S-OHC in the serum
(Lund et al., 2003). According to the continuous flux of 24S-OHC in the serum (Litjohann et al., 1996),
cholesterol turnover in the brain by CYP46A1 appear like a daily mechanism, that could account for a
daily turnover of 20% in certain neurons (Dietschy and Turley, 2004). To a lesser extent, CYP46A1 can
also catalyze the formation of 25-hydroxycholesterol, 24,25-dihydroxycholesterol and 24,27-
dihydroxycholesterol (Lund et al., 1999; Mast et al., 2003).

Cholesterol

24-hydroxylase OH
//" oz‘\ g
HO HO
NADPH + H* NADP*
Cholesterol 245-hydroxycholesterol

Figure 27. Reaction catalyzed by Cholesterol 24-hydroxylase (CYP46A1). (Russell et al., 2009)
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Transcriptional regulation of CYP46A1

Cyp46al gene is located on human chromosome 14g32.1 and contains 15 exons (Lund et al., 1999). It
has no canonical TATA or CAAT boxes and has a high number or GC, a usual feature of housekeeping
genes (Ohyama et al., 2006). The Sp family of transcription factors is involved in the transcriptional
control of human cyp46al (Figure 28). Binding of Sp3 and Sp4 to GC-boxes is essential for a high activity
of the promoter (Milagre et al., 2008). During neuronal differentiation, a shift of Sp factors recruitment
at cyp46al promoter occurs with an increase of (Sp3+Sp4)/Sp1 ratio, which might account for CYP46A1
neuronal expression (Milagre et al., 2012a). Interestingly, during neuronal differentiation CYP46A1
levels increases whereas CYP27A1 decreases, suggesting a shift towards a CYP46A1-mediated catabolic
pathway in mature neurons (Milagre et al., 2012b). Epigenetic regulations are involved in the control
of cyp46al expression. The demethylating agent DAC (5'-Aza-2'-deoxycytidine) and the histone
deacetylase inhibitor TSA (trichostatin A) can induce cyp46al expression (Figure 28). DAC represses
Spl and Sp3 expression, decreases Sp3 binding and favors the dissociation of histone deacetylase
(HDAC) 1 and 2. However, the effect of DAC does not depend on cyp46al promoter methylation status
(Milagre et al., 2010). TSA causes a transient histone hyperacetylation, affecting Sp binding to the
promoter, favoring HDAC dissociation (Nunes et al., 2010). Overall, decreased Sp3 binding is associated
to an increased transcription of cyp46al. Sp3 is associated to ERK1/2, and upon TSA treatment ERK1/2
phosphorylation decreases, diminishing Sp3 binding. Inhibition of MEK1 (mitogen activated protein
kinase 1), the kinase upstream ERK1/2, potentiate TSA effect, consistent with the hypothesis of
increased cyp46al transcription after ERK1/2 dephosphorylation (Nunes et al., 2012). Mice acutely
treated with TSA had significant increase of cyp46a1 mRNA in the brain whereas chronic treatment did
not affect mRNA levels. Injection of valproic acid (an histone deacetylase inhibitor) also increased

cyp46al mRNA (Shafaati et al., 2009).

59



OA

1

/

(pP?
( erk )—»( ERK )

/
TSA ’ r

CYP46A1

CYP46A1

BASAL EXPRESSION

CYP46A1

Figure 28. CYP46A1 transcriptional activation. CYP46A1 transcription is significantly increased after DAC and TSA
treatment. TSA increases histone acetylation and release HDAC, in a process that is favored by decreased binding
of Sp3 to the promoter. TSA effect depends on decreased activation of ERK1/2 signals and Sp3 phosphorylation.
Impairment of Sp3 dephosphorylation with okadaic acid (OA), presumably by inhibiting a protein phosphatase
(PP) impairs TSA effect. DAC treatment also leads to the reduced binding of Sp3 to the promoter and the
detachment of HDAC. (Moutinho et al., 2016a)

CYP46A1 expression and localization

CYP46A1 is mostly expressed in neurons of the brain and the retina (Bretillon et al., 2007; Lund et al.,
1999). Small amounts of mRNAs were detected in the mouse testis and liver, without apparent
translation in the testis and very low expression in the liver (Lund et al., 1999). Extensive study of
CYP46A1 mRNA expression in human tissues confirmed the preferential expression in the brain
(Nishimura et al., 2003). Expression is lower during the development and gradually increases from 9
days in the mouse and 1.5 years in humans (Lund et al., 1999), which can correlate with the
accumulation of cholesterol during the brain development. CYP46A1 is distributed throughout the cell
body and dendrites of multiples type of neurons where it is embedded in the membrane of the smooth
endoplasmic reticulum (Figure 29). It is highly expressed in pyramidal neurons of the hippocampus and
cortex, in Purkinje cells of the cerebellum, in hippocampal and cerebellar interneurons (Ramirez et al.,
2008). CYP46A1 sub-cellular localization seems to be dynamic, indeed, upon neuronal excitation it is
mobilized from the endoplasmic reticulum to the membrane to locally decrease cholesterol and

release 24S-OHC (Sodero et al., 2012).
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Figure 29. CYP46A1 localization
(A) Wild-type mouse cortical
section showing expression of
CYP46A1 (in green) in pyramidal
neurons of layers II/Ill, V, and VI.
(B) 3D reconstruction of a

Enzyme dendrite from primary cortical

M Cellular DNA stained with neuron showing CYP46A1
4'6-diamidino-2-phenylindole staining and cytochrome P450

B reductase (marker of the
endoplasmic reticulum)

colocalization in the

Cholesterol 24-hydroxylase endoplasmic reticulum. (Russell

Cytochrome P450 reductase etal., 2009)

[] Colocalization of the two proteins

CYP46A1 structure and activity modulation

CYP46A1l is a 53 kDa protein with 500 amino acids and belongs to the cytochrome P450 family. The
protein sequence is highly conserved among vertebrate, with 95% identity between the mouse and
human orthologues (Lund et al., 1999). The N and C terminus of the protein are highly conserved; and
out of the twenty-two amino acids that are different from the mouse enzyme, twenty are concentrated
on one side of the protein (Figure 30). A specific poly-proline sequence is found at the C-terminus of
the protein in mammals, this type of motif are often binding sites for protein interaction that could
play an important role in CYP46A1 function (Zarrinpar et al., 2003). The first three dimensional
description of the protein was reported in 2008 (Mast et al., 2008; White et al., 2008), showing a
primary sequence formed of 12 a-helices and 4 B-pleated sheets with an heme prosthetic group
between two a-helices (Figure 30). ldentification of the crystal structure of the protein showed a
structural flexibility of the protein, allowing the binding of different compounds. In vitro studies
identified phenacetin, 4'-(2-hydroxyethoxy)-acetanilide and acetaminophen as activators;
clobenpropit, thioperamide, and tranylcypromine as inhibitors (Mast et al., 2008). An antifungal drug,
voriconazole, was identified as an efficient in vitro and in vivo inhibitor of CYP46A1, with decreased
cholesterol, 245-OHC and HMGCR mRNA levels (Shafaati et al., 2010). Amongst marketed drug,
fluvoxamine was identified as an inhibitor of CYP46A1 in vitro (Mast et al., 2012). The anti-HIV
marketed drug efavirenz, can activate CYP46A1 activity through a specific allosteric site. However, at
high concentration, efavirenz inhibits CYP46A1 activation. In vitro and in vivo studies showed that at
low concentration, efavirenz lead to increased cholesterol turnover, without modifying cholesterol

levels (Anderson et al., 2016; Mast et al., 2014).
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Figure 30. CYP46A1 structure. (A) Structure of the human enzyme, determined by X-ray crystallography.
Twelve a-helices and four B-pleated sheets are shown together with the heme cofactor and a cholesterol
sulfate substrate. (B) Surface representation of the human enzyme. In green: amino acids different from the
mouse enzyme. Gray ribbons: highly conserved N and C terminus. (Russell et al., 2009)

CYP46A1 role in brain homeostasis and function

To have a better understanding of CYP46A1 function, a knock-out mouse model was generated
(cyp46a1 -/-). Inthis model, brain cholesterol levels are unchanged but cholesterol synthesis is reduced
by 40%, potentially to compensate for the lack of degradation, showing the importance of CYP46A1 in
cholesterol turnover (Lund et al., 2003). Cyp46al -/- mice present severe cognitive deficiency, with
impairment of spatial, associative and motor learning, associated to deficiency to establishing long
term potentiation (LTP) in the hippocampus. The effects on LTP were reversed by treatment with
geranylgeraniol, a precursor of cholesterol from the melanovate pathway, but not by adding
cholesterol (Kotti et al., 2006). Geranylgeraniol acts rapidly during LTP, just before electrical
stimulation and 15 min after. These experiments showed the importance of cholesterol turnover, with
a specific and quick action of the melanovate pathway for LTP in the hippocampus (Kotti et al., 2008).
24S-OHC is almost absent from the brain of cyp46a1 -/- mice and is not replaced by other oxysterols,
even if small amounts of 22R-, 24R, 25- and (25R),26-hydroxycholesterol were detected (Meljon et al.,
2014). In the brain of cyp46al -/- mice, a compensatory upregulation mechanism takes place on
pathways related to cholesterol storage and cholesterol removal, independent from CYP46A1, along
with upregulations of some LXR targets such as abcal. The phosphorylation level of many proteins is
altered in the brain of these mice, including GTPase proteins (RAB8, CDC42, RAC), microtubules
associated and neurofilaments proteins (MAP and NEF) and proteins involved in synaptic vesicles and
neurotransmission (SLCs, SHANKs). Moreover, protein ubiquitination is increased in proteins

important for cognition, cytoskeleton function and energy production (Mast et al., 2017a).
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Because of the role of CYP46A1 in the brain, a transgenic mouse model overexpressing human
CYP46A1 (C46-HA) was also established to explore the regulatory mechanisms dependent on CYP46A1
function. Production of 245-OHC was strongly increased (four to seven fold), however, despite the
known function of 24S-OHC as an activator of LXR, expression of LXR target genes was not changed
(Shafaati et al., 2011). Cholesterol synthesis was enhanced in the brain of these mice, with higher levels
of lanosterol, consistent with increased cholesterol turnover by CYP46A1l. Interestingly, the C46-HA
transgenic mice showed improvement of spatial memory with increased levels of proteins involved in
neurotransmission: PSD-95, synapsin-1, synaptophysin, GIuN1 and phosphorylated GIuN2A subunit of
NMDA-R (Maioli et al., 2013). Decreased membrane cholesterol by CYP46A1 in neurons also increases
isoprenoid synthesis and small guanosine triphosphate-binding proteins (sGTPase) prenylation in vitro.
CYP46A1 overexpression in vitro increased HMGCR activity and membrane levels of sGTPase Racl,
Cdc42, Rab8 and RhoA, along with a specific increase of RhoA activity. This increase in membrane
sGTPases is also observed in vivo, in transgenic C46-HA mice (Moutinho et al.,, 2015). CYP46A1
overexpression increases neuronal dendritic outgrowth and protrusion density in vitro, associated
to an enhancement of synaptic proteins in synaptosomal fractions. Interestingly, these effects are
dependent on geranylgeranyl transferase-l (GGTase-l) activity. Reduction of cholesterol content by
CYP46A1 is the trigger for increased phosphorylation of Trk receptor, Trk receptor interaction with
GGTase-l, which allows GGTase-l activity. Indeed, GGTase-l is activated through direct interaction
with TrkB after BDNF activation. These results were replicated in vivo, with an increase of p-Trk and
synaptic proteins in synaptosomal fractions prepared from CYP46A1 transgenic mouse cortex
(Moutinho et al., 2016b). Overall, CYP46A1 has an essential role in synaptic functions by stimulating

cholesterol turnover, particularly through the melanovate pathway.
CYP46A1 and neurodegenerative diseases

Because of its pivotal role in cholesterol metabolism, it can be expected that CYP46A1 dysregulations
are associated to brain disorders. Indeed, in the last years, evidences have linked CYP46A1 to

neurological disorders.

Levels of 24S-OHC, which are directly correlated to CYP46A1 activity, are changed in several
neurodegenerative diseases: Parkinson’s disease (Bjorkhem et al., 2013), Alzheimer’s disease (Bretillon
et al., 2000b; Lutjohann et al., 2000; Schonknecht et al., 2002), multiple sclerosis (Teunissen et al.,
2003), Huntington’s disease (Leoni et al., 2013) and dementia (Kolsch et al., 2004). These studies
highlight the involvement of cholesterol homeostasis imbalance in neurodegenerative diseases.

Moreover, the integrity of the BBB should also be considered when 24S-OHC measures are performed
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in the context of brain diseases, the ratio between 24S-OHC and 27-OHC in the CSF can be an

interesting way to access the barrier integrity (Leoni et al., 2003).

Some studies have linked CYP46A1 polymorphism to cognitive decline (Fu et al., 2009; Lai et al., 2014),
and others have been interested in CYP46A1 polymorphism in Alzheimer’s disease (AD). However,
association between genetic variant of CYP46A1 and AD are not all consistent. Several studies showed
an association between an intronic polymorphism on cyp46al gene with increased risk of AD (He et
al., 2012; Johansson et al., 2004; Kélsch et al., 2002; Papassotiropoulos et al., 2003). Other studies have
failed to establish a link between AD and CYP46A1 polymorphism (Chalmers et al., 2004; Desai et al.,
2002; Tedde et al., 2006). Interestingly, a meta-analysis showed that the particular polymorphism
(rs4900442) was associated with a higher risk of developing AD in the Chinese population but not in
the Caucasian population (Jia et al., 2016), thus difference between populations could explain the
discrepancy between the different studies. In brain tissue from AD patients CYP46A1 pattern of
expression is changed with a selective expression around amyloid plaques and in astrocytes, whereas

neuronal expression is decreased (Bogdanovic et al., 2001).

Because of these links between CYP46A1 and neurodegenerative diseases, therapeutic strategies have
been explored. In AD models, a gene delivery approach in the hippocampus showed reduced amyloid
pathology in APP23 mice (Hudry et al., 2010); reduced cognitive deficits, improved LTP and spine
density in THY-Tau22 mice (Burlot et al., 2015). In opposition, silencing of cyp46al in the hippocampus
of wild-type mice led to cholesterol accumulation, neuronal loss and cognitive deficits; and in APP23
mice amyloid-p production was increased along with a higher neuronal death upon cyp46al silencing
(Djelti et al., 2015). Moreover, silencing of cyp46al in mice hippocampus induced epileptic seizures
paralleled by neuronal death (Chali et al., 2015). However, crossing cyp46al knock out mice with
APP/PS1 AD mice model did not affect amyloid formation but increased mice lifespan (Halford and
Russell, 2009). Difference in cholesterol levels may account for these different phenotypes, since
silencing of cyp46al increased cholesterol in the hippocampus, whereas cyp46al knock out did not
exhibit changes in cholesterol levels. Other works support the idea that increasing cholesterol levels
by inhibiting CYP46A1 might be a strategy against AD. It was suggested that cholesterol loss enhance
the formation of amyloid peptides (Abad-Rodriguez et al., 2004) and that pharmacological inhibition
of CYP46A1 could improve cognition in APP transgenic mice (Uto, 2015). Contrarily to this idea,
pharmacological activation of CYP46A1 by efavirenz in AD mice models reduced amyloid formation,
microglial activation, improved memory and decreased mortality rate (Mast et al.,, 2017b). Some
controversy appears in CYP46A1 potential role in AD, however, it is clear that targeting cholesterol

turnover through CYP46A1 can dramatically impact AD.
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In pathological contexts, CYP46A1 pattern of expression is altered, especially with decreased neuronal
expression and increase astrocytic expression. Traumatic brain injuries induce CYP46A1 expression in
glial cells, associated to an increased LXR activity, potentially acting as a mechanism to remove
damaged cell membranes (Cartagena et al., 2008; Smiljanic et al., 2010). When CYP46A1 is specifically
expressed in cultured astrocytes, the glutamate transporter EAAT2 is dissociated from lipid rafts,
disrupting its function on glutamate uptake, a common feature of neurodegenerative diseases (Tian et
al., 2010). Moreover, hippocampal injury triggered by kainic acid induces an increased expression of

CYP46A1 in astrocytes (He et al., 2006).

CYP46A1 is also involved to retinal disorders. Indeed, CYP46A1 polymorphism have been associated to
an increased risk of primary open angle glaucoma (Fourgeux et al., 2009). After a retinal stress caused
by intraocular pressure, CYP46A1 expression is temporarily increased, as an early response to retinal
stress (Fourgeux et al., 2012). Interestingly, pharmacological inhibition of CYP46A1 by voriconazol

strongly impaired retinal functions and activated retinal glial cells (Fourgeux et al., 2014).

In HD, CYP46A1 expression is decreased in the post mortem putamen of patients and the striatum of
R6/2 mouse model (Boussicault et al., 2016; Kreilaus et al., 2016). A recent strategy of gene therapy
delivery of CYP46A1 in the striatum of R6/2 mice allowed an improvement of neuronal atrophy,
decrease of aggregates and improved locomotor behavior (Boussicault et al., 2016). This study showed

a potential role for CYP46A1-mediated neuroprotection in HD.

CYP46A1 and signaling pathways

Modulation of CYP46A1 expression or activity can impact signaling pathways at different levels. As
seen previously, the knock-out and transgenic models for CYP46A1 showed its critical role in
cholesterol turnover and neuronal function, through a regulation of cholesterol precursors (Figure 31).
Indeed, isoprenoids are essential for the activity of small GTPases, which play a crucial role in neuronal
development (Govek et al., 2005), neuronal migration (Govek et al., 2011), dendritic spine formation

and maintenance, neurite outgrowth and axon guidance (Hall and Lalli, 2010).

The primary effect of CYP46A1 is cholesterol clearance, which in specific contexts participates to
cell signaling and homeostatic responses to excitotoxicity (Figure 31). Aging hippocampal neurons
undergo a progressive cholesterol loss in membranes, mediated by CYP46A1 increased expression
and translocation, which is associated to an increased phosphorylation and activation of TrkB
receptors, triggering a pro-survival signaling pathway (Martin et al., 2011b). CYP46A1-mediated
cholesterol loss is up-regulated upon stress, including glutamatergic excitatory neurotransmission

(Sodero et al., 2011b). Moreover, upon glutamatergic stimulation, CYP46A1 is mobilized from the
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endoplasmic reticulum to the plasma membrane, leading to fast and transient cholesterol loss. This
process requires high levels of calcium and functioning stromal interaction molecule 2 (STIM2) an
endoplasmic reticulum calcium sensing protein (Sodero et al., 2012). Reduction of cholesterol levels
was also shown to protect from NMDA-induced neuronal death, probably by reducing the

association of NMDA receptors to lipid rafts (Ponce et al., 2008).

We also need to consider the direct effects of the product of cholesterol degradation by CYP46A1
(Figure 31). Indeed, 24S-OHC is an allosteric modulator of NMDA receptors and participates to
synaptic plasticity by enhancing NMDA-R mediated LTP (Paul et al., 2013) and by enhancing synaptic
vesicle cycling (Kasimov et al., 2017). Moreover, 245-OHC is an endogenous ligand of LXRs (Lehmann
et al., 1997), and could thus activate the transcription of genes involved in lipid metabolism (Ulven
et al., 2005) and modulation of inflammation (Ito et al., 2015). Interestingly, in vitro treatment with
24S-0OHC s able to decrease amyloid-p production by inhibiting intracellular trafficking of APP, showing
a potential protective role of 245-OHC in Alzheimer’s disease (Brown et al., 2004; Urano et al., 2013).
The direct effect of 24S-OHC on cell survival has been studied. At high concentration, 24S-OHC can
induce cell death in vitro on neuroblastoma cells and cortical neurons (Yamanaka et al.,, 2011).
However, 24S-OHC toxic effect might be an indirect result of its esterification by ACAT1 (Shibuya et al.,
2016; Yamanaka et al., 2014), forming atypical lipid droplets (Takabe et al., 2016). 245-OHC seems to
protect against toxicity mediated by another cholesterol oxidation product, 7-ketocholesterol, by a
mechanism dependent on LXR activation (Okabe et al., 2013). If more 24S-OHC is generated, it is likely
that it will be converted to some extent by CYP39A1 (expressed mostly in the liver but also in the brain)
into 7a,24S-dihydroxycholesterol (Li-Hawkins et al., 2000). Although not tested, it is potentially a

ligand of EBI2, which is important for adaptive immune response (Hannedouche et al., 2011).
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Figure 31. Cholesterol metabolism and regulation of cellular processes. A modulation of cholesterol
metabolism can impact cellular processes at different levels. Precursors from the melanovate pathway
are involved in protein prenylation, production of dolichol, heme A and Ubiquinone. Cholesterol itself
participate to membranes fluidity, organization of lipid rafts, vesicles dynamics and decreased
cholesterol by CYP46A1 is involved in TrkB activation. The 24S-hydroxycholesterol is an allosteric
modulator of NMDA receptors and a ligand for LXR. ACL: ATP citrate lyase, TCA: tricarboxylic acid cycle,
CH25H: Cholesterol 25 hydroxylase, CYP51: lanosterol 14 alpha-demethylase, DHCR7: 7-
dehydrocholesterol reductase, DHCR24: 24-dehydrocholesterol reductase, CY46A1: cholesterol 24-
hydroxylase.
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HYPOTHESIS AND OBJECTIVES

Huntington’s disease has a complex physiopathology including transcriptional dysregulations, lack of
trophic support, impairment of autophagy, altered neurotransmission, mitochondrial dysfunctions,
myelination defects... And in the last years, decreased cholesterol metabolism was described
in Huntington’s disease. Cholesterol, as a structural component but also through its complex
metabolism, is implicated in several critical cellular processes. Interestingly, the enzyme for cholesterol
conversion into 24S5-OHC, CYP46A1, appears like a key protein in cholesterol metabolism and was
recently shown to be decreased in Huntington’s disease. Therefore, restoring cholesterol homeostasis
could be an interesting strategy to compensate for the dysregulations observed in Huntington’s
disease. To do so, the team focused on the enzyme CYP46A1 and established a gene therapy strategy
to restore CYP46A1 on models of Huntington’s disease. The strategy is based on the expression of
CYP46A1 using an adenovirus associated AAVrh10, with a neuronal tropism to conserve the neuronal
expression of CYP46A1. This strategy was used on the R6/2 mouse model with a single injection in the
striatum prior to the motor phenotype. A neuroprotective effect of CYP46A1lin R6/2 mice was
described with an improvement of motor behavior, decreased aggregates and increased cholesterol
metabolism (Boussicault et al., 2016). However, the mechanism involved in CYP46A1 remained to be
explored. The purpose of my thesis was to study these neuroprotective mechanisms in a knock-in
mouse model of Huntington’s disease, the zQ175. This model has the advantage of being closer to the
genetic context of the pathology, with a more progressive development of the phenotype. First, we
needed to verify if the neuroprotective effects were conserved in this model by testing the motor
behavior and the evolution of the neuropathological landmarks such as neuronal atrophy and
aggregates. This analysis is particularly relevant in the context of a gene therapy with a unique injection
of the virus, to check if the positive effects of the transgene are prolonged over time. To explore the
molecular and cellular mechanisms involved in CYP46A1-mediated neuroprotective effect, we realized
a large-scale analysis of the zQ175 transcriptome by RNAseq, to highlight relevant pathways involved
in CYP46A1-mediated neuroprotection. This study led us to study the synaptic connectivity, vesicular

transport and autophagy mechanisms in this model after CYP46A1 gene therapy.

Moreover, to go deeper into the understanding of CYP46A1l restoration on the global effect
on Huntington’s disease, we needed to consider the compartmentalization of cholesterol metabolism
in the brain. Indeed, CYP46A1 is expressed in neurons, whereas in the adult brain the synthesis in
mainly realized in astrocytes, with a tight communication between these two-cell population to adjust
cholesterol metabolism to supply or decrease cholesterol. So, the second part of my thesis was

focused on establishing a protocol to separate neurons and astrocyte to study the specific regulations
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in these cell types. To do so, a protocol of cell sorting was set up to isolate these cells based on specific
fluorescence. Thus, the mice were injected with a specific astrocytic virus expressing the dtTomato
fluorophore along with the CYP46A1 neuronal virus associated to a GFP fluorescent neuronal
virus. The protocol was approved for cell viability and RNA integrity after cell sorting. The objective is
to study the transcriptomic regulations using RNAseqand the lipidomic regulation by GC-MS.
Expectedly, we should observe a specific pattern of regulation in these two cell types, first related to
cholesterol metabolism but also on other pathways related for instance to autophagy and proteasome
which are known to be more efficient in astrocytes, also potentially related to LXR anti-inflammatory

responses in astrocytes, and in neurons pathways involved in the synaptic connectivity.

Altogether, this study will give us more insights into the role of cholesterol metabolism in a
neurodegenerative disease like Huntington’s disease and into the potential role of CYP46A1l as a

therapeutic strategy for Huntington’s disease.
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RESULTS

Paper 1 — CYP46Al1 gene therapy deciphers the role of brain cholesterol

metabolism in Huntington’s disease
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Abstract

Huntington’s disease (HD) is a fatal autosomal dominant neurodegenerative disease caused by an
abnormal CAG expansion in huntingtin’s gene. Among the multiple cellular and molecular dysfunctions
caused by this mutation, altered brain cholesterol homeostasis has been described in patients and
animal models as a critical event in HD. However, how changes in cholesterol metabolism can
influence HD pathogenesis is yet to be understood. Here we demonstrate that a gene therapy
approach based on the delivery of CYP46A1, the rate-limiting enzyme for cholesterol degradation in
the brain, has a long-lasting neuroprotective effect in HD and counteracts multiple detrimental effects
of the mutated huntingtin. In zQ175 HD knock-in mice, CYP46A1 prevented neuronal dysfunctions and
restored cholesterol homeostasis. These events were associated to a specific striatal transcriptomic
signature that compensates for multiple mHTT-induced dysfunctions. We thus explored the
mechanisms underlying these compensations and showed an improvement of synaptic activity and
connectivity along with the stimulation of the proteasome and autophagy machineries, which
participate to the clearance of mHTT aggregates. Furthermore, BDNF vesicle axonal transport and TrkB
receptor endosome trafficking were restored in a cellular model of HD. These results highlight the
large-scale beneficial effect of restoring cholesterol homeostasis in neurodegenerative diseases and

give new opportunities for developing innovative disease-modifying strategies in HD.
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Introduction

Huntington’s disease is a devastating neurodegenerative disorder, with autosomal dominant
heritance, onset in young adults, and a combination of neuropsychiatric, motor and cognitive
symptoms (Aylward et al., 2000). The disease is caused by a mono-allelic mutation, an abnormal
expansion of CAG trinucleotide repeats, in HTT, the gene that encodes the huntingtin protein (HTT)
(MacDonald et al., 1993). It results in a progressive and predominant atrophy in the striatum and the
cerebral cortex. Mutant HTT protein (mHTT) as well as the loss of HTT activity, results in multiple
cellular and molecular dysfunctions, including gene dysregulation (Moumné et al., 2013), alteration of
energy metabolism (Cui et al., 2006; Tsunemi et al., 2012), cholesterol homeostasis (Karasinska and
Hayden, 2011; Valenza and Cattaneo, 2011), synaptogenesis (Milnerwood and Raymond, 2010), axonal
growth (Li et al., 2001), BDNF synthesis (Zuccato et al., 2003) and transport (Gauthier et al., 2004), TkrB
receptor trafficking (Liot et al., 2013) and clearance of unfolded proteins (Martinez-Vicente et al., 2010;

Wong and Holzbaur, 2014).

Despite these intense discoveries about the pathogenesis of Huntington’s disease, there is yet an
important challenge to identify Huntington’s disease modifying strategies that could be used to delay
the onset and progression of Huntington’s disease. Recently, disturbances of cholesterol homeostasis
have been discovered in patients and Huntington’s disease mouse models (Karasinska and Hayden,
2011; Valenza and Cattaneo, 2011), raising the interesting possibility that targeting cholesterol
metabolism could be a promising therapeutic strategy in Huntington’s disease. However, how changes
in cholesterol metabolism influence the pathogenesis of Huntington’s disease remains to be fully

understood.

A proper balance of cholesterol metabolism is a key feature for the central nervous system (CNS)
physiology since it plays an essential role in many neurobiological processes including synaptogenesis,
axonal growth and dendrite maintenance (Heacock et al., 1984; Mauch et al., 2001; Fan et al., 2002;
Pfrieger, 2003; Goritz et al., 2005). The importance of brain cholesterol homeostasis is highlighted by
the negative impact of genetic mutations affecting enzymes of this metabolic pathway, as observed in
several neurodevelopmental and neurodegenerative diseases including Smith-Lemli-Opitz syndrome
and Niemann-Pick Type C (Korade and Kenworthy, 2008). Brain cholesterol is synthesized in situ,
primarily by astrocytes in the adult CNS since plasma cholesterol cannot cross the blood-brain-barrier
(BBB) under physiological conditions. The major pathway for cholesterol catabolism is achieved by the
neuronal cholesterol 24-hydroxylase enzyme (CYP46A1), leading to the conversion of cholesterol into

24 (S)-hydroxycholesterol (24S-OHC), a metabolite that can cross the brain-blood barrier, but also acts
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locally in neural populations (including astrocytes and neurons) as a ligand of Liver X receptors (LXRs)-

target genes (Lund et al., 1999).

Cholesterol metabolism is significantly altered in Huntington’s disease patients, animal models and cell
lines, with decreased levels of enzymes involved in cholesterol biosynthesis, such as HMG-CoAR (3-
hydroxy-3-methyl-glutaryl-coenzyme A reductase), CYP51 (lanosterol 14-a demethylase) and DHCR-7
(7-dehydrocholesterol reductase) along with decreased levels of cholesterol precursors lanosterol and
lathosterol (Sipione et al., 2002; Karasinska and Hayden, 2011; Valenza and Cattaneo, 2011; Leoni and
Caccia, 2015; Boussicault et al., 2016; Kreilaus et al., 2016; Shankaran et al., 2017). Early in the disease,
levels of 24S-OHC are decreased in the plasma of Huntington’s disease patients (Leoni et al., 2008),
paralleling the caudate atrophy (Leoni et al., 2013). These alterations are associated with a striking
reduction of CYP46A1 expression in the putamen of Huntington’s disease patients and the striatum of

the transgenic R6/2 mouse model (Boussicault et al., 2016; Kreilaus et al., 2016).

Here, we took advantage of the Huntington’s disease knock-in mouse model zQ175, which
recapitulates the human disease at the genetic level (Menalled et al., 2012; Indersmitten et al., 2015),
to study in depth the mechanisms of CYP46A1-mediated neuronal protection. In these mice, a single
administration of an AAV for CYP46A1 delivering in the striatum produced a global regulation of
cholesterol metabolism and provided a long-lasting improvement of behavioral and neuronal
dysfunctions. This regulation of cholesterol metabolism was associated to a specific transcriptomic
signature, linked to a compensation of several deleterious effect of mHTT. Based on the data of this
large-scale transcriptomic analysis, we unraveled the role of CYP46A1 and regulation of cholesterol
metabolism in the improvement of synaptic connectivity and glutamatergic transmission, along with
increased axonal and dendritic trafficking. We also report that sterols produced by CYP46A1 increase
the clearance of mHTT aggregates through the proteasome and autophagy machineries. Collectively,
our results provide new mechanisms by which brain cholesterol metabolism is regulated by CYP46A1
and opposes Huntington’s disease detrimental defects, thus opening a novel therapeutic avenue.
Given the pivotal role of cholesterol metabolism in the brain homeostasis and function, we speculate
that this strategy could be successful in more prevalent neurodegenerative disorders, such as

Alzheimer and Parkinson disease, in which cholesterol metabolism has been similarly implicated.
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Materials and Methods

Experimental models

In all experiments, both males and females were used and the number of males of females was
balanced in each group. Mice were housed in groups of 2 to 5 with access to food and water ad libitum
and kept at a constant temperature (19-22 °C) and humidity (40-50%) on a 12:12 h light/dark cycle. All
experimental procedures were performed in authorized establishments in strict accordance with the
recommendations of the European Community (86/609/EEC) and the French National Committee
(2010/63) for care and use of laboratory animals under the supervision of authorized investigators
(permission (#01435.02 to J. Caboche and S. Betuing for zQ175 mouse studies and #91448 to
S.Humbert for HdhCAG** mouse studies). The local ethics committee approved the experiments.
zQ175 mice: zQ175 mice (B6J.129S1-Htt™M</190Chdil) were obtained from Jackson Laboratories.
zQ175 mice express the human Huntingtin exon 1 sequence with a 190 CAG repeat tract, replacing the
mouse Huntingtin exon 1. All mice used in the study were from the second offspring using
Heterozygous mice for breading. Heterozygous, homozygous and wild type littermates were obtained
and the genotype was verified by polymerase chain reaction (PCR) using genomic DNA extracted from
tail and specific primers according to Jackson Laboratories recommendations
(https://www.jax.org/strain/370476).

Hdh5*%* mice: Hdh““°*%* knock-in mice are generated on a C57/BL6J background and express
human HTT exon 1 sequence with 140 repeats of CAG. Regarding controlled crosses, wild type

C57/BL6J or HhAG140/CAG140 male mice were mated for one night with wild type C57/BL6J female.
Production and stereotaxic injection of AAVrh10-GFP and AAVrh10-CYP46A1

All AAV vectors were produced and purified by Atlantic Gene therapies (Inserm U1089, Nantes,
France). Viral constructs for AAVrh10-GFP and AAVrh10-CYP46A1-HA contain the expression cassette
consisting of either the GFP or the human CYP46A1 sequence, driven by a CMV/B-actin hybrid
promoter surrounded by inverted terminal repeats of AAV2. The mice were injected at 4 months at
the following stereotaxic coordinates: 1 mm rostral to the bregma, 2 mm lateral to midline and
3.25mm ventral to the skull surface. For the behavioral studies a second group was injected at the
following coordinates: 1.5 mm or 0.86 mm rostral to the bregma, 1.5 mm or 2 mm lateral to midline
(respectively) and 3.25 mm ventral to the skull surface. The rate of injection was 0.2 pl/min with a total

volume of 2 pl per striatum (equivalent to 3.10° genomic particles).
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Animal behavior

All behavioral tests were performed blind of mouse genotypes and treatments. Mice were tested at 7,
8, 9 and 11 months, once a month for each test.

Rotarod performance: mice were tested over three consecutive days and each daily session included
a 5-min training trial at 4 rpm on the rotarod apparatus. After 30 min of resting, mice were tested for
three consecutive accelerating trials of 5 min each with a linear increasing speed from 4 to 45 rpm over
a time period of 300s. The latency to fall from the rod was recorded for each trial. Mice remaining on
the rod for more than 300 s were removed and their time scored as 300s. Data from the training trial
were not included.

The locomotor activity was measured as the number of interruptions by the mouse of two adjacent
beams in a circular corridor (Imetronic, Pessac, France), containing four infrared beams placed at every
90°. Spontaneous activity was recorded for 2 h.

The rearing frequency was measured as the number of interruptions by the mouse of upper beams in

actimeter boxes (Imetronic, Pessac, France). Spontaneous rearing activity was recorded for 1h.
Immunohistochemistry

Mice were deeply anaesthetized by intraperitoneal injection of sodium pentobarbital 250 mg/kg
(Sanofi). Intracardiac perfusion of 4% paraformaldehyde in 0.1 M Na2HPO4/NaH2PO4 buffer, pH 7.5
was performed and brains were post-fixed overnight in the same solution at 4°C. Coronal brain sections
(30 um) were done using a vibratome in 0.1 M Na2HPO4/NaH2PO4 buffer. Free-floating sections were
permeabilized and blocked with 5% NGS (normal goat serum) 0,2% triton in TBS (Tris-Buffered Saline)
for 2h at RT. For bassoon/GluR1 staining, sections were permeabilized for 15min with 0,5% triton in
TBS, then incubated in the saturation solution (5% NGS in TBS). Sections were then incubated with
primary antibodies in 5% NGS in TBS overnight. For immunofluorescence, sections were incubated in
secondary antibodies in 1% NGS in TBS for 2h at RT. Sections were then incubated with Hoescht
solution to stain nuclei and mounted under cover slips in Prolong Gold antifade reagent
(ThermoFischer). A systematic evaluation of the transduced region was performed by GFP
fluorescence or by hemagglutinin immunostaining (expression of CYP46A1 transgene). The primary
antibodies used are the following: rat anti-HA (1:400; Sigma), rabbit anti-DARPP32 (1:500; SantaCruz)
and mouse anti-HTT (EM48) (1:1000; Millipore), rabbit anti-SREBP2 (1:200, Abcam), mouse anti-
bassoon (1:400, Abcam), rabbit anti-GluR1 (1:400, Millipore), rabbit anti-LC3 (1:400, Sigma), rabbit
anti-ApoE (1:1000; Abcam), mouse anti-NeuN (1:500; Millipore), rabbit anti-VGLUT1 (1:400, a kind gift

from Dr. S. EI-Mestikawi), mouse anti p-ERK (1:500, cell signaling). The secondary antibodies used are
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the following: anti-rat Alexa Fluor 488, anti-rabbit cy3, anti-mouse cy3, anti-mouse cy5 (all at 1:500,

Jackson Laboratories).
Image acquisition and analysis

For immunohistochemistry, image stacks were taken using a confocal laser scanning microscope (SP5,
Leica Microsystems), with a pinhole aperture set to 1 Airy unit. Stack of confocal images were done
using a x40 oil objective, with a 1,6 um z-interval (DARPP32 and EMA48 analysis), or a x63 oil objective,
with a 1 um z-interval (SREBP2 and LC3 analysis). The excitation wavelength and emission range were
488 and 500-550nm for GFP and alexa-488, 561 and 570-620nm for cy3, 633 and 640-700nm for cy5.
Laser intensity and detector gain were constant for all images of the same analysis. All images were
done inthe transduced area and all analyses were performed on maximum projection of confocal stack
using Fiji software. For each analysis 3 to 5 mice were used (3 for homozygous groups and 5 for wild
type and heterozygous groups). DARPP32-stained neurons were manually traced and SPN area was
quantified using Fiji software. For each condition, 100 DARPP32 positive neurons were analyzed in two
representative slices. For aggregates counting, 3 representative slices were analyzed per animal.
EM48-stained images were segmented using the same global threshold and quantified using Fiji
software. For SREBP2 analysis, 2 representative slices were analyzed per animal. A macro was created
in Fiji software to locate the nuclei in the Hoechst channel and then to measure in the SREBP2 channel
the fluorescence intensity into the nuclei. For LC3 quantification, in 2 representative slices per animal,
a global threshold was defined for LC3 spots detection, and the number of these spots was counted
using Fiji software. For the quantification of GIuR1 and bassoon colocalization the density is the
number of objects normalized for a cube of 10micron side and 4 image stacks of 60x60 micron size and

5-micron depth were taken in each hemisphere.
Cholesterol and oxysterol measurements

Cholesterol and oxysterol analysis was performed using ‘gold standard’ methods (79) in order to
minimize the formation of autoxidation artefacts. Briefly, mouse striatal tissue samples were weighed
and homogenized with a TissueLyser Il apparatus (Qiagen) in a 500 ml solution containing butylated
hydroxytoluene (BHT, 50 mg/ml) and EDTA (0.5 M). At this point, a mix of internal standards was added
[epicoprostanol,  2H7-7-lathosterol, 2H6-desmosterol, 2H6-lanosterol and  2H7-24(R/S)-
hydroxycholesterol] (Avanti Polar Lipids). Alkaline hydrolysis was performed under Ar using 0.35 M
ethanolic KOH for 2h at room temperature (RT). After neutralization of the solution with phosphoric
acid, sterols were extracted in chloroform. The lower phase was collected, dried under a stream of
nitrogen and the residue was dissolved in toluene. Oxysterols were then separated from the

cholesterol and its precursors on a 100 mg Isolute silica cartridge (Biotage); cholesterol was eluted in
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0.5% propan-2-ol in hexane followed by oxysterols in 30% propan-2-ol in hexane. The sterol and
oxysterol fractions were independently silylated with Regisil_ + 10% TMCS [bis(trimethylsilyl)
trifluoroacetamide + 10% trimethylchlorosilane] (Regis technologies) as described previously (80). The
trimethylsilylether derivatives of sterols and oxysterols were separated by gas chromatography
(Hewlett-Packard 6890 series) in a medium polarity capillary column RTX-65 (65% diphenyl 35%
dimethyl polysiloxane, length 30 m, diameter 0.32 mm, film thickness 0.25 mm; Restesk). The mass
spectrometer (Agilent 5975 inert XL) in series with the gas chromatography was set up for detection
of positive ions. lons were produced in the electron impact mode at 70 eV. They were identified by the
fragmentogram in the scanning mode and quantified by selective monitoring of the specific ions after
normalization and calibration with the appropriate internal and external standards [epicoprostanol
m/z 370, 2H7-7-lathosterol m/z 465, 2H6-desmosterol m/z 358, 2H6-lanosterol m/z 504, 2H7-24(R/S)-
hydroxycholesterol m/z 553, cholesterol m/z 329, 7-lathosterol m/z, 7-dehydrocholesterol m/z 325, 8-
dehydrocholesterol m/z 325, desmosterol m/z 343, lanosterol m/z 393 and 24(R/S)-hydroxycholesterol
m/z 413].

RNA extraction and LightCycler real time polymerase chain reaction

Mice were perfused with ice cold PBS, the striata were rapidly extracted on ice and put on cryotubes
to be snap frozen in liquid nitrogen and were stored at -80°C until RNA isolation. Samples were
homogenized in QlAzol reagent (Qiagen) and RNA isolation was performed with miRNeasy Mini kit
(Qiagen) according to manufacturer’s instructions. RNA yields were measured using a NanoDrop 2000
(ThermoScientific). Reverse transcription was performed with RevertAid First Strand cDNA synthesis
kit (ThermoScientific). Quantitative real-time PCR reactions were performed using LightCycler480
SYBR-Green | Master according to manufacturer’s protocol and run on LightCyclerd80 (Roche
Diagnostics). The cycle threshold values were calculated automatically by LightCyclerd80 SW 1.5
software with default parameters. Expression of hypoxanthine guanine phosphoribosyltransferase 1
(Hprtl) transcript was used to normalize the cDNA amount, all groups were then normalized to the

wild type group. For primer sequences see the Supplementary material.
RNA-sequencing study

Messenger RNA isolation and sequencing. Mice were perfused with ice cold PBS, the striata were
rapidly extracted on ice and put on cryotubes to be snap frozen in liquid nitrogen and were stored at -
80°C until RNA isolation. Samples were homogenized in QlAzol reagent (Qiagen) and RNA isolation was
performed with miRNeasy Mini kit (Qiagen) according to manufacturer’s instructions. Each group, WT-
GFP, HET-GFP and HET-CYP46A1, was composed of 5 mice. The preparation and sequencing of mRNA

libraries was performed by the sequencing platform of the “Institut du Cerveau et de la Moelle” (ICM)
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at the Pitié-Salpétriere hospital (Paris, France). Messenger RNA libraries were prepared using standard
protocols from Illumina, using the kit Truseq Stranded mRNA LT (lllumina) and sequenced with the
Illumina HiSeq Genome Analyzer.

Analysis of RNA-seq data. The raw sequencing reads were pre-processed in order to discard both
adapter sequences and low-quality reads using the Trimmomatic. The filtered reads were then mapped
to the mouse reference genome mm10 (UCSC 2013 release) by using HISAT2 (83). Read distribution
were calculated by using the featureCounts tool (84). To generate the log fold-change values (LFC), we
used DESeq2 available as an R package in Bioconductor (www.bioconductor.org). The ratio used to
generate LFC values is the ratio between zQ175 mice injected with CYP46A1 and zQ175 mice injected
with GFP and the ratio between zQ175 mice injected with GFP and wild-type mice injected with GFP.
To generate the networks that describe the effects of mHtt expression in zQ175 mice compared to
wild-type mice and that of CYP41A expression in zQ175 mice compared to untreated mice, we
performed spectral decomposition of the RNA-seq signal (LFC values) against the probabilistic
functional network Mousenet v2 as previously described (32, 85, 86). Briefly, this approach maps entire
gene expression datasets onto Mousenet v2 in order to identify sub-networks of closely-deregulated
genes, reducing the risk for false positives and false negatives in raw gene expression data and
highlighting bio-topological essentiality and centrality in these data. To assess the specificity of the
sub-networks generated by using spectral decomposition of the signal, we generated artificially-
permuted datasets by randomly permuting the pairs of LFC values from the original LFC distribution.
Under this scheme, the global distribution of LFC values in permuted datasets remains the same
compared to the original data. The number of permuted genes was set from 10% to 100% by
incremental step of 10%. For each permutation, we constructed the corresponding sub-networks and
compared them to the original sub-networks by assessing the number of edges in common between
original and permuted sub-networks. This permutation analyzes indicated that the sub-networks
generated using Mousenet v2 for spectral decomposition of the signal are specific to the RNA-seq data
sets analyzed herein (data, pt shown). To explore the biological content of the network signatures
obtained for the effects of mHtt and CYP46A1 on gene expression, we used STRING (https://string-
db.org/) analyzes (87) using high confidence settings (STRING confidence score > 0.7, 100 neighbors
allowed on the first shell, information only from Data mining, Databases and Experiments),
corresponding to the most informative GO annotations (Biological processes, KEGG pathways) as
supported by a minimal number of nodes set to N > 9 and a P value < 10, These analyzes were
complemented with pubmed searches. These analyzes were also complemented by Connectivity-Map
(CMap) 02 analysis (https://portals.broadinstitute.org/cmap/) (88). as performed for the red class (de

novo effects) of genes specifically deregulated by CYP46A1 expression, using CMap scores and
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guidelines for data interpretation. The class and mode of action of Cmap hits was assessed using the
KEGG drug database (http://www.genome.jp/kegg/drug/).

Data availability. RNA-seq data obtained in the striatum of zQ175 mice are available at GEO:
GEOXXXX.

Code avadilability. The source code developed for performing spectral decomposition of the signal

(SDS), written using Python, is available upon email request to C.N. (christian.neri@inserm.fr).

Dendrite labeling, image acquisition for dendritic spines, 3D dendrite analysis and 3D measurements

of synaptic elements density

Dendrite labeling. Dendrite spines were labeled in brain sections from perfused mice using the Diolistic
technique. Briefly, 50 mg of tungsten beads were mixed with 3 mg of solid red Dil (3,3'-
Dioctadecyloxacarbocyanine Perchlorate) dissolved in methylene chloride. Cartridges were obtained
by coating the beads on the inner surface of a Teflon tube pretreated with polyvinylpyrrolidone.
Helium gas pressure was applied with a genegun device to project the beads out of the cartridge onto
the brain section. The beads were delivered through a 3-micron pore-size filter to avoid bead clusters.
Then, the sections were kept in PBS at RT for at least 2h and mounted in Prolong Gold.

Image acquisition. Image stacks were taken using a confocal laser scanning microscope (SP5, Leica)
equipped with a 1.4 NA objective (oil immersion, Leica) with a pinhole aperture set to 1 Airy unit, pixel
size of 60 nm and z-step of 200 nm. The excitation wavelength and emission range were 561 and 570—
620 nm for Dil. Metrology measurements were regularly performed using fluorescent beads to confirm
proper laser alignment, laser power and field homogeneity using the Imagel-based MetroloJ plugin.
Deconvolution with experimental point spread function from fluorescent beads using a maximum
likelihood estimation algorithm was performed with Huygens software (Scientific Volume Imaging).
Image analysis. Neuronstudio software was used to reconstruct the dendrite and detect dendritic
spines. When necessary, manual correction was applied. Image analysis of synaptic markers was
performed in 3D with the software Imagel, using custom-written macros calling functions of the plugin
3DImageSuite. Image segmentation was based on 3D analysis of intensity distribution centered on
local maxima. The segmentation output was an image in which all voxels of each object have a specific
intensity value. Object-based co-localization was performed with segmented images, by computing
the intensity values within 3D region of interest of objects of one channel in the other channel. For

measurement of object density, an image mask was used to exclude regions corresponding to soma.
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Brain slice preparation and patch-clamp recordings

Horizontal cortico-striatal brain slices (350 um) were prepared from 6-7-month-old mice C57BL/6 (WT,
WT injected bilaterally with GFP, zQ175 injected bilaterally with GFP in one hemisphere and GFP-CYP
in the other hemisphere). Experiments were performed in accordance with the guidelines of the local
animal welfare committee (Center for Interdisciplinary Research in Biology Ethics Committee) and the
EU (directive 2010/63/EU). Animals were anaesthetized with isoflurane and decapitated. Then slices
were prepared using 7000SM2 vibrating microtome (Campden Instruments, UK) in ice-cold solution
(125 mM NacCl, 2.5 mM KCl, 25 mM glucose 25 mM NaHCO3, 1.25 mM NaH2P0O4, 2 mM CaCl2, 1 mM
MgCl2, 1 mM pyruvic acid, bubbled with 95% 02/5% CO2 and osmolarity adjusted to 295 + 5 mOsm).
Slices were incubated the same solution at 34°C for one hour and then kept at RT. The slices were then
transferred to the recording chamber and continuously perfused with the same solution at 34°C. GFP-
positive MSNs within GFP injection site were visualized and verified for the expression of GFP with LED
excitation (470 nm, XLED1 X-Cite) under Olympus BX51WI microscope (Olympus, Rungis, France), with
a 60x/1.00 water-immersion objective. For whole-cell recordings pipettes with 6-8 MQ resistance were
filled with the solution (in mM): 122 K-gluconate, 13 KCI, 10 HEPES, 10 phosphocreatine, 4 Mg-ATP, 0.3
Na-GTP, 0.3 EGTA (adjusted to pH 7.35 with KOH). Cellular excitability was measured in current-clamp
mode by 500ms steps of current injections from -300 to +500 pA with step of 20 pA. Evoked and
spontaneous excitatory postsynaptic currents (sEPSCs) were measure in presence of picrotoxin (50
KUM). To assess the paired-pulse short-term plasticity we applied cortical stimulation with a bipolar
electrode (Phymep, Paris, France) placed in layer 5 of the somatosensory cortex and applied
stimulation at 25, 50, 100, 250, 500 ms ISI. Electrical stimulations were monophasic, at constant
current (ISO-Flex stimulator, AMPI, Jerusalem, Israel). Currents were adjusted to evoke 50-200 pA
EPSCs. The series resistance was usually <20 MQ, and data were discarded if it changed by more than
20% during the recording. Signals were amplified using with EPC10-2 amplifiers (HEKA Elektronik,
Lambrecht, Germany). All recordings were performed at 34°C, using a temperature control system
(Bath-controller V, Luigs & Neumann, Ratingen, Germany) and slices were continuously perfused with
extracellular solution, at a rate of 2 ml/min. Recordings were filtered at 10 kHz and sampled at 20 kHz,
with the Patchmaster v2x32 program (HEKA Elektronik). Picrotoxin (50 uM) (Sigma) was dissolved in

ethanol and then added in the external solution at a final concentration of ethanol of 0.01%.
Primary neuronal culture in microfluidic devices

Microfluidic fabrication. The microfluidic chambers were produced as previously described (81). The
upper (cortical) and the synaptic chamber were coated with Poly-D-lysin (0.5mg/ml) while a mix of

poly-D-lysin (0.5mg/ml) + laminin (10g/ml) was used to coat the lower (striatal) chamber. The coating
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was performed overnight at 4°C. The microfluidic chambers were carefully washed 3 times with
growing medium (Neurobasal medium supplemented with 2% B27, 2mM Glutamax, and 1%
penicillin/streptomycin) and placed at 37°C before neurons were plated.

Primary neuronal culture. Cortical and striatal neurons were dissected from E15.5 Hdh®¢*4%* mice
embryos, then the neurons were chemically digested with a papain and cysteine, incubated with
trypsin inhibitor solutions, and finally mechanically dissociated. Then, neurons were re-suspended in
growing medium and then plated in the chamber with a final density of ~7000 cells/mm?. After addition
of growing medium in the synaptic chamber, cortical neurons were carefully plated in the upper
chamber followed by striatal neurons in the lower chamber. Neurons were placed in the incubator for
at least 3h, then all compartments were gently filled with growing medium.

Constructs, plasmids, and lentiviruses. Neurons were infected at early stages (DIV 0 to DIV 2) and for
48h with lentiviruses (LV) and adeno-associated viruses (AAV). For this study, we used the following
constructs: LV.CMV.BDNF-mCh, LV.Syn.TrkB-mCh, AAVrh10-GFP and AAVrh10-CYP46A1-HA. The
equivalent of 10° of LV particles and 10° of AAV particles were used to transduce the cortical or striatal
neurons in their respective chambers.

Live-cell imaging. An inverted microscope (Axio Observer, Zeiss) coupled to a spinning-disk confocal
system (CSU-W1-T3, Yokogawa) connected to wide field electron-multiplying CCD camera
(ProEM*1024, Princeton Instrument) was used to perform live-cell recordings. The cultures were
maintained at 37 °C and 5% CO; all along the process. Images were taken every 200 ms for 30 s for
BDNF-mCh and TrkB-mCh trafficking, using a x63 oil-immersion objective (1.46 NA).

Kymograph analysis. KymoToolBox plugin for Imagel (82) was used to generate the kymographs from
live-cell video-acquisition of BDNF-mCh and TrkB-mCh vesicles traffic. BDNF-mCh and TrkB-mCh,
kymographs were generated with a length of 100um (x-axis) and a total time of 30s (y-axis), to extract
the following parameters:

Anterograde velocity

Anterograde Distance (pm)

Vma(um/s) = oo
Retrograde velocity
Vmr(um/s) = Retrogra;iiemDeis(t:;nce (um)
Number of anterograde vesicles per 100 pm
na

Na =
a Axon length(100um)

Number of retrograde vesicles per 100 um
nr

Nr =
r Axon length(100pm)
Linear Flow Rate Q(um/s) = |[Vma| * na + |Vmr| * nr
Net Flux D(um/s) = Vma * na — Vmr * nr
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A minimum threshold of 0.12um/s has been used to consider the vesicle motile. For each condition, at
least 6 chambers from 3 independent cultures were used and a minimum of 40 axons or dendrites
were analyzed (n = number of axons/dendrites).

Stimulation of cortical neurons, phospho-ERK immunostaining of striatal neurons, imaging and
quantification. Cortical neurons were stimulated for 15 min at 37°C using Glycine/Strychnine solution
(HEPES 25 mM pH 7.5, NaCl 124 mM, KCl 3 mM, CaCl, 2 mM, Glucose 10 mM, Glycine 200 uM,
Strychnine 1 uM). Then, striatal neurons were fixed with a PFA/Sucrose solution (4%/4% in PBS) for 20
min at room temperature (RT), rinsed three times with PBS and incubated with a blocking solution
(BSA 1%, normal goat serum 2%, Triton X-100 0.1%) for 1h at RT. Next, striatal neurons were incubated
overnight at 4°C with primary antibodies directed against phospho-ERK (Cell Signaling, #9106, 1:400)
and finally with the appropriate fluorescent secondary antibody for 1h at RT. Phospho-ERK
immunostaining was imaged in the striatal chamber, using an inverted microscope (Axio Observer,
Zeiss) connected to wide field electron-multiplying CCD camera (ProEM*1024, Princeton Instrument)
with a x20 objective (0.8 NA). Imagel software was used to count the number of pERK positive neurons.
The percentage of pERK-positive neurons represent the total number of pERK positive neurons
reported to the total number of neurons, determine by using a DAPI staining, this for each field. Each
condition was tested using at least 2 chambers from 3 independent cultures. In each chamber, at least
3 fields were analyzed (n = number of fields).

Statistical analysis. For vesicles and endosomes trafficking, Mann and Whitney test was used.

Cultures of striatal neurons, transfection, sterol and inhibitors treatment and aggregate

quantification

Primary striatal neurons were dissected from E14 embryos from pregnant Swiss mice (Janvier) as
previously described (89, 90). At DIV7, transient transfection of striatal cells was performed with
LipofectamineTM 2000 (Invitrogen). Green fluorescent protein (GFP)-tagged constructs encoding the
first exon of human HTT containing 103 (103Q-HTT) continuous CAA or CAG repeats were provided by
the Huntington’s Disease Foundation Resource Bank, UCLA, USA. The human cyp46A1 cDNA was
tagged with the hemagglutinin (HA) epitope (CYP46A1-HA). Lanosterol or desmosterol (1 uM in
dimethyl sulphoxide, Avanti Polar Lipids) was added for 48h in the cell culture medium just after
transfection. Inhibitor treatment with chloroquine (30uM, Sigma) or MG132 (10uM, Sigma) was
performed 24h after transfection and cells were fixed with 4% PFA 4% sucrose 24h after treatment.
Cover slips were mounted using ProLong Gold antifade reagent with DAPI to stain the nuclei
(ThermoFischer). Aggregates were manually quantified based on GFP fluorescence, using a

fluorescence microscope (Leica, DM4000B) with a x40 objective.
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Electron microscopy

Mice were overdosed with sodium pentobarbital and perfused transcardially with 0.9% saline solution
followed by 4% paraformaldehyde (PFA) and 0.5% glutaraldehyde solution diluted in 0.1 M phosphate
buffer pH 7.4 (PB; pH 7.4). The brains were removed from skull and post-fixed with the same fixative
solution overnight at 4°C. Six coronal sections (50 um thick) containing the striatum were cut using a
vibratome (Leica VT1000S). Sections were post-fixed for 1h at RT in 2% osmium tetroxide diluted in PB,
dehydrated and embedded with Epon 812 (Epoxy -Embedding Kit, Sigma Aldrich) between two
silicone-coated glass slides. Dorsal striatum areas were selected mounted on supports constituted by
gelatin capsules filled with polymerized resin. Then, ultrathin sections (70 nm) were cut and collected
into copper mesh grids for observation. Observations were made in STEM mode in a Field Emission
SEM GeminiSEM 500 (Zeiss) operating at 20kV with a 20-um aperture. Transmitted electrons are

collected in bright field mode with the STEM detector located beneath the sample.
Immunoblotting

Mouse tissues and striatal cells were homogenized as previously described (78). Primary antibody
rabbit polyclonal anti-CYP46A1 (1:1000, Abcam), mouse monoclonal anti-b-tubulin (1:5000, Sigma),
mouse monoclonal anti-MW1 (1:500, developmental studies hybridoma bank) were revealed with
appropriate anti-mouse or anti-rabbit peroxidase conjugated secondary antibodies (1:5000, Dutscher)

and the ECL chemiluminescent reaction (Pierce).
Statistical analysis

Statistical analysis was performed with GraphPad Prism 6 software. All data are represented as mean
+SEM. For behavioral studies, genotype and treatment effect were evaluated with a two-way ANOVA
analysis with time and treatment as independent factors. For immunohistochemistry one-way ANOVA
with Bonferroni correction was used, or when appropriate, two-way ANOVA with Bonferroni
correction. Statistical significance for RNA quantification was evaluated using a one-way ANOVA
followed by Tukey’s post hoc test. Lipidomic experiments were analyzed using a multiple unpaired t-
test corrected for multiple comparisons using the Holm-Sidak method. Multivariate data analysis
(OPLS-DA) were achieved with SIMCA 15 software (Umetrics). For patch-clamp recordings, data were
analyzed with custom made software in Python 3.0 and averaged in MS Excel (Microsoft, USA). sPSCs
were identified using a semi-automated amplitude threshold-based detection software (Mini Analysis
6.0.7 Program, Synaptosoft, Fort Lee, NJ, USA) and were visually confirmed. Statistical analysis one- or
three-way ANOVA test with Bonferroni’s correction was performed as appropriate with Prism 5.02

software (San Diego, CA, USA).
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Results

CYP46A1 improves behavioral and neuropathological phenotype in zQ175 mice

zQ175 is a knock-in mouse model of Huntington’s disease with a humanized exon 1 containing an
expansion of 190 CAG. This knock-in model, and more particularly zQ175 heterozygous mice, closely
recapitulates the genetic context of Huntington’s disease patients, where the mutation is mono-allelic.
In these mice, behavioral and neuronal abnormalities appear more progressively than in transgenic

mice, with robust motor abnormalities starting at 30 weeks (7-8 months) of age (Menalled et al., 2012).

We compared cyp46al mRNA levels at 3, 7 and 12 months, in the striatum and cerebral cortex of
zQ175 heterozygous (HET) and homozygous (HOMO), compared to WT mice (Figure S1A-I). While no
significant difference was observed at 3 months (Figure S1A), we found a significant decrease of
cyp46al mRNA levels in the striatum, but not in the cerebral cortex, of HET and HOMO mice, at 7
months of age (Figure S1B), along with a decrease of CYP46A1 protein in the striatum of these mice
(Figure S1D). At 12 months, mRNA and protein levels significantly decreased in both striatum and

cortex of HET and HOMO mice when compared to WT (Figure S1C, E, F).

In order to restore CYP46A1 expression levels in the striatum of zQ175 mice, we bilaterally injected
AAVrh10 encoding CYP46A1 with an HA tag, in the striatum of 4-months-old zQ175 mice (Figure 1A),
i.e. prior to the age-at-onset of behavioral alterations. As controls, we used WT and zQ175 (HET and
HOMO) mice with bilateral injection of an AAVrh10 carrying a GFP transgene (WT-GFP; HET-GFP and
HOMO-GFP). Cyp46al mRNA levels were rescued in CYP46A1-HA injected-mice (Figure S2A). Body
weight loss, which is a progressive and characteristic symptom of Huntington’s disease, was not
rescued by CYP46A1 in HET- GFP and HOMO-GFP mice (Figure S3B-C). Motor performances were
regularly assessed from 7-to 11 months (Figures B-G). Locomotor activity (Figure 1B-C), rearing (Figure
1D-E) and latency to fall in the rotarod test (Figure 1F-G) progressively declined in HET-GFP and HOMO-
GFP mice when compared to WT-GFP mice. At 11 months of age, HET-GFP and HOMO-GFP mice
exhibited a strong impairment in locomotor activity and rearing, which were restored by CYP46A1
(Figure 1B-E). In the rotarod test, CYP46A1 showed a trend towards improvement in HET mice and a

significant restoration in HOMO mice (Figure 1F-G).

The neuropathological signature of Huntington’s disease is a prominent striatal atrophy. It precedes
neuronal loss and can be readily evaluated by measuring the surface area of DARPP32-expressing
neurons, as DARPP32 is a marker of striatal projection neurons (SPNs). At 12 months of age, as
compared to WT-GFP, HET- and HOMO-GFP neurons showed neuronal atrophy, as indicated by a

smaller area of DARPP32 immunostaining in SPNs (Figure 1H-I). This atrophy was significantly improved
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in HET-CYP- and HOMO-CYP- expressing neurons (Figure 1H-I). The presence of intracellular inclusions
commonly consists in the accumulation of mHTT in aggregates, a hallmark of Huntington’s disease.
Aggregate numbers and areas were significantly reduced in HET- and HOMO-CYP mice when compared
to HET- and HOMO-GFP mice (Figure 1J-K). Altogether these data demonstrate that CYP46A1 improves

behavioral performance of zQ175 mice, and positively impacts on neuronal protection.

CYP46A1 regulates cholesterol homeostasis in zQ175 mice

Cholesterol metabolism was measured from WT-GFP, HET-GFP and HET-CYP46A1 mice at 12 months
of age, after the behavioral experiments (Figure 2A-C). The specific sterol profile was altered in HET-
GFP mice when compared to WT-GFP, and was improved in HET-CYP mice (Figure 2A-B). The score plot
of OPLS-DA (Orthogonal Projections to Latent Structures-Discriminant Analysis) exhibited the
segregation of the 3 groups of mice. Looking at the first component t1, HET-GFP mice were located in
the left-hand panel at the opposite direction of WT-GFP and HET-CYP animals. The sterol biochemical
signature of WT-GFP and HET-GFP showed a high degree of dissimilarity and CYP46A1 restored the
cholesterol pathway to approximate WT phenotype (Figure 2A-B). Levels of lathosterol, which
constitute a direct upstream sterol in the cholesterol biosynthesis pathway (Kandutsch-Russel
pathway), were significantly reduced in HET-GFP when compared to WT-GFP mice and were restored
by CYP46A1 (Figure 2C). In contrast, levels of lanosterol, the first tetracyclic sterol molecule of
cholesterol pathway, were not different between HET-GFP and WT-GFP mice. Of interest, CYP46A1
induced a strong increase of lathosterol, desmosterol and lanosterol, the surrogate markers of
cholesterol synthesis (Leoni and Caccia, 2014) (Figure 2C). We also studied the two main metabolites
of cholesterol degradation and found that CYP46A1 increased levels of 24S-OHC, but not 27-OHC. In a
striking contrast, the total cholesterol concentration was similar in WT-GFP, HET-GFP and HET-CYP

mice.

We then studied the role of CYP46A1 in the cholesterogenic pathway at the transcriptional level.
CYP46A1 restoration in HET mice lead to a significant increase of Hmgcor, Fdft1, Cyp51, Dhcr24, Dhcr7
and Apoe mRNA levels, when compared to HET-GFP mice and lead to a trend of increase of Srebp2
with no modification of the endogenous Cyp46al (Figure 2D). We further examined nuclear expression
levels of SREBP2, a key transcriptional factor which regulates several enzymes in the cholesterol
pathway. In the striatum, the mean intensity in the nucleus was strongly decreased in HET-GFP mice
compared to WT-GFP and CYP46A1 restored SREBP2 expression in the nucleus of heterozygous mice
(Figure 2; E-F). This result is associated with an increase of the major cholesterol efflux protein, ApoE,

which transports cholesterol from astrocytes to neurons (Figure S3).
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CYP46A1 significantly modifies the striatal transcriptome and compensates for the effects

of mHTT on mRNA levels in zQ175 mice

We hypothesized that neuroprotection mediated by CYP46A1 might reflect a global effect on
transcription. Transcriptional dysregulation is a major event occurring early in Huntington’s disease
pathogenesis that underlies multiple neuronal dysfunction and neurodegeneration (Augood et al.,
1996; Cha et al, 2000). In zQ175 mice, striatal gene deregulation is highly significant at 6-10 months of
age, when these mice develop major symptoms. This notably translates in the CAG repeat- and age-
dependent deregulation of several genes that are important to establish neuronal identity and to
maintain synaptic transmission (Langfelder et al., 2016). An RNA-seq study was performed in the
striatum of 12-month old WT-GFP, HET-GFP and HET-CYP46A1 mice. Data were subjected to network-
based analysis using spectral decomposition of RNA-seq signals (Tourette et al, 2014) against
MouseNet v2, followed by biological content analysis using STRING v10.5 analysis (https://string-
db.org/) and complemented with testing for correlations with gene expression patterns of small
compounds and drugs using Connectivity-Map (CMap) 02 analysis (see Methods). Interestingly, the
gene expression network signature of HET-CYP46A1 mice showed that CYP46Al expression
significantly modified the striatal transcriptome of zQ175 mice (Figure 3, Table S4). Modification of
gene transcription by CYP46A1 includes both genes down-regulations and up-regulations (Figure 3B,
left and right panel respectively). First, CYP46A1 restored normal expression levels of striatal genes
dysregulated by mHtt, including genes known to have a role in neurotransmission, synaptic activity
and RNA processing (Figure 3B, upper panel: see green gene nodes). Second, CYP46A1 induced a strong
up-regulation of genes associated with Toll-like receptor signaling, cytoskeleton dynamics and immune
response, which might correspond to protective effects (Figure 3B: see yellow gene nodes, right panel)
Finally, de novo up-regulation of genes associated with phagosome, proteasome and regulation of
innate immune response was clearly induced by CYP46A1 (Figure 3B: see red gene nodes, right panel).
To a lesser extent, de novo down-regulation of genes associated with small RNA metabolism and
neuronal apoptosis was observed (Figure 3B: see red gene nodes, left panel). Pattern recognition using
CMap 02 analysis indicated that the latter class of effects is related to cell protective compounds and
drugs such as anti-inflammatory compound (Fisetin, Zomepirac), neuroprotective agents
(Mitoxantrone, Antazoline), antioxidant (Esculetin), anti-depressive drugs (Pizotifen) as indicated by
the top 50 highest ranked positively correlated small compounds and drugs (Milhaud et al., 2003; Fox,
2006; Sarantos et al., 2012; Wang et al., 2012; Watanabe et al., 2018) (Table S4). These results show
that the protective effects of CYP46A1 on behavioral and cellular phenotypes may be associated with
a better homeostasis of transcriptional regulation. Together, these data strongly suggest that CYP46A1

may tip the balance towards a proper expression of genes associated with neurotransmission in the
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striatum, correcting for the alterations induced by mHTT expression, while potentially modifying

autophagy and inflammation via regulators of innate immunity.

CYP46A1 improves cortico-striatal connectivity and synaptic transmission

The aforementioned data led us to explore the role of CYP46A1 in synaptic transmission and cortico-
striatal connectivity. A proper supply of cholesterol is critical for neurite formation and maintenance
of synapses (Heacock et al., 1984; Mauch et al., 2001) and dendritic spine degeneration, synaptic loss,

altered neurotransmission occur early in Huntington’s disease mouse models (Leoni and Caccia, 2015).

Dendritic spines were analyzed from striatal neurons in WT, HET and HOMO mice at 12 months (Figure
4A). Spine density was decreased in both HET-GFP and HOMO-GFP striatal neurons, with a density
twice lower in HOMO-GFP mice when compared to WT-GFP (Figure 4B). CYP46A1 significantly restored
spine density in both HET-CYP and HOMO-CYP mice, with a full restoration in HET-CYP mice (Figure
4B). Glutamatergic synapse density, measured using double immunolabeling of Bassoon (a marker of
the active presynaptic zone), and the post-synaptic receptor GIuR1 (an AMPA glutamatergic receptor
subunit expressed in SPN) (Figure 4C), was strongly decreased in HET-GFP and HOMO-GFP mice at 7
months of age (Figure 4D) and restored by CYP46A1 (Figure 4D). Density of boutons from cortical
afferents, immunolabeled with vesicular transporter of glutamate 1 (VGLUT1), remained unchanged
in HET-GFP and HOMO-GFP mice, including upon CYP46A1 treatment (Figure S5 A-B). However, the
number of presynaptic boutons (VGLUT1 positive) with multiple active zones (Bassoon) was
significantly increased by CYP46A1 in the HOMO-CYP mice (Figure 4E-F), suggesting that the increase

of glutamatergic synapses induced by CYP46A1 is dependent on presynaptic remodeling.

We tested whether CYP46A1 impacts the membrane properties of SPNs and synaptic transmission in
cortico-striatal slices (Figure 4G) from HOMO mice at 7 months of age. Whole-cell recordings of SPNs
located in the area of injection from zQ175 (HOMO-GFP and HOMO-CYP) and control (WT and WT-
GFP) was performed (Figure 4G). When zQ175 was compared to WT mice, we observed increased
excitability (Figure 4H1-2), decreased rheobase (Figure 4l) and increased input resistance (Figure 4l),
in line with previous reports (Heikkinen et al., 2012; Indersmitten et al., 2015). We did not observe
differences between WT and WT-GFP as well as in between HOMO-GFP and HOMO-CYP mice for
excitability, rheobase and input resistance. Next, we compared the resting membrane potential and
observed a depolarization in HOMO-GFP versus WT-GFP, when there was no significant difference
between other groups (Figure S5C). The half-width of APs was not different between WT versus WT
GFP and HOMO-GFP versus HOMO-CYP but increased between WT and zQ175 mice (Figure S5D). The
threshold of generation of action potential did not differ between groups (Figure S5E). Paired-pulse

ratio (PPR) experiments (Figure S5F1) displayed a larger depression in WT compared to zQ175 animals
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and CYP46A1 did not have significant effect on PPR (Figure S5F2). We analyzed the spontaneous
excitatory currents (sEPSCs) (Figure 4K1) and observed a decrease in frequency of sEPSCs in HOMO-
GFP compared to WT and WT-GFP. Interestingly, sEPSCs frequency in HOMO-CYP was increased
compare to HOMO-GFP and was similar to WT-GFP (Figure 4K2). Regarding sEPSC amplitude, an
increase between WT and zQ175 animals was observed, without noticeable effect of CYP46A1 (Figure
4L). In conclusion, CYP46A1 injection in zQ175 mice was able to specifically rescue sEPSCs frequency,
which is potentially related to the increase of synaptic contacts with multiple active zones (see Figure

4E-F).

CYP46A1 improves vesicles and endosomes trafficking

To further explore the role of CYP46A1l in cortico-striatal connectivity, we studied Brain Derived
Neurotrophic Factor (BDNF) support at cortico-striatal synapses, which is defective in Huntington’s
disease (Plotkin and Surmeier, 2015). We investigated the effect of CYP46A1 overexpression on BDNF
axonal transport in cortical neurons from the knock-in Huntington’s disease mouse model CAG140. To
this end, we took advantage of microfluidic devices allowing reconstituting WT or Huntington’s disease
cortico-striatal connections (Figure 5A). At DIV7, cortical neurons connect with striatal neurons and
reconstitute a cortico-striatal circuit (Virlogeux et al., 2018b). Cortical neurons were transduced with
lentiviruses expressing a functional mCherry-tagged BDNF and with AAVrh10 expressing GFP (as a
control) or HA-tagged CYP46A1 (Figure 5B). Axonal transport of BDNF was measured within single
isolated cortical axons by spinning confocal microscopy and the generated kymographs were analyzed.
CYP46A1 overexpression significantly increased anterograde and retrograde mean velocities of BDNF
vesicles as well as the number of BDNF vesicles moving in the anterograde direction (Figure 5C). The
increase in BDNF vesicular velocities and the increased number of vesicles resulted in a significant
effect on the global linear flow rate of BDNF vesicle trafficking in axons (Figure 5C). Together, these
results suggest that CYP46A1 tips the balance towards improving BDNF transport in the axons of

cortical neurons.

Upon release by cortical synapses, BDNF binds to tropomyosin-related kinase receptor B (TrkB).
Previous studies have shown that trafficking of TrkB endosomes in striatal dendrites is altered in
Huntington’s disease context (Liot et al., 2013; Virlogeux et al., 2018b). Therefore, we investigated
whether CYP46A1 overexpression can improve the trafficking of TrkB signaling endosomes in striatal
dendrites of postsynaptic striatal neurons within the Huntington’s disease cortico-striatal network.
Striatal neurons were transduced with lentiviruses expressing a functional mCherry-tagged TrkB and
with AAVrh10 expressing GFP (as a control) or HA-tagged CYP46A1 (Figure 5D). Kymograph analyses

were performed at DIV 7. We observed a significant improvement of the mean velocities in both
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inward and outward directions in striatal neurons (Figure 5E), suggesting that CYP46A1 improved TrkB
endosome trafficking in striatal dendrites. CYP46A1 has no significant effect on the number of signaling
endosomes or on the linear flow rate. Finally, we investigated the consequences of CYP46A1l
overexpression on post-synaptic signaling, using ERK phosphorylation as a read-out for striatal
response to cortical stimulation. Both cortical and striatal neurons were transduced with AAVrh10
expressing GFP (as a control) or HA-tagged. Following glycine/strychnine treatment on cortical
neurons, we observed a significant increase in the number of phospho-ERK-immuno-positive striatal
neurons after CYP46A1 overexpression compared to control (Figure 5F-G). Thus, in addition to
increasing the presynaptic and postsynaptic trafficking of components of the BDNF-TrkB signaling,
CYP46A1 overexpression improves dramatically the functioning of the whole cortico-striatal

Huntington’s disease circuitry.

Clearance of aggregates, autophagy and proteasome machineries are improved by

CYP46A1, lanosterol and desmosterol.

An important observation from the transcriptomic study, was the de novo upregulation of genes
associated with autophagosome and proteasome, which are known to be dysregulated in Huntington’s
disease (Bennett et al., 2005; Martinez-Vicente et al., 2010), with, as a consequence, a lack of clearance
of unfolded, aggregated mHTT. CYP46A1 induced a strong diminution of mHTT aggregates in the
striatum (see Figure 1G-H). To investigate a possible regulation of autophagosome and proteasome
machinery in CYP46A1-mediated clearance of aggregates, we used primary cultures of striatal neurons
that express the first exon of HTT with 103 CAG repeats (103Q-HTT) (Figure 6A). In these cells, co-
expression of CYP46A1 and 103Q-HTT reduced the number of transfected neurons with aggregates (-
50%) (Figure 6B-C). When treated with selective inhibitors of the proteasome (MG132) or the
autophagosome (Chloroquine) machinery, the clearance of aggregates induced by CYP46A1 was fully
reversed (Figure 6B-C). We next tested the sterols increased by CYP46A1l in vivo, lanosterol and
desmosterol (see Figure 2A), which significantly reduced (-20%) aggregate formation (Figure 6C-D).
Similarly, to CYP46A1, the clearance of aggregates induced by lanosterol and desmosterol was

reversed by MG132 and Chloroquine.

To study autophagy in vivo, we analyzed the expression of LC3 (microtubule associated protein light
chain 3), which is essential for the formation of autophagosomes. The amount of LC3-1l (phospholipid
conjugated form) correlates with autophagosomes formation (Kabeya et al., 2000; Tanida et al., 2004).
In HET-GFP mice, we found an accumulation of LC3 puncti compared to WT mice and restoration of
normal density of LC3 puncta in HET-CYP mice, associated to an increase of the size LC3 puncta with

CYP46A1 (Figure 6E-F). Ultrastructural study of autophagy vacuoles allowed us to investigate the
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features of autophagosomes (Figure 6 H-I). Analysis by electron microscopy in HET-GFP mice, revealed
a marked presence of large vacuoles (0.5-0.9 um of diameter) compatible with autophagosomes. The
most abundant type of vacuoles identifiable in the cytosol of heterozygous cells exhibited amorphous
and low electron dense content, suggesting that they were empty of cytosolic content (Figure 6H).
Those vacuoles were closely associated, on their cytosolic side, with smaller vesicular dense-electron
structures suggesting lysosomes (0.2-0.3 um of diameter) (Figure 6H). Analysis of ultrathin sections
from dorsal striatum of HET-CYP46A1 mice also showed some empty vacuoles (0.5-0.6 um of
diameter), but larger vacuoles (1.2-1.3 um of diameter) with electron dense content (Figure 6l). These
data suggest that the accumulation of empty vacuoles observed in the striatum of zQ175 mice, is
reversed by CYP46A1, with a better ability to load their cargo and fuse with lysosomes to degrade their
content. In agreement with this observation, mHTT level was significantly decreased in HET-CYP46A1

mice suggesting a better clearance of unfolded protein (Figure S6).
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Discussion

In this study, we show that restoring the cholesterol degradation enzyme, CYP46A1, in the striatum of
zQ175 mice alleviates Huntington’s disease phenotype through cholesterol metabolism regulation.
Importantly, CYP46A1 broadly impacts the transcriptomic signature related to major pathways
strongly altered in Huntington’s disease, including synaptic transmission, vesicular transport and
unfolded protein metabolism. We further demonstrate that, by a cascade of events implicating
cholesterol metabolism, CYP46A1 compensates for important dysfunctions induced by mHTT,
including cortico-striatal synaptic connectivity and activity, along with BDNF cortical axonal transport
and trafficking of striatal TrkB endosomes. Finally, we show that CYP46A1, and cholesterol precursors
(lanosterol and desmosterol) which are positively regulated by CYP46A1, have an efficient role in

promoting aggregate clearance, via the autophagosome and proteasome machineries.

CYP46A1 restoration had a strong impact on cholesterol metabolism by increasing both cholesterol
precursor levels (lathosterol, lanosterol and desmosterol) and 24S-OHC, the product of cholesterol
degradation. In the adult brain, cholesterol is mainly synthesized by astrocytes, via the Bloch pathway,
with desmosterol as cholesterol precursor. In neurons, the main cholesterol pathway is the Kandutsch
Russel pathway, with lathosterol as cholesterol precursor (Nieweg et al., 2009). This pathway is altered
in Huntington’s disease, with a striking lathosterol decrease in zQ175 (Shankaran et al., 2017). Since
CYP46A1 restoration promoted production of both lathosterol and desmosterol, we can hypothesize

that cholesterol synthesis was reactivated in both astrocytes and neurons.

Interestingly, mRNAs encoding cholesterogenic enzymes (Hmgcor, cyp51, dhrc24, dhcr7) were
increased by CYP46A1, an effect that could depend on activation of SREBP2, a sensor of cholesterol
levels, which can regulate transcription of cholesterogenic enzymes upon its nuclear translocation
(Brown and Goldstein, 1997). Accordingly, we found that nuclear expression of SREBP2 was increased
by CYP46A1. CYP46Al1l-mediated regulation of cholesterol metabolism can also occur via production of
24S-0HC and desmosterol, which are ligands of Liver X receptors (LXRs) (Lehmann et al., 1997; Yang et
al., 2006; Spann et al., 2012). LXRs positively regulate transcription of ApoE lipoproteins (Abildayeva
et al., 2006) that are cargo proteins for cholesterol transport from astrocytes to neurons (Boyles et al.,
1985; Pitas et al., 1987). In Huntington’s disease, astrocytes produce less ApoE, thus lowering
cholesterol support to neurons (Valenza et al., 2010, 2015). Thus, ApoE increase suggests that besides
regulation of cholesterol metabolism, CYP46A1 also positively impacts the transport of cholesterol
from astrocytes to neurons. Therefore, our study unravels the mechanisms underlying CYP46A1-

mediated regulation of cholesterol homeostasis, via production of 24S-OHC, regulation of the
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cholesterol biosynthesis pathways in both neurons and astrocytes, along with an increased cholesterol

transport (see Figure 7).

As previously described in several Huntington’s disease knock-in mice (Ament et al.,, 2017), we
confirmed deregulation of gene expression in the striatum of zQ175 mice. Importantly, CYP46A1 was
able to significantly modify this striatal transcriptome, via mechanisms need to be further explored. In
Huntington’s disease, the global down-regulation of gene expression is associated to the sequestration
of key transcriptional activators, such as TBP, CBP and Sp1 into nuclear mHTT aggregates (Nucifora et
al., 2001; Li et al., 2002; Schaffar et al., 2004). Therefore, a possible mechanism to explain the
transcriptional correction mediated by CYP46A1 in zQ175 mice could involve aggregate clearance,
allowing transcription factors to be more available to regulate the expression of their targets. Gene
compensation noticeably applied to genes associated with neurotransmission, synaptic activity, the
proteasome and autophagy related gene regulation. The increase in proteasome-related gene
expression could potentiate the clearance of aggregates induced by CYP46A1, along with lanosterol
and desmosterol (see below). Intriguingly, our data also showed that CYP46A1 modulates the
expression of several genes involved in pathways that regulate innate immunity such as complement
and toll-like receptor pathways. When CYP46A1 transcriptional signature is compared to the gene
expression patterns of small compounds and drugs it is correlated to anti-inflammatory compound and
neuroprotective agents (see Table S4 for CMap analysis). Moreover, 245-OHC and desmosterol can
activate Liver X Receptors (LXR), leading to anti-inflammatory responses (Ghisletti et al., 2007; Spann
et al., 2012). We content that CYP46A1 expression could also promote neuroimmune mechanisms that
protects against cytotoxicity either directly, in neurons, or indirectly, through non-cell autonomous

mechanisms involving glial cells, an issue that remains to be addressed.

Synaptic dysfunctions have been widely described in Huntington’s disease mouse models (Raymond,
2017), and a significant decrease in spine density has been shown at 7 and 12 months in zQ175 mice,
along with altered excitatory and inhibitory inputs in SPN (Indersmitten et al., 2015; Rothe et al., 2015).
In line with these data, we observed reduced glutamatergic connectivity as well as increased
excitability and input resistance in these mice, which could serve as a compensatory mechanism to
lower cortico-striatal transmission. CYP46A1 delivery in the striatum of zQ175 mice improved
glutamatergic connectivity at 7 months and spine density at 12 months. In addition, the lowered
frequency of sEPSC observed in zQ175 mice was rescued by CYP46A1 expression. The increase in
probability of spontaneous release at glutamatergic synapses is in line with the observed increase of
synapses with multiple active zones, indicating that, CYP46A1 would tend to normalize altered

glutamatergic transmission in Huntington’s disease by regulating both pre- and post-synaptic events.
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Increased levels of presynaptic proteins have been observed in mice overexpressing CYP46A1 (Maioli
et al., 2013), while knock-out mice for cyp46Al exhibited alterations of protein phosphorylation
related to synaptic vesicles and neurotransmission (Mast et al., 2017). In vitro, CYP46A1l
overexpression is also associated with an increase in dendritic protrusions and an enrichment in
synaptic proteins (Moutinho et al., 2016). Finally, as a positive allosteric modulator of NMDA receptors,

24S-0HC could potentiate NMDAR-mediated EPSC (Paul et al., 2013).

One of the important pathways involved in Huntington’s disease striatal degeneration is the defect in
BDNF/TrkB signaling. Huntingtin protein is involved in the microtubule-dependent transport of BDNF
in cortical neurons along microtubules, whereas mHTT impairs this transport (Gauthier et al., 2004).
After release, BDNF binds on SPN to the TrkB receptor, which dimerizes and is internalized into
endosomes. These endosomes are transported from the dendrites to the soma, where TrkB triggers
survival signaling (Zhang et al., 2000). Silencing HTT reduces vesicular transport of TrkB in striatal
neurons and the polyQ expansion in mHTT alters the binding of TrkB-containing vesicles to
microtubules and reduces transport (Liot et al., 2013). We show that both BDNF and TrkB transport in
Huntington’s disease neurons are improved by CYP46A1l restoration. Cholesterol depletion can
promote endosome motility by suppressing the association of endosomes containing lipid rafts with
Rab7 GTPase and promotes their association with Rab4 GTPase (Chen et al., 2008). Cholesterol
depletion also blocks internalization via caveolae and clathrin-coated pits (Subtil et al., 1999), and its

turnover could thus facilitate the transport of endosomes and TrkB internalization.

Restoration of CYP46A1 in the striatum of zQ175 mice, produced a strong clearance of aggregates, one
of the main neuropathological landmarks in Huntington’s disease. The precursors of cholesterol,
lanosterol and desmosterol were also described to favor aggregate clearance in other
neurodegenerative diseases. Lanosterol treatment in vitro, decreased aggregation in different cell
models of neurodegenerative diseases (SOD1, a-synuclein, ataxin-3, mHTT) via induced expression of
co-chaperone C terminus of Hsc70-interacting protein (CHIP) and elevated autophagy (Upadhyay et
al., 2018). In the context of cataracts caused by a mutation in the lanosterol synthase enzyme,
treatment with lanosterol significantly decreased protein aggregation (Zhao et al., 2015). In the
present study, we show that treatment with lanosterol, desmosterol and CYP46A1, in vitro, decreased
aggregate formation in striatal neurons expressing the first exon of mHTT. Inhibition of proteasome
(MG132) or autophagy (chloroquine) counteracted lanosterol, desmosterol and CYP46A1 clearing
effects, suggesting that these two major proteolytic systems are involved in the beneficial effect of
CYP46A1 on the clearance of mHTT aggregates. In Huntington’s disease, the proteasome system is less

efficient in vitro and in patient tissues (Seo et al., 2004; Hunter et al., 2007). Autophagy is also affected
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in Huntington’s disease, with a defect in cargo loading, autophagosome trafficking and accumulation
of autophagosome because of a decreased fusion with lysosome (del Toro et al., 2009; Martinez-
Vicente et al., 2010; Wong and Holzbaur, 2014). Accumulation of autophagosomes directly induces
cellular toxicity, and this process may be implicated in the pathogenesis of Huntington’s disease
(Button et al., 2017). Because cholesterol is important for endosome formation, acting on cholesterol
turnover could also improve autophagosome formation and recycling. It should be noted that
clustering of dynein into cholesterol domains on late phagosomes facilitates their directed transport
into lysosomes (Rai et al., 2016). Electron microscopy revealed an accumulation of autophagosome
with empty vacuoles in HET-GFP zQ175 mice as previously observed in 'Qhtt knock-in mice (Martinez-
Vicente et al., 2010). CYP46A1 restoration in HET zQ175 mice favored the autophagosome activity, a

cellular event that plays a critical role for clearance of unfolded proteins, and neuronal survival.

In conclusion, our data put forth a comprehensive model in which regulating striatal cholesterol
metabolism by means of CYP46A1 delivery has multiple beneficial effects in the context of
Huntington’s disease (Figure 7). Cholesterol metabolism regulation and neuroprotection provided by
CYP46A1 relied on a wide transcriptomic signature, regulation of synaptic connectivity and activity
along with endosomal trafficking and aggregate clearance. Given the pivotal role of cholesterol
metabolism in the brain, this strategy could be a promising avenue for other neurodegenerative
diseases such as Alzheimer’s disease (AD) where CYP46A1 has been shown to be beneficial in AD mice

(Hudry et al., 2010; Burlot et al., 2015; Djelti et al., 2015).
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Figure 1. Striatal expression of CYP46A1 improves behavioral and neuropathological phenotypes in
2Q175 mice. (A) Experimental set-up for the striatal expression of CYP46A1 and time frame of the
phenotypic assessments. (B-G) Locomotor performances were measured in wild-type mice injected
with AAV-GFP (WT-GFP), heterozygous and homozygous mice injected with GFP or CYP46A1 (HET-GFP,
HET-CYP46A1, left panels; HOMO-GFP, HOMO-CYP46A1, right panels). (B-C) Locomotor activity
assessed in a circular corridor. (D-E) Rearing frequency measured in actimeter boxes. (F-G) Latency to
fall evaluated with a rotarod apparatus. (B-E) n = 10 for WT-GFP, n = 16-18 for HET-GFP and HET-
CYP46A1, respectively, n = 6 for HOMO-GFP and HOMO-CYP46A1 mice. (F-G) n = 12 for WT-GFP, n =
20 for HET-GFP and HET-CYP46A1, n = 8 for HOMO-GFP and HOMO-CYP46A1 mice. (B-G) Data are
represented as mean = SEM, Statistical analysis: two-way ANOVA repeated measures. (H-K) Sections
from dorsal striata of 12-month-old mice were immunostained for DARPP32 (H-1) or EM48 (J-K) along
with hemagglutinin (HA). (H) lllustration of DARPP32 immunostaining (red) in the infected areas
(green) as depicted by GFP labeling or HA immunostaining (CYP46A1 panels). Scale bar 20 um. (I)
Quantification of striatal projection neurons (SPN) area, 100 DARPP32-positive SPNs were measured
per animal (J) Double immunostaining with EM48 (red) and HA (green) antibodies. Scale bar 20 um.
(K) Quantification of aggregate number and area. (H-K) n = 3-5 per group. Data are represented as
mean +SEM. Statistical analysis: one-way ANOVA (I) and two-way ANOVA (K) followed by Bonferroni’s
post hoc test. (B-K) Genotype main effect (WT vs HET or HOMO GFP): **p<0.01, ***p<0.001,
**%%p<0.0001. Treatment main effect (GFP vs CYP46A1): °p<0.05, °°p<0.01, °°°p<0.001, °°°°p<0.0001,

ns: not significant.
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Figure 2
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Figure 2. Regulation of cholesterol homeostasis by CYP46A1 expression in the striatum of zQ175
mice. (A-B) OPLS-DA score plot and load plot for the overview model including three groups (WT-GFP
(green dots), HET-GFP (red dots) and HET-CYP (blue dots)). The model consists of two predictive
component (p1,p2) shown in the figure and two orthogonal components (not shown). t[1] = scores for
predictive component 1, t [2] =scores for predictive component 2. Explained variation of each
components: R2Xp1 =0.637; R2Xp2 = 0.13. Goodness of prediction Q2cum = 0.642. The ellipse shows
the 95% confidence interval using Hotelling T2 statistics. (C) Sterol and oxysterols levels were
measured by GC-MS in striatal extracts of 12 months-old WT-GFP, HET-GFP and HET-CYP46A1 zQ175
mice. Data are represented as mean + SEM (n = 4 for WT n = 5-6 for HET). Statistical analysis: Multiple
t Test, (D) mRNA was extracted from the striatum of 12 months-old WT-GFP, HET-GFP and HET-
CYP46A1 mice. mRNA levels were normalized to Hprt housekeeping gene. Data are represented as
mean + SEM (n = 5-6 per group). Statistical analysis: one-way ANOVA followed by Tukey’s post hoc
test. (E) Section from dorsal striatum of 12-month-old mice. Double immunostaining with SREBP2 (red)
and HA (green) antibodies. Scale bar 20 um. (F) Quantification of nuclear SREBP2 fluorescence
intensity. Data are represented as mean + SEM, n = 5 per group. Statistical analysis: one-way ANOVA
followed by Bonferroni’s post hoc test. (C-F) Genotype main effect: *p<0.05, **p<0.01 Treatment main

effect: °p<0.05, °°p<0.01, °**°p<0.0001
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Figure 3
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Figure 3. Network signatures for the transcriptional effects of restoring CYP46A1 expression in the
striatum of zQ175 mice. (A) Overview of network-based analysis for assessing the biological significance of
RNA-seq data. (B) Network profiles for the transcriptional effects of CYP46A1 expression in zQ175 mice.
These profiles show the effects of CYP46A1 on the gene expression in zQ175 mice. The left panel shows LFC
of down-regulated gene nodes in zQ175 mice and their corresponding LFCs in HET-GFP;CYP46A1 mice as
well as the gene nodes that are down-regulated in the HET-GFP;CYP46A1 mice and that are not deregulated
by mHtt in zQ175 mice. The right panel shows the LFC of up-regulated genes in zQ175 mice and their
corresponding LFCs in the HET-GFP; CYP46A1 mice as well as the gene nodes that are up-regulated in HET-
GFP-CYP46A1 mice and that are not deregulated by mHtt in zQ175 mice. In both panels, the green label
indicates the gene nodes that are corrected back to normal by CYP46A1 expression. The blue label indicates
the gene nodes for which showing an inverted effect meaning the genes which are inversely deregulated in
the HET-GFP;CYP46A1 mice compared to zQ175 mice. The grey label indicates the gene nodes that are
deregulated by mHtt and unchanged upon CYP46A1 expression. The orange label indicates the genes whose
deregulation by mHtt is exacerbated by CYP46A1 expression. The red label indicates the de novo effects
with CYP46A1 expression. The annotations shown in both panels result from STRING analyzes using high
confidence settings and retaining the most informative GO annotations (Biological processes, KEGG

pathways) as supported by a minimal number of nodes set to N > 9 and a P value < 10,
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Figure 4
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Figure 4. Improvement of glutamatergic connectivity with CYP46A1. (A-D) Sections from the dorsal
striatum of 12-month-old (A-B) and 7-month-old (C-D) wild type and zQ175 mice. (A) Three-
dimensional (3D) volume rendering of dendrites labeled by Dil. (B) Spine density is defined as the
number of spines normalized for 10micron length of dendrite. n = 10 to 15 dendrites from N =3 to 5
mice for each condition. Data are represented as mean *SEM. Statistical analysis: one-way ANOVA
followed by Bonferroni’s post hoc test. (C) Double immunostaining with GIuR1 (green) and bassoon
(red) antibodies. 3D volume rendering of deconvolved and segmented image stacks. Scale bar 1pum.
(D) Quantification of GIuR1 and bassoon colocalization. The density is the number of objects
normalized for a cube of 10micron side. (E) Double immunostaining with VGlutl (green) and Bassoon
(red) antibodies. 3D volume rendering of deconvolved (left), and segmented (right) image stack. Scale
bar 0.5 um. (F) Quantification of VGlutl colocalizing with one, two or three Bassoon elements. (C-F) n
= 3 mice of each genotype. Data are represented as mean +SEM. Statistical analysis: two-way ANOVA
followed by Bonferroni’s post hoc test. (A-F) Genotype main effect: *p<0.05, **p<0.01, ***p<0.001,
**%*p<0.0001, Treatment main effect: °p<0.05, °°p<0.01, °°°°p<0.0001 (G-L) Membrane properties of
SPNs and synaptic transmission at cortico-striatal synapses in WT and zQ175 mice. (G) Scheme of the
experimental set-up and the injection site in cortico-striatal slices. (H1) Representative action
potentials (APs) triggered by somatic current injections (200 and 480 pA) in WT, WT-GFP, HOMO-GFP
and HOMO-CYP mice. (H2) SPN excitability (n=11). one-way ANOVA with Bonferroni’s correction
*p<0.05, **p<0.01, **p<0.001, ***p<0.0001. (I) Rheobase (WT n=12, WT-GFP n=12, HOMO-GFP/CYP
n=12/15) (J) Input resistance of SPNs (WT, n=16, WT-GFP, n=16, HOMO-GFP/CYP, n=6/8) (K1)
Representative spontaneous excitatory currents (SEPSCs) in SPNs (K2) sEPSC frequency in SPNs
(HOMO-GFP/CYP n=18). (1-K2) *p<0.05, **p<0.01, ***p<0.001 (L) SEPSC amplitude in SPNs. Statistical

analysis: three-way ANOVA with Bonferroni’s correction, p<0.0001
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Figure 5
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Figure 5. CYP46A1 overexpression improves axonal BDNF vesicles trafficking in Huntington’ disease
cortical neurons and postsynaptic dynamics in Huntington’ disease striatal neurons. (A) Outline
showing the 3-compartments microfluidic device used to reconstruct the cortico-striatal networks in
vitro. (B) Representative kymographs of axonal transport of BDNF-mCherry vesicles obtained in
Hdh®¢1%%* (HD) cortical neurons treated with AAV-GFP or with AAV-CYP46A1 at DIV 7. Scale bar, 10
pum. (C) Kinetics analysis of BDNF vesicles transport in axons. Data are represented as mean = SEM
(n=65 axons). (D) Representative kymographs of dendritic transport of TrkB-mCherry obtained in HD
striatal neurons treated with AAV-GFP or with AAV-CYP46A1 at DIV7. Scale bar, 10 um. (E) Kinetics
analysis of TrkB vesicles transport in dendrites. Data are represented as mean + SEM (n>40 dendrites).
(F) Representative images of pERK immunofluorescence in striatal neurons at DIV12 after
Glycine/Strychnine stimulation of cortical neurons. Cortical and striatal neurons were treated with
either AAV-GFP or AVV-CYP46A1. Scale bars, 100 um. (G) Percentage of pERK-positive cells of after
cortical stimulation. Data are represented as mean + SEM (n240 fields). (B-G) Statistical analysis: Mann

and Whitney test. CYP46A1 overexpression effect: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

112



Figure 6
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Figure 6. The aggregate load decrease induced by CYP46A1l expression is associated with an
improvement of proteasome and autophagy processes. (A) Striatal neurons were transfected with
plasmids coding for 103Q-HTT and were either co-transfected with CYP46A1 or treated with lanosterol
(1 uM) or desmosterol (1 uM). After 24h, cells were treated with proteasome inhibitor (MG132, 10
KUM) or autophagy inhibitor (Chloroquine, 30 uM) for 24h. (B-C) GFP staining of 103Q-HTT (green) co-
labelled with HA (red). Aggregates are pointed with white arrows. Scale bar 20 um. (D) Quantification
of aggregates based on GFP fluorescence. Data are represented as mean +SEM (n = 100 transfected
neurons per condition and per experiment). (E-F) Section from dorsal striatum of 12-month-old WT,
HET and HOMO zQ175 mice. Double immunostaining with LC3 (red) and HA (green) antibodies (E),
with a zoom on one cell from the HET-GFP section (F) Scale bar 20 um. (G) Quantification of LC3 spots
and area. (B-G) Data are represented as mean £SEM. Statistical analysis: two-way ANOVA (D) and one-
way ANOVA (G) followed by Bonferroni’s post hoc. (D) CYP46A1, lanosterol and desmosterol effect:
***%H<0.0001, inhibitor treatment effect: °°°°p<0.0001, ##p<0.0001, "™ p<0.0001. (G) Genotype main
effect: ****p<0.0001, Treatment main effect: *°p<0.01, °*°°p<0.0001. (H-l) Electron micrographs of
dorsal striatum of 12-month-old HET zQ175 mice (n = 4-5). Scale bar 1 um (H) Higher magnification
fields show clear content of the cytosolic large vacuoles. (I) Higher magnification fields show electron

dense content inside some cytosolic large vacuoles.
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Figure 7. Schematic representation of cellular and molecular events involved in CYP46A1-mediated
neuroprotection in Huntington’ disease. Restoration of CYP46A1 in neuronal cells increases 24S-OHC
the product of cholesterol degradation (blue). As a ligand of LXR 24S-OHC exerts a transcriptional
control (blue) on cholesterogenic enzyme genes and ApoE (blue). It results in increased levels of
lanosterol and desmosterol in astrocytes (Bloch pathway), along with lanosterol and lathosterol in
neurons (Kandutsch Russel pathway). CYP46A1 strongly impacts on the transcriptional signature, with
regulation of synaptic connectivity and autophagy/proteasome machineries (orange). As a
consequence, a global restoration of cholesterol metabolism and transcriptomic signature exerts a
beneficial control onto multiple cellular targets in a Huntington’s disease context (orange). It includes
restoration of cortico-striatal connectivity, synaptic transmission, BDNF/TrkB trafficking and activation
of the pro-survival ERK signaling pathway (See also Figure S7). CYP46Al-induced production of
lanosterol and desmosterol leads to a clearance of aggregates via the autophagosome and proteasome
machineries (orange). Altogether, these data put forth a comprehensive model for CYP46A1-mediated

neuroprotection in Huntington’s disease.
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Figure S1. Related to Figure 1
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Figure S1. Expression levels of cyp46A1 mRNA and CYP46A1 protein are decreased in the cortex and
striatum of zQ175 mice. Relative mouse endogenous cyp46A1 mRNA levels (A-C) were measured by
gPCR from cortex and striatum extracts from wild type (WT) and zQ175 mice (HET and HOMO) at
different ages. Levels of cyp46A1 mRNA were analyzed at 3-month-old (A), 7 months old (B) and 12-
month-old (C) using hprt as housekeeping gene. (D-F) Striatum extracts from WT and zQ175 mice (HET
and HOMO) at 7 months (D) and 12 months (E) and cortex extracts from WT and zQ175 mice (HET and
HOMO) at 12 months (F) were processed for western blotting with antibodies directed against
CYP46A1 and B-tubulin. (G-1) Quantification of CYP46A1 protein levels normalized to B-tubulin from
western blots. Data are represented as mean = SEM (n = 3-6 per group). Statistical analysis: unpaired

Student’s t-test *P<0.05; **P<0.01; ***P<0.001.
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Figure S2. Related to Figure 1
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Figure S2. Restoration of CYP46A1 expression after injection of AAVrh10-CYP46A1 and its effect on
average body weight as a function of age, genotype and condition. (A) Mouse endogenous cyp46A1
and human cyp46a1-HA mRNA levels were measured by qPCR from striatum extracts from wild type
(WT) and heterozygous mice (HET) at 12-month-old. Data are represented as mean + SEM (n=5-6).
Statistical analysis: one-way ANOVA followed by Tukey’s post hoc test. *P<0.05, °P<0.05 (B-C) Mice
were injected at 4-month-old with AAVrh10.GFP (GFP) or AAVrh10.CYP46A1 (CYP46A1) and were
weighed once a month. Average body weight in males (B) and females (C). Data are represented as
mean = SEM; males: WT GFP (n=10), HET GFP (n=14), HET CYP4 (n=11), HOMO GFP (n=5), HOMO CYP46
(n=4); females: WT GFP (n=5), HET GFP (n=12), HTZ CYP46 (n=17), HOMO GFP and CYP46 (n=5).
Statistical analysis: two-way ANOVA repeated measures with Bonferroni’s post-test. Genotype main

effect: *P<0.05, **P<0.01, ***P<0.001. Treatment main effect (GFP vs CYP46A1): not significant.
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Figure S3. Related to Figure 2
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Figure S3. CYP46A1 increases APOE expression in non-neuronal cells. Section from dorsal striatum of
12-month-old WT and HET zQ175 mice. (A) Double immunostaining with ApoE (red) and HA (green)
antibodies. Scale bar 50um. (B) Quantification of ApoE positive cells. Data are represented as mean +
SEM, n =5 per group. Statistical analysis: one-way ANOVA followed by Bonferroni’s post hoc test.

Genotype main effect: ***p<0.001, Treatment main effect: °°p<0.01. (C) Double immunostaining with

ApoE (red) and NeuN (blue) antibodies. Scale bar 20um.
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Table S4. Related to Figure 3

CMap name Enrichment | Drug/compound type | Mode of action

dexverapamil 0,963 Vasodilator agent Calcium channel blocker

3-aminobenzamide 0,878 Neuroprotective agent Poly(ADP-ribose) polymerase inhibitor

exemestane 0,872 Antineoplastic agent Aromatase inhibitor

demecolcine 0,862 Antineoplastic agent Tubulin modulator

4,5-dianilinophthalimide |  g53 Neuroprotective agent Tyrosine kinase inhibitor

fisetin 0.829 Anti-Inflammatory agent | Cyclin-dependent protein serine -

’ - Antioxidant Inhibits mTOR pathway

albendazole 0,815 Anti-Infective agent Tubulin modulator

camptothecin 0,813 Antineoplastic agent Topoisomerase | inhibitor

alexidine 0,809 Antimicrobial agent ATPase proton transport modulator

irinotecan 0,803 Antineoplastic agent Topoisomerase | inhibitor

doxorubicin 0,802 Antibiotic, Antineoplastic Topoisomerase |l inhibitor

agent

corticosterone 0,786 Anti-Inflammatory agent | Activation of steroid nuclear receptors

procarbazine 0,78 Antineoplastic agent Alkylating agent
_ 0,775 Antioxidant Mitochondria modulation

atropine methonitrate 0,754 Parasympatholitic agent | Cholinergic antagonist

pizotifen 0,752 Antidepressive agent Serotonin antagonist

mitoxantrone 0,747 Antineoplastic agent Topoisomerase Il inhibitor

adrenosterone 0,742 Steroid hormone Activation androgenic receptors

nimesulide 0,725 Anti-Inflammatory agent | Cyclooxygenase inhibitor

ethosuximide 0,724 Anti-epileptic Voltage (.:Iep'erjdent T-type calcium

channel inhibitor

mepacrine 0,724 Antiparasitic agent Phospholipase A2 inhibitor

tranylcypromine 0,717 Antidepressive agent Monoamine oxidase inhibitor

octopamine 0,715 Vasoconstrictor agent Adrenergic alpha agonist

gefitinib 0,713 Antineoplastic agent Tyrosine kinase inhibitor

fendiline 0,711 Cardiovascular agent Calcium channel blocker

helveticoside 0,704 Antiviral agent

dirithromycin 0,703 Antibacterial agent rRNA inhibition

zomepirac 0,696 Anti-Inflammatory agent | Cyclooxygenase inhibitor

tyrphostin AG-825 0,679 Antineoplastic agent Tyrosine kinase inhibitor

celastrol 0,678 Neuroprotective agent Antioxidant-Anti-Inflammatory agent

milrinone 0,674 Vasodilator agent Phosphodiesterase 3 inhibitor

quinostatin 0,672 Antiproliferative agent mTOR inhibitor

DL-thiorphan 0,671 Protease inhibitor Prevent degradation of enkephalins
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menadione 0,669 Vitamin cofactor for gamma-carboxylases
homochlorcyclizine 0,663 Antihitaminic Histamine H1 receptor antagonist
diperodon 0,662 Anaestetic Sodium ion transmembrane transport
blebbistatin 0,662 Cytosqueleton Myosin Il inhibitor

modulation
ketanserin 0,653 Antihypertensive agent Serotonin antagonist (5-HT2 receptor)
altretamine 0,652 Antineoplastic agent Alkylating agent
nortriptyline 0,648 Antidepressive agent .I\loraf:lrenaline and serotonin reuptake

inhibitor

lysergol 0,648 Antipsychotic agent 5-Hydroxytryptamine receptor

Antioxidant

Uncoupler mitochondrial oxidative
phosphorylation

butoconazole

Inhibits conversion of lanosterol in

anxiety agent

0,637 Antifungal agent

ergosterol

H-7 0,637 Enzyme inhibitor Protein kinase C inhibitor

mycophenolic acid 0.637 Antibiotic, Antineoplastic | Inhibition of inosine monophosphate

! agent dehydrogenase
- Inhibiti £ h < (sirmil

mefloquine 0,63 Antiparasitic agent nhibition o' autophagocytosis (similar
to chloroquine)

florfenicol 0,63 Antibacterial agent

antazoline 0,624 Antihitaminic Histamine H1 receptor antagonist

_ 0,62 Antioxidant Flavonoid biosynthesis
trazodone 0,619 Antidepressive, anti- Serotonin uptake inhibitor (5-HT2

receptor)

Neuroprotective agent

Neurologic treatment

Anti-Inflammatory agent

w|l o |

Antiviral/bacterial/parasitic

Antineoplastic agent

Calcium channel modulator

N |l |Wu;

Table S4. Connectivity Map analysis (CMap) of gene expression patterns for the 50 small compounds

and drugs highly correlated with transcriptome modification by CYP46A1 in zQ175 mice. CMap

analysis was performed for the genes specifically regulated by CYP46A1. The hits were ranked using

the CMap score 'Enrichment’, for which values between +1 and -1 represent the relative strength of a

given transcriptional signature related to CYP46A1 induced signature in zQ175 mice.
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Figure S5. Related to Figure 4
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Figure S5. VGlutl density and membrane properties of SPNs and paired-pulse ratio at cortico-striatal
synapses in WT and zQ175 mice (A-B) Dorso-striatal sections of 7-month-old WT, HET and HOMO
zQ175 mice. (A) 3D volume rendering of deconvolved image stack of VGlutl 3D surface rendering
showing the output of the image segmentation. Each VGLUT1 boutons is assigned with a different
color. Scale 1um (B) Quantification of VGlutl density. Data are represented as mean + SEM. Statistical
analysis: two-way ANOVA (not significant). (C) Resting membrane potential of SPNs in WT, WT-GFP,
HOMO-GFP and HOMO-CYP mice. (D) Half-width of action potentials of SPNs in zQ175 mice were larger
compared to WT mice. (E) The threshold of action potentials of SPNs in WT and zQ175 mice was not
different after the injection of saline or CYP46A1. (F1) Representative traces of evoked EPSCs by
cortical stimulation in SPNs for different inter-spike intervals (ISI, 25, 50, 100, 250, 500 ms) in WT, WT-
GFP, HOMO-GFP and HOMO-CYP mice. (F2) The paired-pulse ratios of evoked EPSCs by cortical
stimulation in SPNs in WT and zQ175 mice were not different at short intervals (ISI, 25, 50, 100ms)
after the injection of saline or CYP46A1. WT mice displayed stronger depression at longer ISI (250, 500
ms) compared to ZQ175 mice after the injection of saline or CYP46A1. Statistical analysis: one-way

ANOVA with Bonferroni’s correction. *p<0.05, **p<0.01, **p<0.001.
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Figure S6. Related to Figure 6
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Figure S6. Expression levels of mHTT are decreased in the striatum of zQ175 mice after CYP46A1
injection. (A) Striatum extracts from WT and heterozygous zQ175 mice (HET) at 7 months were
processed for western blotting with antibodies directed against MW1 (for mHTT) and B-tubulin. (B)
Quantification of MW1 protein levels normalized to B-tubulin from western blots. Data are

represented as mean + SEM (n = 4 per group). Statistical analysis: Mann-Whitney test *P<0.05

Figure S7. Related to Figure 7
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Figure S7. CYP46A1 induces ERK phosphorylation in vivo. Section from dorsal striatum of 12-month-

old WT, HET and HOMO zQ175 mice. (A) Double immunostaining with pERK (red) and HA (green)
antibodies. Scale bar 50um. (B) Quantification of pERK positive cells. Data are represented as mean *
SEM, n = 5 per group. Statistical analysis: one-way ANOVA followed by Bonferroni’s post hoc test.
**%*H<0.0001
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Paper 2 — Profiling gene expression and cholesterol metabolism in purified neurons

and astrocytes from mouse tissue using Fluorescence-Activated Cell sorting
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Profiling gene expression and cholesterol metabolism in purified neurons and
astrocytes from mouse tissue using Fluorescence-Activated Cell sorting

Introduction

Cholesterol is a major component of the CNS, with a tightly regulated metabolism (Zhang and Liu,
2015). Cholesterol exerts key functions as a structural component of membranes, myelin sheaths but
also through its precursors, which are biologically active. Glia-neuron interactions are critical for
maintaining the normal function and survival of neurons in the brain (Barros et al., 2018). More
specifically, it is now well established that cholesterol metabolism and turn-over depend on a crosstalk
between astrocytes and neurons (Nieweg et al., 2009). Cholesterol cannot cross the blood brain barrier
(Jeske and Dietschy, 1980) and the main origin for newly synthesized cholesterol depends on
astrocytes in the adult brain (Saher and Stumpf, 2015). Cholesterol is then transported to neurons via
ApoE lipoproteins (Pitas et al., 1987). Cholesterol turn-over depends on CYP46A1, the neuronal rate-
limiting enzyme for cholesterol degradation (Lund et al., 1999). Disturbed cholesterol metabolism has
been described in neurodegenerative diseases, such as Alzheimer’s and Huntington’s disease (Martin
et al., 2014). However, it remains to be known whether and how cholesterol metabolism is controlled
in these pathological conditions. In particular it remains to be established whether neuronal/astrocyte
normal functions for cholesterol metabolism are maintained. In line with this, we recently showed that
neuronal restoration of CYP461, produced a large restoration of transcriptomic and sterol profiles

(Kacher et al., under review).

To specifically address this, we set up in the present study a methodology based on fluorescence-
activated cell sorting (FACS) for the isolation of neurons and astrocytes from the striatum. Stereotaxic
striatal injections in mice were performed with an AAV5. gfaBC1D.dtTomato which targets astrocytes,
and a neuronal AAVrh10.CMV.GFP alone or co-injected with a neuronal AAVrh10.CAG.CYP46A1.
Striatal cells were enzymatically and mechanically dissociated followed by analysis and sorting using
FACS. The cell viability and quality of RNA were optimized after cell sorting. Moreover, cell sorting was
validated using gPCR analysis of neuronal and astrocytic target genes, showing a cell-specific

enrichment. Therefore, this method will be a useful tool for further studies in HD mice.
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Methods

Experimental models

Mice were housed in groups of 2 to 5 with access to food and water ad libitum and kept at a constant
temperature (19-22 °C) and humidity (40-50%) on a 12:12 h light/dark cycle. All experimental
procedures were performed in authorized establishments in strict accordance with the
recommendations of the European Community (86/609/EEC) and the French National Committee
(2010/63) for care and use of laboratory animals under the supervision of authorized investigators
(permission (#01435.02 to J. Caboche and S. Betuing). The male wild type mice C57BL/6J were obtained

from Charles River Laboratories. The local ethics committee approved the experiments.

Production and stereotaxic injection of AAVrh10.CMV.GFP, AAV5.gfaBC1D.dtTomato and
AAVrh10.CAG.CYP46A1

AAVrh10.CMV.GFP and AAVrh10.CAG.CYP46A1-HA vectors were produced and purified by Atlantic
Gene therapies (Inserm U1089, Nantes, France). AAV5.gfaBC1D.dtTomato vector was produced and
purified by Penn Vector Core (University of Pennsylvania). Viral constructs for AAVrh10.CMV.GFP
contains the expression cassette consisting of the GFP sequence, driven by a CMV/B-actin hybrid
promoter surrounded by inverted terminal repeats of AAV2. Viral constructs for
AAVrh10.CAG.CYP46A1-HA contains the expression cassette consisting of the human CYP46A1
sequence driven by a CAG promoter surrounded by inverted terminal repeats of AAV2. Viral constructs
for AAV5.gfaBC1D.dtTomato contain the expression cassette consisting on dt-Tomato driven by a
gfaABC1D promoter surrounded by inverted terminal repeats of AAV5. The mice were injected at 4
months at the following stereotaxic coordinates: 1.5 mm or 0.86 mm rostral to the bregma, 1.5 mm or
2 mm lateral to midline (respectively) and 3.25 mm ventral to the skull surface. The rate of injection

was 0,2 pl/min with a total volume of 2 pl per striatum (equivalent to 3.10° genomic particles).
Immunohistochemistry

Mice were deeply anaesthetized by intraperitoneal injection of sodium pentobarbital 250 mg/kg
(Sanofi). Intracardiac perfusion of 4% paraformaldehyde in 0.1 M Na2HPO4/NaH2P04 buffer, pH 7.5
was performed and brains were post-fixed overnight in the same solution at 4°C. Coronal brain sections
(30 um) were done using a vibratome in 0.1 M Na2HPO4/NaH2PO4 buffer. Free-floating sections were
permeabilized and blocked with 5% NGS (normal goat serum) 0,2% triton in TBS (Tris-Buffered Saline)
for 2h at RT. Sections were then incubated with primary antibody rat anti-HA (1:400; Sigma) in 5% NGS

in TBS overnight. The sections were incubated in secondary antibody anti-rat cy5 (1:500, Jackson
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Laboratories) in 1% NGS in TBS for 2h at RT. Sections were then mounted under cover slips in ProLong

Gold antifade reagent (ThermoFischer).
Image acquisition and analysis

For immunohistochemistry, image stacks were taken using a confocal laser scanning microscope (SP5,
Leica Microsystems), with a pinhole aperture set to 1 Airy unit. Stack of confocal images were done
using a x40 oil objective, with a 1,6 um z-interval. The excitation wavelength and emission range were
488 and 500-550nm for GFP, 561 and 570-620nm for tomato, 633 and 640-700nm for cy5. Laser
intensity and detector gain were constant for all images of the same analysis. All images were done in
the transduced area and all analyses were performed on maximum projection of confocal stack using

Fiji software. For each analysis 5 mice were used.
Dissociation of brain tissue and purification of single cell suspension

Mice were sacrificed 2 months after injection by decapitation and the striatum was dissected on ice.
For tissue dissociation the Neural Tissue Dissociation Kit was used (Miltenyi Biotec), followed by a
removal of myelin debris using Myelin Removal Beads Il (Miltenyi Biotec). Briefly, the tissue was cut in
pre-warmed papain solution and incubated with agitation at 37°C. After 15 min of incubation, the
tissue is mechanically dissociated using large diameter fire polished Pasteur pipette. The suspension is
then incubated 10 min followed by mechanical dissociation with medium diameter fire polished
Pasteur pipette. The suspension is incubated 10 min followed by mechanical dissociation with small
diameter fire polished Pasteur pipette. Large debris were removed by filtration through a 70 um filter
(Sigma) and the cell suspension was then centrifuged 10 min at 500 g. The pellet was resuspended in
PBS 0.5% BSA and the appropriate volume of Myelin Removal Beads was added. After 15 min of
incubation at 4°C, the cells were washed with PBS 0.5% BSA and centrifuged 10 min at 500 g. The pellet
was resuspended in PBS 0.5% BSA and the cell suspension was passed through LS columns in the
magnetic field of a MACS separator (Miltenyi Biotec). The collected cells were centrifuged 10 min at

500 g at 4° C and resuspended in HBSS without phenol (Sigma) for cell sorting.
Cell sorting

A FACS Aria Il (BD Biosciences) instrument was used for cell sorting. The following controls were used:
non-injected mouse (control without fluorescence), AAVrh10.CMV.GFP injected mouse and
AAV5.gfaBC1D.tdTomato injected mouse. Cell population was identified based on forward scattering
(FSC) and side scattering (SSC) properties. Gating based on FSC width was used to select only single

cells. Fluorescent positive cells were selected based on gating for FITC positive cells (GFP expressing
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cells) and PE-Texas Red positive cells (tdTomato expressing cells). Cells were sorted in low binding

tubes in 30 plL of HBSS without phenol (Sigma).
RNA extraction and preparation of amplified cDNA

Sorted cells were homogenized in Trizol LS (ThermoFischer) and stored at — 80° C until RNA extraction.
RNA isolation was performed with RNeasy Micro kit (Qiagen) according to manufacturer’s instructions,
with a DNAse treatment step. RNA quality was evaluated using RNA HighSens Chip (Experion, BioRad).
Preparation of amplified cDNA was done using the Ovation PicoSL WTA System V2 (NuGEN) according
to manufacturer’s instructions. It is based on three main steps: generation of first strand cDNA,
generation of DNA/RNA double strand cDNA and amplification. Finally, a purification of cDNA was
performed using MinElute Reaction Cleanup Kit (Qiagen) according to manufacturer’s instructions.

cDNA purity and concentration were measured with a Nanodrop 2000 (ThermoScientific).
LightCycler real time polymerase chain reaction

Quantitative real-time PCR reactions were performed using LightCycler480 SYBR-Green | Master
according to manufacturer’s protocol and run on LightCyclerd80 (Roche Diagnostics). The cycle
threshold values were calculated automatically by LightCycler480 SW 1.5 software with default
parameters. Gene expression was quantified using specific primers (see table). Hprt1 was used as a

control for the cDNA levels.

Gene Forward sequence Reverse sequence
darpp32 5’ CACCCAAGTCGAAGAGACC 3’ 5’ TCCTCCTCATCATCCTCCTG 3’
3pgdh 5" AATTGGAAGAGAGGTGGCCA 3’ 5" GCACACCTTTCTTGCACTGA 3’
s100b 5" AAAGTGATGGAGACGCTGGA 3’ 5" CTTTGCTGTGCCTCCTCTTG 3’
ibal 5" GACAGACTGCCAGCCTAAGA 3’ 5 TTTGGACGGCAGATCCTCAT 3’
dhcr7 5" AGACATTTGGGCCAAGACAC 3’ 5’ AACCTGGCAGAAATCTGTGG 3’
dhcr24 5" ATCTGCCCTGTTGCTACTGT 3’ 5'CAAGGCAGAAGGACCTCAGA 3’
cyp46al 5’ TCCTCTCCTGTTCAGCACC 3’ 5'CAGCTTGGCCATGACAACT 3’
abcal 5" ACCCGCTGTATGGAAGGAAA 3’ 5 TCTGAAGGATGTCTGCGGTT 3’
apoe 5" GATCAGCTCGAGTGGCAAAG 3’ 5 TAGTGTCCTCCATCAGTGCC 3’
hprt1 5 TTGCTCGAGATGTCATGAAGGA 3’ 5’AGCAGGTCAGCAAAGAACTTATAG 3’

Statistical analysis

Statistical analysis was performed with GraphPad Prism 6 software. All data are represented as mean

+SEM. A Mann-Whitney test was performed for qPCR analysis of markers in neurons versus astrocytes.
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Results
Virus expression validation

The three viruses AAV5.GfaABC1D.tdTomato, AAVrh10.CMV.GFP and AAVrh10.CAG.CYP46A1.HA were
co-injected in the striatum of wild type mice (Figure 1A). The expression of the three transgenes,
tdTomato, GFP, CYP46A1-HA, was analyzed from striatal slices. GFP and tdTomato fluorophore were
already visible by fluorescence microscopy and an immunohistochemistry was performed against
CYP46A1 tag HA (Figure 1B). A large number of GFP positive cells (84.8%) colocalize with CYP46A1
expressing cells. Only 4.4% of GFP positive cells colocalized with dtTomato expressing cells, and 4.23%
of dtTomato positive cells colocalize with CYP46A1 expressing cells (Figure 1C). Therefore, CYP46A1
cells are mainly co-expressed with GFP positive cells which mainly exclude astrocytes (tdTomato

expressing cells).

Striatal injections

[MR) AAV5

X (TR _Jrew, ) [TR) AAVh10
(TR _JEGAG )(CHAT| CYP46AT | TR ) AAVrh10
B GFP dtTomato CYP46A1-HA C

'''''
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GFP GFP dtTomato
CYP dtTomato CYP

A 0
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GFP + CYP46A1-HA

. 2w

46A1-HA

GFP +dtTomato  dtTomato + CYP

Figure 1. Expression of AAVrh10.CYP46A1, AAVrh10.GFP and AAV5.dtTomato following stereotaxic
injection within the striatum of the mice. (A) Scheme of the viruses injected in the striatum of the
mice (B) CYP46A1 transgene is tagged with a Hemagglutinin (HA) tag and stained with a HA antibody.
GFP and Tomato staining are relative to AAVrh10.CMV.GFP and AAV5.gfaBC1D.dtTomato expression.
Merged pictures show a good co-localization of AAVrh10.CMV.GFP and AAVrh10.CAG.CYP46A1l
transgenes. Note the specific labelling of tdTomato in astrocytes. Scale bar: 50um (C) Percentage of
colocalization between the expressed proteins. Data are represented as mean +SEM, n=4 animals.
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Cell sorting set up

WT mice were injected with AAV5.gaBC1D.dtTomato, which targets astrocytes, and an
AAVrh10.CMV.GFP which targets neurons. Four weeks post-injection, the striata were extracted and
cells were dissociated after papain incubation followed by myelin removal using magnetic beads. This
last step is crucial to overcome the stressful effect of cell sorting and to favor cell viability. Indeed,
when myelin-containing neural tissue is dissociated, large quantities of myelin debris are generated,
which could considerably impair cell sorting and cell viability. Depletion of myelin debris from single-
cell suspensions is an important step to improve cell separation and purity after cell sorting (Orre et
al., 2014). Indeed, myelin debris can interfere with the sorting, it can reduce the speed and efficiency
of the sorting, therefore reducing the total yield of cells after sorting. Myelin debris also have high

autofluorescence properties that can interfere with the FACS analysis.
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Figure 2. lllustration of the different steps of the protocol. The striata are dissected (2) then incubated
at 37°Cin a papain solution, associated to mechanical dissociations with fire polished Pasteur pipettes
(3). Then, the myelin removal step is realized using antibodies coupled to magnetic beads, after
incubation with these antibodies, the cell suspension is put on magnetic columns which will retain the
antibodies associated to the myelin debris (4). After cell sorting (5), RNA extraction is performed using
columns adapted for small quantities (6) and RNA quality is analyzed using microchips (7). The quantity
of RNA retrieved requires a step of RNA amplification coupled with reverse transcription (8). For the
lipidomic analysis by GC-MS the protocol stops after cell sorting.
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Validation of cell integrity after sorting

We validated cell viability after cell sorting. Determination of cell viability is critical after cell sorting
especially for adult neurons and astrocytes isolated from mature brains. In addition, detection of dead
cells in a cell suspension is important in order to exclude them from the analysis. Dead cells can
generate artifacts in the analysis following cell sorting. One method to assess cell viability is through
the use of dye exclusion. Living cells have intact membranes that exclude a variety of dyes that easily
penetrate the damaged, permeable membranes of non-viable cells. Propidium iodide (Pl) is a
membrane permeant dye that is generally excluded from viable cells. It binds to double stranded DNA
by intercalating between base pairs. Annexin V is commonly used to detect apoptotic cells thanks to
its ability to bind to phosphatidylserine, a marker of apoptosis when it is present on the outer leaflet
of the plasma membrane. The combination of these two markers allows us to distinguish dead cells
(necrotic cells) from dying cells (apoptotic cells). Incubation of cells with Pl and Annexin V staining was
followed by cell analysis. The stained cells were analysed by flow cytometry, measuring the
fluorescence emission at 530 nm (FITC) for Annexin V and 575 nm (PE-Texas Red) for Pl (Figure 3C-D).
The population separate into three groups: live cells showing no fluorescence (Q3); apoptotic cells
showing green fluorescence only (Q4) and dead cells showing both red and green fluorescence
(Q1+Q2) (Figure 3E). Percentage of Pl positive cells measured with FACS showed a low percentage of
cells labelled with PI (3%) which corresponds to dead cells. Very few cells are labelled with Annexin V
(0.3%) meaning most of the cells are not apoptotic. Thus, this protocol allows to maintain a high

percentage of living cells (96.8%) which is absolutely require for the goal of the study (Figure 3F).

The second crucial criteria for transcriptomic analysis after cell sorting was to validate RNA quality of
sorted cell. RNA extraction after cell sorting was followed by electrophoresis on microchips to
determine integrity of 18S and 28S ribosomal RNA (Experion, RNA HighSens analysis, Biorad). This
analysis is recommended for RNA purity and concentration at picogram levels. Electrophoresis of RNA
from cells before sorting showed, as expected, 285 and 18S RNA. The first lower band in the
electropherogram corresponds to the marker, which is incorporated into the loading buffer and is used
for alignment to the RNA ladder. The results showed in neurons and astrocytes samples the two most
prominent bands, which represent 18S and 28S ribosomal RNA. RNA quality control showed a well

preserved 28S and 18S RNA in neuron and astrocyte samples after cell sorting (Figure 4).

Overall, the cell dissociation protocol used preserved neurons and astrocytes from cell death and RNA
degradation. This protocol will allow the sorting of several thousands of neurons and astrocytes to

quantify sterol/oxysterols and to establish transcriptomic signature in each cell type.
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Figure 3. Annexin V and Propidium iodide (PI) detection on dissociated cells. Striata were dissected

and dissociated. The single cell suspension was labeled with Pl and Annexin V and analyzed with the
cytometer. (A) Cells are selected by forward and side scatter profiles. (B) Single cells are selected by
forward scatter profile. (C-D) Labeled events are displayed in a fluorescence scattergram for Annexin
V (C), and Pl in (D) with in P3 Annexin V positive cells and in P4 Pl positive cells. The double labelling
events are displayed in (E) The Q3 population is considered to be the living cell population (no
labelling). (F) Quantification of each cell population: the total analyzed cells are 2348, among them, 16
are labelled with Annexin V and 70 with PI.
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Figure 4. RNA integrity before and after cell sorting.
AAVrh10.CMV.GFP and AAV5.gfaBC1D.dtTomato
were injected within the striatum of WT mouse.
6000 After mouse sacrifice, brains were extracted
followed by striata dissection and cell dissociation.

4000 I— —
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sorting. RNA purity and quality in each sample was

1500 me— achieved through electrophoresis on microchips. The
1000 . reference ladder is on the left. Two main bands are
S00 m— visible after RNA extraction: the 18S and 28S
200 s— ribosomal RNA.

FACS analysis

The cell suspension was analysed with the cytometer. The lasers allow to collect data on the size and
complexity of the cells according to the FSC-A (forward scatter area) and SSC-A (side scatter area) as
well as the dye specific fluorescence (Figure 5A). A first window called P1 was created based on the
FSC-A and SSC-A scattergram to exclude debris and aggregated cells (Figure 5B). Non-fluorescent cells
were first analyzed to determine the window of positive fluorescence P3 for GFP positive cells and P4
for tdTomato positive cells (Figure 5C), then the injected samples were analysed for fluorescence
(Figure 5C). Note in C. GFP positive cells that are related to AAVrh10.CMV.GFP expression in striatal
neurons and the tdTomato positive cells that are related to AAV5.dtTomato expression in striatal
astrocytes. On average, GFP and tdTomato positive cells represent 5% of the total population selected
in B. After establishing the windows, cell sorting is performed according to the charge attributed to
GFP positive cells or tdTomato positive cells, which allows a specific sorting of neurons versus
astrocytes (Figure 5A). GFP positive cells and tdTomato positive cells are then resuspended either in

Trizol LS for RNA extraction or in HBSS medium for GC-MS analysis.
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Figure 5. Fluorescence activated cell sorting of neurons (GFP) and astrocytes (Tomato). (A) The single
cell suspension is analyzed with the cytometer. Each particle is called an event and each event is
indicated by a dot in the graph (called scattergram). Droplets containing events of interest can be
programmed to receive an electric charge as they leave the flow cell. Magnetic plates direct the
charged droplets and sort them into positive or negative sample tubes. (B) Cells are selected by
forward and side scatter profiles. The cluster of events blue dots corresponds to the events that are
considered as single living cells. (D-C) Labeled events are displayed in a fluorescence scattergram. (C)
Fluorescence gates are established on non-injected mice. (D) Injected mice with tdTomato and GFP.



Analysis of molecular markers

We next investigated the purity of sorted cell using neuronal or astrocytic gene markers analyzed by
RT-gPCR. After reverse transcription of the mRNA from the sorted cells and amplification of the
resulting cDNA, qPCRs were performed using specific neuronal and astrocyte primers. Expression level
of striatal neuron marker darpp32 is enriched in the sorted neurons (GFP positive cells) compared to
astrocytes (tdTomato positive cells) (Figure 6A). Expression levels of astrocytic markers 3pgdh and
5100/ are enriched in the sorted astrocytes compared to neurons (Figure 6B-C). A microglial marker,
ibal was used as negative control, and was not expressed neither in neurons nor in astrocytes (Figure
6D). Cholesterol synthesis enzymes dhcr7 and dhcr24 have a tendency of enrichment in astrocytes
(Figure 6E-F), whereas the cholesterol degradation enzyme cyp46a1l expression is enriched in neurons
(Figure 6G). Expression of apoe and abcal, which are involved in the transport of cholesterol,
supposedly from astrocytes to neurons, is enriched in astrocytes, although not significantly for apoe
(Figure 6H-I). Altogether, we confirmed the specific cell sorting of neurons versus astrocytes with
enrichment of neuronal markers in the sorted neurons (darpp32) and enrichment of astrocytic marker
(3pgdh and s100b) in sorted astrocytes (Figure 6J-K). We showed in these cells a specific enrichment
of the cholesterol degradation enzymes in neurons; and of sterol synthesis enzymes (dhcr7 and dhcr24)
and cholesterol transport genes (apoe and abcal) in astrocytes (Figure 6J-K). Overall, we validated the
FACS procedure to purify neurons and astrocytes from adult mouse striatum in order to perform

transcriptomic and lipidomic analysis.
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Figure 6. Specific gene expression in the sorted neurons and astrocytes. (A-C) Markers of neurons
(darpp32) and astrocytes (3pgdh and s100b). (D-H) Markers of cholesterol metabolism: degradation
(cyp46al), synthesis (dhcr7 and dhcr24) and transport (apoe and abcal). (I) Microglial marker. (J)
Markers enriched in neurons, neuronal expression divided by astrocytic expression. (K) Markers
enriched in astrocytes, astrocytic expression divided by neuronal expression. (A-K) Data are
represented as mean +SEM, n=3 animals. Statistical analysis: Mann-Whitney test, *p<0.05.
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Discussion

We developed and validated a rapid and quantitative FACS procedure for purifying neurons and
astrocytes from adult mouse striatum. The ability to separate cells based on fluorophore expression
(GFP in neurons and tdTomato in astrocytes) and not on antibody labelling, is an important advantage
since it shortens the time for cell preparation. We have adapted the cell dissociation procedure to
preserve astrocytes and neurons viability and RNA integrity after cell sorting. We validated the purity
of the sorted cells with neuronal and astrocytic markers and we confirmed the specific segregation of
cholesterol related genes in neurons and astrocytes, as demonstrated in the RNAseq study from
purified cells from the mouse cortex (Zhang et al., 2014). Having this procedure in hands, the next step
will be to determine transcriptomic and lipidomic signature in purified neurons and astrocytes from

wild type and HD mouse model.

Lipidomic analysis in neurons versus astrocytes (sterols, oxysterols and fatty acids profiling) will be
then performed by isotope dilution/mass spectrometry analysis (Collaboration with Dr V. Leoni, Italy)
operating in SIM mode with deuterium labeled internal standard for each compound. Peak integration
will be performed manually, and metabolites will be quantified from analyses against internal
standards using standard curves for the listed sterols and oxysterols: i) cholesterol ii) cholesterol
precursors: lathosterol, lanosterol, desmosterol iii) oxysterols: 24S-OHC (CYP46A1 product), 27-OHC
and 25-0OHC iii) campesterol and B-sitosterol as markers of cholesterol uptake from the circulation iv)

cellular fatty acid profile to study structural modification of membranes and lipid metabolism.

For the second aspect of the study, transcriptomic signature will be investigated using RNAseq. The
preparation and sequencing of mRNA libraries will be performed by the sequencing platform of the
“Institut du Cerveau et de la Moelle épiniere” at the Pitié-Salpétriere hospital (Paris, France).
Messenger RNA libraries will be prepared using standard protocols from Illumina, using the kit Truseq
Stranded mRNA LT (lllumina) and sequenced with the lllumina HiSeq Genome Analyzer. Data will be
subjected to network-based analysis using spectral decomposition of RNA-seq signals (Tourette et al.,

2014) against MouseNet v2, followed by biological content analysis using STRING v10.5 analysis.

Previous groups have already performed transcriptome studies of one or more purified cell types in
the brain (Gokce et al., 2016; Guez-Barber et al., 2012; Srinivasan et al., 2016) but to our knowledge
no data has yet been published in the context of HD. Regarding lipidomic studies, no dataset that
allows direct comparison of sterols and oxysterols contents across astrocytes and neurons from in vivo
samples is available. Understanding striatum dysfunction in HD requires an understanding of how

neurons, astrocytes and other glial cells interact in a dynamic environment.
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In the context of studying CYP46A1 neuroprotection in HD, it will be important to understand the
specific regulations mediated by neuronal expression of CYP46A1 in both neurons and astrocytes.
Thus, this protocol will allow us to answer to this question. For the lipidomic analysis, the major
limitation of GC/MS quantification within sorted astrocytes and neurons is the number of cells that we
can collect after cell sorting, the limit to quantify sterols and oxysterols being 500 000 cells. Therefore,

we will need to pool the striata of several mice to get enough cells for GC/MS studies.

Overall, deciphering how CYP46A1 neuronal expression could modulate neuronal and astrocytic
transcription processes as well as cholesterol homeostasis will be crucial in the perspective of

developing a therapy targeting CYP46A1 in HD.
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DISCUSSION AND PERSPECTIVES

CYP46A1 restoration is neuroprotective and compensate for HD phenotype

Huntington’s disease is associated with multiple dysregulations leading progressively to
neurodegeneration. Cholesterol metabolism is one of the altered processes in HD and is involved in
many essential cellular functions. By restoring the expression of the cholesterol degradation enzyme,
CYP46A1, in the striatum of zQ175 mice, we showed that cholesterol metabolism is enhanced, with
not only an increase of cholesterol degradation but also an increase of cholesterol precursors content
and cholesterol transport. These changes in cholesterol metabolism are associated with an
improvement of HD phenotype in the zQ175 mice. Importantly, CYP46A1 broadly impacts the
transcriptomic signature related to major pathways strongly altered in HD, including synaptic
transmission, vesicular transport and unfolded protein metabolism. This new transcriptomic signature
showed a global compensation of altered functions in HD through a stimulation of cholesterol
metabolism. We demonstrated that CYP46A1 compensates for important dysfunctions induced by
mHTT, especially cortico-striatal synaptic connectivity and activity, along with axonal transport of BDNF
from cortical to striatal neurons and trafficking of TrkB endosomes on striatal dendrites. Interestingly,
we showed that CYP46A1, and the cholesterol precursors lanosterol and desmosterol, which are
increased by CYP46A1l restoration, have a positive role in promoting aggregate clearance, via
autophagy and the proteasome system. Overall, these improvements lead to a better motor behavior
in the zQ175 mice. Therefore, CYP46A1 appear like an interesting therapeutic target as a

neuroprotective strategy for HD.

CYP46A1 improves cholesterol homeostasis

CYP46A1 restoration in the zQ175 mice increased cholesterol precursor levels, mainly lathosterol,
lanosterol and desmosterol, and the product of cholesterol degradation, the 24S-OHC. In the adult
brain, activation of the Bloch pathway in astrocytes is the main source of cholesterol synthesis, through
desmosterol production; in neurons, the Kandutsch Russel pathway is dominant, with lathosterol as
one of the precursors (Nieweg et al., 2009). Since CYP46A1 restoration promoted the production of
both lathosterol and desmosterol, we can hypothesize that cholesterol synthesis was stimulated in
both astrocytes and neurons. Furthermore, expression of synthesis enzymes was increased by
CYP46A1, an effect that could depend on the cholesterol sensor SREBP2 (Brown and Goldstein, 1997).
Accordingly, we found an increase of SREBP2 nuclear localisation after CYP46A1 injection. LXR
activation by 24S-OHC and desmosterol could also be implicated (Lehmann et al., 1997; Spann et al.,

2012), by positively regulating the transcription of ApoE in astrocytes (Abildayeva et al., 2006),
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potentially favoring cholesterol transport in lipoproteins from astrocytes to neurons (Boyles et al.,
1985). CYP46A1 expression restored ApoE expression, which is decreased in HD (Valenza et al., 2010,
2015a). In our study, CYP46A1 restoration in neurons increased ApoE expression in non-neuronal cells,
suggesting a global activation of cholesterol transport from astrocytes to neurons. Therefore, our study
supports an original mechanism underlying CYP46A1-mediated regulation of cholesterol homeostasis
via an autocrine regulation in neurons, and a potentially paracrine regulation in astrocytes, that could
explain the increased ApoE expression and thus regulation of cholesterol transport. ApoE related
pathways could be interesting to study in the context of a neuroprotective strategy. Indeed, ApoE
lipoproteins can attenuate inflammation by inhibiting cytokine expression and favoring M2
macrophage phenotype over the pro-inflammatory stage (Vitali et al., 2014). It was also shown that
ApoE containing lipoproteins protect from apoptosis by binding to LRP1, initiating a signaling pathway
that leads to the activation of protein kinase Cé (PKC8) and inhibition of the pro-apoptotic glycogen
synthase kinase 3B (GSK3B), without needing lipoprotein internalization. ApoE containing lipoproteins
also attenuates neuronal death caused by oxidative stress (Hayashi et al., 2009). ApoER2, which is
another receptor for ApoE, is involved in the maintenance of efficient synaptic plasticity, dendritic
remodeling (Petit-Turcotte et al., 2005) and organization of the presynaptic dendritic spine density

(Dumanis et al., 2011).

CYP46A1 restoration induces a specific transcriptional signature

We confirmed a large striatal transcriptional dysregulation in the zQ175 mice, as previously described
in HD knock-in mice (Ament et al., 2017), with a deep down-regulation of genes involved in
glutamatergic signaling and synapse functions. We showed that CYP46A1 is able to compensate some
of the gene alterations in the striatum of zQ175 mice, which noticeably applies to genes associated
with neurotransmission, synaptic activity and autophagy. The transcriptional modifications mediated
by CYP46A1 could involve the aggregate clearance observed in the zQ175 mice, allowing more
available transcription factors. Indeed, sequestration of key transcriptional activators, such as TBP, CBP
and Sp1l into mHTT aggregates was previously described in HD (Nucifora et al., 2001; Schaffar et al.,
2004). Intriguingly, CYP46A1 expression modulates the expression of genes involved in pathways that
regulate innate immunity such as complement pathways and toll-like receptor pathways, which are
known to induce autophagy (Delgado et al., 2008). Interestingly, CYP46A1 transcriptional signature is
correlated to the gene expression patterns of anti-inflammatory compound and neuroprotective
agents. Anti-inflammatory responses could also be the consequence of LXR activation by the 24S-OHC
and desmosterol (Ghisletti et al., 2007; Spann et al., 2012). In HD, increased production of pro-
inflammatory molecules has been implicated in the neurodegenerative processes, by cell-autonomous

action of the mHTT on microglia and also over-activation of microglia and astrocytes by signals received

152



from degenerating neurons (Crotti and Glass, 2015). Therefore, a stimulation of anti-inflammatory
pathways by CYP46A1 expression may then promote protective neuro-immune mechanisms against
cytotoxicity either directly, in neurons, or indirectly, through non-cell autonomous mechanisms

involving glial cells.

CYP46A1 favors synapse connectivity

Neurotransmission and synaptic connectivity is altered in several HD models, in the zQ175 mice a
significant decrease in spine density is observed, along with altered excitatory and inhibitory inputs in
SPN (Indersmitten et al., 2015; Rothe et al., 2015). After expression of CYP46A1 in the striatum of
zQ175 mice, spine density was increased at late stages, the number of glutamatergic connections
between bassoon and GIuR1 was improved early in the course of the study, and was associated to an
increased number of VLUGT1 connected to bassoon, which together could mean an increased number
of active zones. To study the functionality of these improved connections we analyzed the
electrophysiologic properties that could be modified with CYP46A1. In homozygous zQ175 mice, we
observed alterations in membrane properties, increased excitability and input resistance of SPN, in
agreement with previous studies (Heikkinen et al., 2012; Indersmitten et al., 2015). This increased
excitability can serve as a compensatory mechanism to lower cortico-striatal transmission in zQ175
mice. We show larger amplitude and lower sEPSCs frequency, such changes agree with lower number
of spines observed in zQ175 mice. CYP46A1 restoration specifically rescued sEPSCs frequency and
therefore the probability of spontaneous release at glutamatergic synapses, which is in accordance
with the observed increase of synapses with multiple active zones. Therefore, CYP46A1l tend to
normalize altered glutamatergic transmission in the zQ175 mice. To understand these regulations, one
should consider that cholesterol is an essential component of the membrane, with a leading role in
synapse dynamic. Indeed, cholesterol is a major component of lipid rafts in dendrites, organizing the
signaling domains at the synapse, interacting for example with AMPA receptors (Hering et al., 2003).
Moreover, cholesterol turnover by CYP46A1 is induced during excitatory neurotransmission (Sodero
et al., 2012). Synaptic plasticity was not studied here; however, it should be noted that CYP46A1
contribution to synaptic plasticity was previously described and might participate in CYP46A1l
mediated neuroprotection. Knock-out mice for cyp46A1 exhibited severe learning deficiencies and
long-term potentiation (LTP) decrease (Kotti et al.,, 2006) as well as alterations of protein
phosphorylation related to synaptic vesicles and neurotransmission (Shank3, Slc, Syn1, Bsn) (Mast et
al., 2017a). On the other hand, mice overexpressing CYP46A1 showed an enhanced spatial memory,
along with an increased level of post-synaptic proteins (PSD95, NMDAR1) and presynaptic proteins
(synapsin, synaptophysin) (Maioli et al., 2013). In vitro, CYP46A1 overexpression is also associated with

an increase of dendritic protrusions, an enrichment in synaptic proteins (Shank3, PSD95,
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synaptophysin), through geranylgeranyl transferase-l (GGTase-l) prenylation activity (Moutinho et al.,
2016b). Finally, the product of cholesterol degradation by CYP46A1, the 24S-OHC may participate in

synaptic plasticity, as a positive allosteric modulator of NMDA receptors (Paul et al., 2013).

CYP46A1 increases BDNF vesicles and TrkB endosomes trafficking

Defect in BDNF/TrkB signaling is a major event involved in HD striatal degeneration. Striatal neurons
rely on cortical delivery of BDNF for their survival (Altar et al., 1997; Baquet et al., 2004). However,
mHTT impairs the transport of BDNF along cortical neurons microtubules (Gauthier et al., 2004). After
release, BDNF binds to TrkB receptors, which dimerizes and are internalized into endosomes. These
endosomes are transported from to the soma to triggers survival signaling (Zhang et al., 2000), but the
mHTT polyQ alters TrkB-endosomes binding to microtubules, reducing their transport (Liot et al.,
2013). In a microfluidic system reconstituting the cortico-striatal connections, we showed that BDNF
and TrkB transport in HD neurons are increased after CYP46A1 restoration. This increase could be due
to the role of cholesterol in endosomes formation and motility. Indeed, cholesterol domains on
endosome can regulate the recruitment of motor proteins, by regulating the interaction between Rab7
interacting lysosomal protein (RILP) and oxysterol binding protein related protein 1L (ORP1L), which
are necessary to load dynein onto the cargo (Johansson et al., 2007; Jordens et al., 2001). Moreover,
cholesterol depletion can promote endosome motility towards the plus end of microtubules by
suppressing the association of endosomes containing lipid rafts with Rab7 GTPase and promotes their
association with Rab4 GTPase (Chen et al., 2008). Cholesterol turnover could thus facilitate the
transport of vesicles. Here we studied BDNF and TrkB transport, but modulation of cholesterol levels
can also modulate TrkB activity. Indeed, a loss of cholesterol content correlates with an increase of
TrkB activity (Martin et al., 2008), on the contrary, CYP46A1 knock-down lead to a decrease of TrkB
activity along with an increase of apoptosis (Martin et al., 2011b). Moreover, when CYP46A1 is
overexpressed in vivo and in vitro, TrkB phosphorylation is increased (Moutinho et al., 2016b). Because
TrkB activity is associated with activation of pro-survival pathways, an increase of its activation by

CYP46A1 could also participate to the neuroprotection.

CYP46A1 expression is associated to an enhanced aggregate clearance

CYP46A1 restoration is associated to a strong clearance of aggregates in the zQ175 mice, as well as in
the transgenic R6/2 mouse model (Boussicault et al., 2016) and decreased aggregate accumulation in
an Alzheimer disease mouse model (Hudry et al., 2010). Cholesterol precursors were also described to
favor aggregate clearance. Lanosterol treatment in vitro, decreased aggregation in different cell
models of neurodegenerative diseases (SOD1, a-synuclein, ataxin-3, mHTT) (Upadhyay et al., 2018).

In our study, treatment with lanosterol, desmosterol and CYP46A1l in vitro decreased aggregate
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formation in mHTT expressing cells, in a mechanism dependent on the proteasome and autophagy
machineries. In HD, autophagy is altered with a defect in cargo loading, autophagosome trafficking and
accumulation of autophagosome because of a decreased fusion with lysosome (Martinez-Vicente et
al., 2010; del Toro et al., 2009; Wong and Holzbaur, 2014). Accumulation of autophagosomes directly
induces cellular toxicity, and may be implicated in HD pathogenesis (Button et al., 2017). In our study,
lanosterol could participate to an enhancement of autophagy. Indeed, it has been shown that
lanosterol treatment decreases aberrant aggregation via induced expression of co-chaperone C
terminus of Hsc70-interacting protein (CHIP) and increases autophagy (Upadhyay et al., 2018). Because
cholesterol is important for endosome formation, increasing cholesterol turnover could then improve
autophagosome formation and recycling. It should be noted that clustering of dynein into cholesterol
domains on late phagosomes facilitates their directed transport into lysosomes (Rai et al., 2016).
Electron microscopy revealed an accumulation of empty autophagosomes in zQ175 mice, as previously
observed in the HdhQ111 knock-in mice (Martinez-Vicente et al., 2010) and with CYP46A1 restoration
empty autophagosomes are decreased, instead autophagosomes fuse more with lysosomes.
Therefore, CYP46A1 favors a more efficient autophagosome activity that can participate to neuronal

survival.

In vitro, we studied autophagy on mice primary neuronal cultures, to go further it would be interesting
to use isogenic human iPSCs and differentiate them into neurons and astrocytes. First cholesterol
metabolism defects would need to be confirmed in these cells. Then, autophagic flux, autophagosome
load and mHTT levels could be assessed, with or without CYP46A1 expression and with or without
sterol (lanosterol and desmosterol) treatment. The autophagic flux assessed in these cells could help
to understand how cholesterol signaling might drive mHTT clearance, especially by integrating the

study of autophagy in astrocytes.

Overall, we showed that regulating cholesterol metabolism through gene therapy involving CYP46A1
has a therapeutic potential for alleviating HD symptoms by reinstating striatal homeostasis. Given the
pivotal role of cholesterol metabolism in the brain homeostasis and function, this strategy could have
a promising potential for other neurodegenerative diseases such as Alzheimer’s disease, where
CYP46A1 was shown to be beneficial in mouse models (Burlot et al., 2015; Djelti et al., 2015; Hudry et
al., 2010).
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Study of the cell specific regulations induced by CYP46A1

A better understanding of the cell-type-specific mechanisms underlying the dysregulation of brain
cholesterol signaling is needed in order to identify a solid basis for developing an efficient
neuroprotective strategy in HD. To do so during my PhD | set up a protocol to separate neurons and

astrocytes and study their specific regulations.

Transcriptomic and lipidomic profiles in astrocytes versus neurons

Brain cholesterol synthesis mostly relies on astrocytes whereas neurons catabolize cholesterol via
CYP46A1 activity and production of 24S-OHC. Astrocyte dysfunction is an important component of HD
pathogenesis (Faideau et al., 2010; Shin et al., 2005). However, the specific contribution of cholesterol
signaling in striatal astrocytes versus neurons in an HD context remains poorly understood. During my
PhD, I set up a fluorescence-activated cell sorting (FACS) protocol based on neuronal expression of GFP
and astrocytic expression of tdTomato using adeno-associated-viral vectors (AAVs). Specific neuronal
and astrocytic markers allowed the validation of the cell sorting of neurons and astrocytes. Moreover,
genes involved in cholesterol metabolism were analyzed and showed an enrichment of synthesis
enzymes and transport genes in astrocytes versus an enrichment of cyp46al in neurons. Pre-
symptomatic zQ175 knock-in mice were injected at 4 months with AAVs encoding for these cell-specific
fluorescent proteins along with the AAVrh10.CAG.CYP46A1, which has a neuronal tropism. Striatal cell
dissociation and cells sorting was realized at 7 months. Astrocytes expressing tdTomato and neurons
expressing GFP alone or with CYP46A1 will be analyzed for their lipidomic profile using mass
spectrometry and for their transcriptomic signature using RNAseq. In futur projects, it would be very
interesting to extend this study to other cell types such as oligodendrocytes, which are the major pool
of cholesterol in the brain, and microglia which are essential for the immune responses in the brain.
Moreover, a separation between the different neuronal populations of the striatum would give a more
precise idea of the specific neuronal regulation, especially to distinguish between the neurons
expressing the D1R and the neurons expressing the D2R, which have a specific temporal pattern of
degeneration in HD. Some interesting studies have already shown the rich cell diversity in the striatum
(Gokce et al., 2016) and the cell specific gene regulations in the brain (Orre et al., 2014; Srinivasan et

al., 2016).

Impact of reactive astrocyte on CYP46A1 neuroprotection

Some studies have suggested that handling of toxic proteins is more efficient in astrocytes than in
neurons, with a more active Ubiquitin Proteasome System in glial cells compared to neurons (Tydlacka

et al., 2008). In Alzheimer’s disease, it was shown that astrocytes are able to internalize amyloid
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plagues and AP peptides by phagocytosis or receptor mediated internalization (Thal, 2012). In
pathological cases, astrocytes could thus participate to the clearance of aggregated proteins. Specific
molecular tools were developed to block astrocyte reactivity in the mouse brain (Ben Haim et al., 2015;
Ceyzériat et al., 2018), namely viral-vector-mediated expression of SOCS3, an inhibitor of the JAK-
STAT3 pathway, a key regulator of astrocyte reactivity (Ceyzériat et al., 2016). Blocking astrocyte
reactivity in a mouse model of HD, by overexpression of SOCS3, significantly promotes the formation
of mHTT aggregates (Ben Haim et al., 2015), suggesting that reactive astrocytes contribute to aggregate
clearance in HD. We observed that CYP46A1 expression in neurons leads to an astrocyte reactivity in
the striatum of zQ175 mice. To evaluate how the prevention of astrocyte reactivity may impact the
beneficial effects of CYP46A1, preliminary experiments were performed using SOCS3 to block astrocyte
reactivity (collaboration with Dr C. Escartin, MirCen, Fontenay aux Roses, France). SOCS3 efficiently
prevents CYP46Al-induced astrocyte reactivity in zQ175 mice and increases the number of mHTT
aggregates, counteracting CYP46A1 effect on aggregate clearance (data not shown). Thus, it would be

interesting to go deeper into the role of reactive astrocytes in CYP46A1-mediated neuroprotection.

Exploring CYP46A1 compensatory mechanisms

Cell stress compensation mechanisms are key to neuronal function and survival in HD; CYP46A1 and
sterol modulation could act as compensation mechanisms on stress response and cell survival

mechanisms.

Excitotoxicity has been largely studied in HD (Parsons and Raymond, 2014) and is one of the
mechanisms leading to neuronal toxicity. More specifically, neurons expressing mHTT have an
increased localization of extra-synaptic NMDA-R containing the GIuN2B subunit, which in HD models
is associated to apoptosis (Milnerwood et al., 2010, 2012). Studies have shown that expression of
mHTT increases the localization of NMDA-R in lipid rafts, which participates to the NMDA-mediated
excitotoxicity (del Toro et al., 2010). Interestingly, lowering cholesterol levels is protective against
NMDA-mediated excitotoxicity and is associated to a redistribution of NMDA-R subunits in lipid rafts
(Abulrob et al., 2005; Ponce et al., 2008; del Toro et al.,, 2010). Therefore, we hypothesized that
regulation of cholesterol metabolism by CYP46A1 expression might act on excitotoxicity, potentially
by a mechanism involving a redistribution of GIuUN2B subunits in lipid rafts. In a recent study |
participated to (Boussicault et al., 2018), see appendix 1, we showed that CYP46A1 is neuroprotective
against NMDA induced excitotoxicity, in neurons expressing the 82Q-mHTT and in YAC128 cultured
neurons. The study of lipid raft in the 82Q-mHTT model showed an increase of cholesterol content in
lipid rafts, associated to an increased localization of GIuN2B subunits in these lipid raft. CYP46A1

expression in cultured neurons showed a global decrease of cholesterol, but more specifically a
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decrease in lipid raft. However, this decrease in cholesterol content was not associated to a
modification of GIUN2B localization in lipid rafts; and when expressed in 82Q-mHTT expressing
neurons, CYP46A1 was not able to decrease cholesterol in lipid rafts. Thus, CYP46A1 exhibits
neuroprotective effects against NMDA-induced excitotoxicity, but the mechanisms underlying this
protection are not dependent on a relocalization of GIUN2B subunits in lipid rafts. First, it would be
interesting to study this mechanism in vivo, to have interactions between all the cell types, especially
with astrocytes which are essential for cholesterol metabolism and also for the regulation of
glutamatergic neurotransmission (Rothstein et al., 1996). Then, other mechanisms could be explored
such as TrkB activation, which is associated to CYP46A1 overexpression (Moutinho et al., 2016b). We
could also consider the regulation of GSK3[, which is highly associated to lipid rafts and is increased in

HD, triggering apoptosis (Valencia et al., 2010).

DNA damage repair is another key survival mechanism that may be altered in HD (Maiuri et al., 2017).
The transcriptomic study on the zQ175 mice showed an effect of CYP46A1 on the expression of genes
from the PARP family, which are involved in DNA repair processes (Amé et al., 2004). Preliminary data
showed that cell cycle regulators are central in computer models of HD molecular processes in mouse
models and in human iPSC/NSC, along with increased double strand breaks and DNA damage repair
alteration. Therefore, it could be interesting to assess the influence of CYP46A1 expression and sterols

on the dynamics of DNA repair on iPSCs from HD patients.

Related pathway in cholesterol metabolism: LXR pathways and neuroprotection

Since the cholesterol catabolite, 24S-OHC, binds to Liver X Receptors (LXR), a family of nuclear
receptors with important transcriptional activities in neurons and astrocytes (Lehmann et al., 1997),
we hypothesized that part of CYP46A1 neuroprotective effect arise from the activation of LXRs. This
hypothesis is supported by transcriptional activation of LXR target genes by CYP46A1 in the zQ175 mice
and the deficiency of LXR activity in HD models (Futter et al., 2009). In line of these data, it would be

interesting to study in HD knock-in mice the specific role of LXR downstream to CYP46A1.

LXR activation and regulation of pathways of interest in HD

Defect of myelination has been clearly described in HD, with an early white matter degeneration
(Bartzokis et al., 2007; Bohanna et al.,, 2011) and a specific deleterious effect of mHTT on
oligodendrocytes (Huang et al., 2015; Xiang et al., 2011). Thus, because LXRs have critical roles in
oligodendrocytes, a special interest should be given to the study of myelination in the contest of LXR
activation. Indeed, the use of LXR agonist is able to stimulate oligodendrocytes differentiation (Meffre

et al., 2015) and mediates cholesterol efflux from oligodendrocytes (Nelissen et al., 2012). LXR agonist
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was also able to stimulate remyelination in organotypic slices that had experienced demyelinating

lesions (Meffre et al., 2015).

LXRs also have an established role in the regulation of inflammation in peripheral macrophages,
through both their repressive activity and their transcriptional activation (Spann and Glass, 2013). In
the brain, the main cells responsible for immune responses are microglia. It was shown that LXRs
exhibit similar repressive activities in microglia (Saijo et al., 2013) by regulating the activity of microglial
phagocytic receptors such as the tyrosine kinase MerTK, which, in the context of Alzheimer’s disease
promotes the clearance of amyloid § plaques (Savage et al., 2015). LXR activation was also able to
inhibit the nitric oxide synthase 2, inducible expression and nitric oxide production in activated
microglia, which is a pro-inflammatory enzyme (Secor McVoy et al., 2015). A modulation of
inflammation by limiting the pro-inflammatory activity of microglia using LXR agonist could then have

interesting neuroprotective effect in HD.

Involvement of LXR in CYP46A1 neuroprotection

We showed that CYP46A1 expression strongly impacts striatal gene regulation in HD knock-in mice,
which is strongly altered in HD. In particular, CYP46A1 regulates the transcription LXR targets such as
apoE and cyp51 in zQ175 mice, suggesting that CYP46A1 induces LXR activity, potentially through the
production of 24S-OHC. There are two LXRs isoforms, LXRa and LXRP, that could be studied in
astrocytes and neurons, using the zQ175 mice. For instance, specific invalidation of LXR could give us
insights into their role in HD. Several conditional mouse models for LXRs are available: the
LXRaloxP/loxP and LXRBloxP/loxP mice. Homozygous zQ175 mice could be bred with LXRaloxP/loxP
and LXRBloxP/loxP mice to create heterozygous zQ175 mice with genetic invalidation of LXR a or .
Intra-striatal injections of AAVs carrying the cre recombinase transgene under cell-specific promotor
(synapsin.CRE to target neurons or gfaABC1D.CRE to target astrocytes) in the zQ175+/- LoxP/LoxP mice
would allow a specific ablation of LXRs either in neurons or in astrocytes. Preclinical assessment could
then be performed to evaluated locomotor behavior, neuropathology and regulation of cholesterol

metabolism. This study would then answer the question of LXR role in HD pathogenesis.

Investigation of therapeutic strategies with new LXR agonists

The use of LXR agonists as a potential therapeutic strategy for neurodegenerative diseases including
HD has been previously proposed (Moutinho et al., 2018). However, commercialized compounds suffer
from side effects due to the expression of LXRs in peripheral organs. New LXRa or 3 agonists have been
designed and synthesized in order to avoid these side effects (Marinozzi et al., 2017). We validated the

activity of these agonists on HD striatal primary neurons, on the transcription of genes involved in
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cholesterol metabolism such as abcal, apoe, hmgcor and fdftl. Preliminary data support their
beneficial effects on HD striatal primary neurons on cell survival and aggregate clearance (data not
shown). It would be interesting to study the impacts of these new ligands in vivo, either by systemic
injection or local striatal administrations in zQ175 mice. This study would give more knowledge on the

use of small molecule like LXR modulators in the development of a therapy for HD.

Concluding remarks

The study of global neuroprotective strategies in HD is of particular interest to delay disease onset and
slow down the disease progression. The team showed that targeting cholesterol metabolism, by
restoring CYP46A1 expression in the striatum of HD models is neuroprotective; in models with a fast
progression of HD phenotype like the R6/2 mice (Boussicault et al., 2016) and also in more progressive
models, like the zQ175 mice (Kacher et al., under review). CYP46A1 delivery in striatal neurons using
AAVs is currently under clinical consideration for several neurodegenerative diseases, including HD
(Boussicault et al., 2016) and Alzheimer’s disease (Hudry et al., 2010). The clinical development of such
a strategy needs a better knowledge of CYP46A1 neuroprotection and sterol signalling through a
detailed analysis of lipidomic and transcriptomic signatures and cell protective mechanisms, in both
astrocytes and neurons in an HD context. Beyond the scope of HD, a follow-up of this project will also
bring important breakthrough on cholesterol metabolism and associated cell-specific signalling, which

remains poorly understood despite its fundamental role in brain homeostasis.
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Huntington's Disease (HD) is an autosomal dominant neurodegenerative disease caused by abnormal
polyglutamine expansion in huntingtin (mHtt) protein leading to degeneration of striatal neurons.
Excitotoxicity, consecutive to overstimulation of N-methyl p-aspartate receptors (NMDARs) has a pivotal
role in many neurological disorders including HD. Mutant Htt causes enhanced NMDA sensitivity,
alteration of NMDAR expression and localization in neurons. Excitotoxic events initiate neuronal death in

Keywords: numerous ways, including activation of apoptotic cascades. Among the NMDAR subunits involved in
gﬁi%i’?laty glutamatergic-mediated excitotoxicity, GluN2B has been extensively reported. In addition to excitotox-
Huntington's disease icity, alteration of cholesterol metabolism has been observed in HD, with a decrease of cholesterol
Lipid rafts precursor synthesis along with an increase of cholesterol accumulation, which is deleterious for neurons.
GIuN2B Expression of Cholesterol Hydroxylase enzyme, CYP46A1, which converts cholesterol into 24 S-hydrox-
Cholesterol ycholesterol is down-regulated in HD. We found that CYP46A1 overexpression is beneficial in HD neu-

rons and mouse model, but the mechanisms involved still remain unclear. In this study we addressed the
effect of CYP46A1 on NMDAR-mediated excitotoxicity in HD primary neurons and its role in modulating
cholesterol and localization of GLUN2B in lipid rafts. We showed that CYP46A1 is protective against
NMDAR-mediated excitotoxicity in two different HD neuronal cell models. Cholesterol as well as GIluN2B
level in lipid raft, are significantly increased by mHtt. Despite a clear effect of CYP46A1 in reducing
cholesterol content in lipid raft extracts from wild type neurons, CYP46A1 overexpression in HD neurons
could not normalize the increased cholesterol levels in lipid rafts. This study highlights the beneficial role
of CYP46A1 against NMDAR-mediated excitotoxicity and gives further insights into the cellular mech-

anisms underlying CYP46A1-mediated neuroprotection.
© 2018 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.

1. Introduction neurodegenerative disease caused by an expansion of the CAG re-
peats in the first exon of the huntingtin gene, leading to a poly-
glutamine stretch in the N-terminus of the protein [1]. This
mutation causes a progressive neurodegeneration affecting first

striatal projection neurons (SPNs) and then cortical neurons,

Huntington's disease (HD) is an autosomal dominant
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leading to characteristic motor, cognitive and psychiatric symptoms
[2].

Among the cellular dysfunctions observed in HD, excitotoxicity
has been extensively studied [3—6]. Excitotoxicity is mediated by
elevated calcium influx through NMDA (N-Methyl-p-Aspartate)
ionotropic glutamate receptors [7,8] leading to neuronal toxicity.

0300-9084/© 2018 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights reserved.
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NMDA receptors (NMDA-R) are hetero-tetramers containing two
GIuN1-NMDAR subunits associated to GluN2-NMDAR subunits
(GluN2A and GIuN2B) and/or GluN3 subunits with different prop-
erties [9—11]. Studies performed on cultured cortical or hippo-
campal neurons led to the conclusion that GluN2A-containing
NMDARs are likely to promote cell survival, whereas GIuN2B-
containing NMDARs are preferentially associated to cell death
signaling and contribute to NMDA-mediated excitotoxicity.
Mutated Huntingtin (mHtt) has been reported to increase neuronal
susceptibility to NMDA-induced excitotoxicity [3,12,13]. Indeed, in
several HD animal models, increased NMDAR-mediated currents
and enhanced excitotoxicity after NMDA stimulation were
demonstrated at early stages of the disease [4,14—17]. Moreover,
intrastriatal injections of NMDAR agonist in mice and primates
reproduce the striatal degeneration observed in HD [18—21] un-
derlying HD striatal neurons susceptibility to NMDAR-induced
toxicity.

In addition to NMDAR-dependent signaling, cholesterol
metabolism is also affected in HD, with a decrease of synthesis
along with decreased levels of the rate-limiting enzyme for
cholesterol degradation CYP46A1 [22—26]. Furthermore, choles-
terol accumulation has been described in mHtt expressing neu-
rons [27,28]. Cholesterol is an essential membrane component
enriched in the central nervous system which, when dysregulated,
strongly impacts normal cellular functions. In a wild type context,
significant loss of membrane cholesterol as well as release of 24S-
hydroxycholesterol has been observed after stimulation of post-
synaptic NMDA [29]. Depletion of CYP46A1, prevented choles-
terol loss, suggesting that cholesterol turnover at the membrane
and NMDAR activation are tightly connected. Interestingly,
CYP46A1 could interact indirectly with NMDA receptors as oxy-
sterols were shown to interact with and modulate NMDA receptor
activity whatever the subunit composition. Indeed, 24S-hydrox-
ycholesterol was described as a potent positive allosteric modu-
lator of NMDA-receptors able to enhance LTP in hippocampal
slices [30] while 25S-hydroxycholesterol antagonized 24S-
hydroxycholesterol effect [31,32]. CYP46A1 knock-out mice
showed LTP and memory deficits that could be explained by an
altered modulation of NMDAR activity by 24S-hydroxycholesterol.
Accordingly, NMDAR activity was reduced in hippocampal slices
derived from CYP46A1 KO mice while global synaptic trans-
mission was not altered [32].

Lipid rafts are highly ordered membrane sub micrometric do-
mains rich in cholesterol which play a role in neuronal communi-
cation [33]. These domains are essential for the clustering of
neurotransmitter receptors and their downstream effectors. They
can especially contribute to the regulation of ionotropic glutamate
receptors function [34]. In cells expressing mHtt, cholesterol ac-
cumulates in membranes, which correlates with an increase of the
lipid rafts [28]. Neurons expressing mHtt have an increased local-
ization of GIuN1-NMDAR and GIuN2B-NMDAR subunits in lipid
rafts [28]. Thus, NMDA-R enrichment in lipid raft could impact the
excitotoxicity observed in HD. Studies focusing on lowering
cholesterol, either inhibition of synthesis with simvastatin or by
extracting cholesterol from cell membranes using cyclodextrins,
showed a neuroprotective effect against NMDA-induced excito-
toxicity associated to a redistribution of NMDA-R subunits in lipid
rafts [28,35,36].

Finally, we demonstrated that regulating cholesterol ho-
meostasis by overexpressing CYP46A1 has protective effect
against mHtt induced toxicity in vitro and in vivo in HD models
[25]. Giving the increasing evidence that cholesterol levels
might influence NMDAR-mediated excitotoxicity, we focused on
the role of CYP46A1 overexpression on the increased sus-
ceptibility to NMDA-induced excitotoxicity in HD neuronal

models by analyzing cholesterol and GLUN2B content on lipid
raft extracts.

2. Material and methods
2.1. Mice

YAC128 mice expressed a yeast artificial chromosome (YAC)
sequence originally created to contain a modified version of the
full-length human huntingtin gene (HTT) in exon 1 bearing 128
glutamines repetition (composed primarily of CAG codons but also
containing 9 interspersed CAA codons). YAC128 mice were ob-
tained from Jackson Laboratories. These mice were bred with FVB/
NJ mice to generate male and female YAC128 and WT littermates.
To determine mice genotype, extraction of genomic DNA was per-
formed using the KAPA Mouse Genotyping Kit (Cliniscience,
KK7302). A PCR was performed to confirm mice genotype using the
following primers: Forward GGCTGAGGAAGCTGAGGAG and
Reverse CGCCTCAGGTTCTGCTTITA. The mice were housed in
groups with a 12-h light/dark cycle and provided with food and
water ad libitum. Animal care was conducted in accordance with
standard ethical guidelines (U.S. National Institutes of Health
publication no. 85-23, revised 1985, and European Committee
Guidelines on the Care and Use of Laboratory Animals) and the local
ethics committee approved the experiments (#01435.02 project).

2.2. Cell culture, infection and treatments

Primary striatal neurons were dissected from day 14.5 embryos
from pregnant Swiss OF1 mice (Charles River Laboratory, France) as
previously described [37]. Primary cortical neurons cultures were
performed by dissecting PO YAC128 new born mice. PO cells were
treated at DIV1 for 48H with AraC (10 uM, Sigma) to prevent glial
cell proliferation. After 7 days in vitro (DIV) for striatal cell or 3 DIV
for cortical YAC neurons, infections were performed with AAVrh10-
CYP46A1-HA (11012 vg/ml), AAVrh10-GFP (1.10"13 vg/ml),
AAVrh2-Htt-18Q (1.10"13 vg/ml) and AAVrh2-Htt-82Q (1.10°13 vg/
ml). For CYP46A1 and Htt co-infection, the total amount of viral
particles was 1.10°13 vg/ml. All AAVrh10 vectors were produced and
purified by Atlantic Gene therapies, Nantes, France. The viral con-
structs AAVrh10-GFP and AAVrh10-CYP46A1-HA contain the
expression cassette consisting of either the GFP or the human
CYP46A1, driven by a CMV/B-actin hybrid promoter (CAG) sur-
rounded by inverted terminal repeats of AAV2. AAVrh2 expressing
Htt-18Q or mhtt-82Q were kindly provided by Alexis Bemelmans
(MIRCen, France). Theses AAV virus expressed the first 171 amino
acid of the human Htt with 18 or 82 glutamine repetitions under
the Chicken Beta Actin (CBA) promoter. These sequences were
tagged by c-myc in C-terminal part.

2.3. NMDA treatment and cell immunostaining

After 21 DIV for striatal neurons or 10 DIV for cortical YAC128
neurons, cells were incubated with 100 uM NMDA (Sigma) for
10 minat 37°C and 5% CO2 in Neurobasal medium (Invitrogen)
without B27 supplement. Medium was replaced by fresh complete
medium and cells were fixed 6 h after NMDA treatment with PFA-
sucrose 4%. Briefly, cells were incubated 20 min at RT in PFA and
then washed with PBS (Sigma). Neurons were detected with anti-
rabbit MAP2 antibody (1:1000, Millipore), AAVrh10-CYP46A1-HA
infected neurons were detected with anti-rat HA antibody
(1:1000, Roche), while mHtt-82Q or Htt-18Q infected neurons were
detected by anti-mouse 2b4 antibody (1:1000, Millipore) and with
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appropriate anti-rabbit (CY5), anti-mouse (Alexa 488), or anti-rat
(CY3) fluorophore-conjugated secondary antibodies (1:500, Invi-
trogen). Nuclei were stained by Dapi solution. Cell death was
measured by quantification of pyknotic nuclei using Image] soft-
ware. Infection rate was assessed by quantifying Htt positive cells in
MAP2 positive cells population: (Number of Htt positive cell/
number of MAP2 positive cell) x100.

2.4. RNA extraction and LightCycler real time polymerase chain
reaction

After 21 DIV (15 DIV post infection), cells were treated with
NMDA 100 uM for 10 min. Six hours after treatment, cells were
lysed in Trizol (Qiagen) following the manufacturer's instructions.
Samples were stored at —80 °C until RNA extraction. RNA isolation
was performed with miRNeasy Mini kit (Qiagen) according to the
manufacturer's instructions. RNA concentrations were measured
using a NanoDrop 2000 (ThermoScientific). Reverse transcription
was performed with RevertAid First Strand cDNA synthesis kit
(ThermoScientific). Quantitative real-time PCR reactions were
performed using LightCycler480 SYBR-Green I Master according to
manufacturer's protocol and run on LightCycler480 (Roche Di-
agnostics). The cycle threshold values were calculated automati-
cally with the LightCycler480 SW 1.5 software with default
parameters. The sequence of the primers used are the following:
NeuN (Forward: ttgcttccaggtcgtgtat and Reverse: tggttccgatgetg-
taggtt), DARPP32 (Forward: cacccaagtcgaagagacc and Reverse:
tcctectcatcatectectg), GluN2B (Forward: cctgtgtgagaggaatctcgg and
Reverse: gctggatgccgggatagaa). Expression of hypoxanthine gua-
nine phosphoribosyltransferase 1 (Hprt1) transcripts was used to
normalize the amounts of cDNA, all groups were then normalized
to the wild type group.

2.5. Rafts preparation

Rafts preparations were performed as described in Escartin et al.
(2006) [38]. Briefly, lipid rafts purification is based on properties of
resistance to nonionic detergent at low temperature and their
floatability in low density fractions during gradient centrifugation.
After 21 DIV (15 DIV post infection), striatal neurons were scraped
on ice in MES (25 mM), NaCl (150 mM) buffer (Sigma) supple-
mented by protease inhibitors (Compete Mini, Roche). Six-well
plates were pooled for each condition. Rafts were purified by
30 min incubation in 1% Brij-58 (Sigma) at 4°C and fractionated
through a discontinuous sucrose gradient following the protocol of
Butchbach et al. [39]. From the top of the gradient, 10 fractions
(400 pl) and the pellet were collected.

2.5.1. Cholesterol assay

Cholesterol content was measured in all fractions with Amplex
Red Cholesterol assay kit (Invitrogen) following the manufacturer's
instructions. By omitting cholesterol esterase, cholesterol levels,
and not cholesteryl ester, were assessed.

2.5.2. Western blotting

An equal volume of each fraction (16 pul) was diluted in loading
buffer (Biorad) and processed for immunoblotting. Samples from
each fraction were loaded on polyacrylamide gel (4—12%, Biorad).
Primary mouse monoclonal anti-GIuN2B antibody (1:1000) (Mil-
lipore), and mouse monoclonal anti-flotilline 1 1:1000 antibody
(BD Transduction Laboratories) were revealed with appropriate
anti-mouse peroxidase-conjugated secondary antibodies (Invi-
trogen) and the ECL chemiluminescent reaction (Pierce).

2.5.3. Western blot quantification

Films were scanned, and optical density (OD) was measured
using Image ] software. Specific ODs in lipid rafts (fractions 3, 4 and
5) were normalized to flotillin 1 levels.

2.6. Gas chromatography - mass spectrometry

Cholesterol and 24(S)-hydroxycholesterol levels were deter-
mined from 3 million cultured cells by Gas Chromatography—Mass
Spectrometry (GC—MS) using deuterium-labeled internal stan-
dards as described previously [25]. In Brief, the sterol fraction was
silylated with Regisil® + 10% TMCS [bis(trimethylsilyl) trifluoro-
acetamide + 10% trimethylchlorosilane] (Regis technologies). The
trimethylsilylether derivatives were then separated by gas chro-
matography (Hewlett-Packard 6890 series) in a medium polarity
capillary column RTX-65 (65% diphenyl 35% dimethyl polysiloxane,
length 30 m, diameter 0.32 mm, film thickness 0.25 pum; Restesk).
The mass spectrometer (Agilent 5975 inert XL (Agilent Technolo-
gies, Palo Alto, CA)) was coupled to gas chromatography for
detection of positive ions. lons were produced in the electron
impact mode at 70 eV. They were identified by the fragmentogram
in the scanning mode and quantified by selective monitoring of the
specific ions after normalization and calibration with the appro-
priate internal and external standards. Quantification of oxysterols
was obtained with the isotope dilution method.

2.7. Statistics

Statistical analyses were performed with GraphPad Prism 5. All
data are represented as mean + SEM. Infection rate and aggregates
percentage were analyzed by Two-way ANOVA followed by Bon-
ferroni post hoc correction. For survival studies, results were
analyzed by two-way ANOVA followed by Bonferroni post hoc
correction. Cholesterol levels across fractions were analyzed by
two-way ANOVA followed by Bonferroni post hoc correction. For
GIuN2B localization by immunoblotting, t-test was performed for
each fraction. When only 2 groups were compared, student t-test
were performed.

3. Results

3.1. Characterization of in vitro cellular model of Huntington's
disease

Huntington's Disease (HD) is a complex pathology, which in-
volves numerous cellular dysfunctions leading to striatal neurons
death. Among these mechanisms, glutamate mediated-
excitotoxicity and cholesterol dysregulation are of particular in-
terest. In order to study the interplay between these two mecha-
nisms, we developed a new cellular model consisting of primary
striatal neuronal cultures infected with adeno-associated viral
(AAV) constructs. To mimic HD pathology, we infected cells with
either a mutated human version of Huntingtin bearing 82 gluta-
mine repetitions (mHtt-82Q) or a non-toxic form of human Hun-
tingtin bearing 18 glutamine repetitions (Htt-18Q) as a control
(Fig. TA—F). Infection rates were measured from one to 3 weeks
post-infection, and showed a progressive increase followed by
stabilization at around 65% of cells 3 weeks after either Htt-18Q or
mHtt-82Q infection (Fig. 1B). As expected, neurons infected with
Htt-18Q presented a diffuse Htt staining, while mHtt-82Q
expressing neurons mainly showed aggregated Htt (Fig. 1A). The
percentage of neurons bearing mHtt-82Q aggregates increased
with time (Fig. 1D). At any time post-infection, striatal neurons
expressing mHtt-82Q did not show any significant alteration of cell
survival when compared to Htt-18Q-infected neurons, as indicated
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Fig.1. Cellular model of Huntington's disease A. Huntingtin (Htt-18Q) and mutated Htt (mHtt-82Q) were expressed in primary striatal neurons by AAV infection. Cells were infected
at 7 days in vitro (DIV) for 1, 2 or 3 weeks. Immunostaining of neuronal arborization (MAP2 in red) and Htt (in green) were performed 1, 2 or 3 weeks post infection. Infection rate
(B), cell survival (C) and percentage of cells bearing aggregates (D) were quantified at each time point (Htt-18Q 1-week n = 146, 2 weeks n = 172, week 3 n = 191 neurons; mHtt-82Q
1-week n = 109, 2 weeks n = 247, week 3 n = 194 neurons, 4 culture). Neuronal (NeuN) and striatal (Darpp32) markers were measured by RT-qPCR (E and F respectively) 2 weeks
post infection (n=6 per condition, 2 independent cultures). Statistics: B and D 2-way ANOVA followed by Bonferroni post hoc test: ***p < 0.0001. Data are presented as

mean + SEM.

by analyzing the morphology of nuclei from infected neurons after
Hoechst staining (Fig. 1C) or the levels of the neuronal marker NeuN
transcripts (Fig. 1E). Finally, we found that Htt-18Q and mHtt-82Q
had no effect on the level of striatal neuron marker DARPP32
transcripts (Fig. 1F).

3.2. CYP46A1 protects striatal neurons against NMDA-induced
excitotoxicity

We showed in a previous study that the cholesterol 24-
hydroxylase CYP46A1, an enzyme involved in brain cholesterol
homeostasis, was neuroprotective from mHtt-induced neurotox-
icity on HD cell lines and cultured striatal neurons [25]. Injection of
AAV-CYP46A1 in the dorsal striatum of the R6/2 HD transgenic
mouse model also protected from behavioral alterations and
neuronal dysfunctions [25]. As an attempt to elucidate the cellular
mechanisms underlying CYP46A1-mediated neuroprotective ef-
fect, we first studied NMDA-mediated excitotoxicity in mHtt-
expressing neurons in vitro, as compared to normal Htt, in the
presence or not of CYP46A1 (Fig. 2). High concentrations of NMDA
(100 uM) were applied on striatal neurons infected with Htt-18Q or
mHtt-82Q, and infected or not with AAV-rh10-CYP46A1
(Fig. 2A—D). Importantly, when Htt-18Q or mHtt-82Q were co-
infected with CYP46A1, the co-infection rate reached 70%
(Fig. 2B). Hoechst staining was used to detect condensed nuclei and
hence neuronal death. In control condition (no treatment), few
neurons contained condensed nuclei while NMDA treatment
significantly increased the percentage of pyknotic nuclei (20%,
Fig. 2C). In the meantime, MAP2 integrity was reduced by NMDA
treatment reflecting both neuronal toxicity and cell death (Fig. 2D).
Interestingly, CYP46A1 corrected both the number of pyknotic
nuclei and MAP2 integrity following NMDA treatment, suggesting
that CYP46A1 protected neurons against NMDA toxicity (Fig. 2D
and E). We then applied the same protocol on striatal neurons

infected with AAV constructs expressing Htt-18Q or mHtt-82Q with
or without AAV-rh10-CYP46A1. Surprisingly, NMDA toxicity
appeared to be similar in neurons expressing mHtt-82Q as
compared to control or Htt-18Q conditions (Fig. 2D and E). How-
ever, in the presence of CYP46A1, striatal neurons expressing either
Htt-18Q or mHtt-82Q became insensitive to NMDA-induced
toxicity. To confirm this finding, CYP46A1 neuroprotection against
NMDA-induced toxicity was tested in cultured cortical neurons
from the HD YAC128 transgenic mice. As observed in striatal neu-
rons infected with AAV expressing mHtt-82Q, CYP46A1 protected
YAC128 neurons against NMDA-induced toxicity (Fig. 2E—-G).

Altogether, these results suggest that CYP46A1 neuroprotective
properties could be explained, at least partly, by an inhibition of
toxicity mediated by NMDAR.

3.3. Regulation of cholesterol content and GluN2B localization by
mHtt

Both cholesterol dysregulation and excitotoxicity mediated by
NMDARSs, in particular GIuN2B containing NMDARs, were previ-
ously described in HD [28]. Using immunochemistry approach, it
was shown that increase of cholesterol at the plasma membrane
induces a relocalization of GIuN2B in lipid rafts, leading to excito-
toxicity [28].

Here we performed biochemical isolation of lipid rafts to
characterize the effects of mHtt-82Q on both cholesterol content
and GIuN2B localization. We used a technique based on raft
resistance to detergent. Cellular lysates were digested with Brij 58
and loaded on a discontinued 4 mL sucrose gradient. After over-
night ultra-centrifugation, 10 fractions of 400 ul and the pellet
were collected from top to bottom. Upper fractions (1-5) corre-
sponded to detergent insoluble material while fractions 6 to 11
contained soluble material (Fig. 3A). To identify which fraction
contained lipid rafts, we measured cholesterol and flotillin 1 levels
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Fig. 2. CYP46A1 protects neurons against NMDA-induced excitotoxicity A. Striatal neurons were infected at DIV7 with Htt-18Q or mHtt-82Q + CYP46A1-HA. High dose of NMDA
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mean + SEM.

in each isolated fraction. In agreement with the literature [39], we
found that fractions 3, 4 and 5 had the highest cholesterol con-
centrations and contained flotillin 1 (Fig. 3A). We then measured
cholesterol content in fractions from striatal neurons infected with
either Htt-18Q or mHtt-82Q. Striatal neurons expressing mHtt-
82Q accumulated cholesterol in lipid rafts-containing fraction 3
as compared to 18Q expressing neurons (Fig. 3B). Cholesterol
concentrations tended to be higher also in the detergent soluble
fractions (7—9). However, total cholesterol content in cellular ly-
sates measured by GC-MS remained unchanged after mHtt-82Q

expression as compared to Htt-18Q expression (Table 1). Alto-
gether these results suggest that mHtt-82Q specifically increased
cholesterol levels in lipid rafts.

GIuN2B localization was analyzed by western blot after
biochemical lipid rafts isolation. We showed that mHtt-82Q
expression induced a significant increase of GluN2B in lipid raft
fractions 3 and 5 (Fig. 3C—D). Interestingly, this increase of GluN2B
at the protein level was not explained by a regulation at the
transcript level since GIuN2B mRNA levels were not modified in
mHtt-82Q-infected neurons (Fig. 3E). This observation agrees with
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at DIV7. Two weeks post infection (DIV21) cells were collected, and lipid raft were isolated using sucrose gradient fractionation. A. Cholesterol concentrations were assessed in the
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Table 1

CYP46A1 decreases global cholesterol levels in striatal neurons. Embryonic striatal neurons were infected with Htt-18Q, mHtt-82Q, CYP46A1 or Htt-82Q + CYP46A1 at DIV7
(n = 3 per condition). Two weeks post infection (DIV21) cells were collected and GC-MS analysis was performed for cholesterol and 24S-OHC levels. Statistics: ANOVA One way,
followed by Dunnett's post hoc test, *p < 0.05. Data are represented as mean + SEM.

18Q 82Q CYP46A1 82Q + CYP46A1
Cholesterol (ng/ug protein) 54,14 + 8,96 48,92 +2,55 33,74+1,61" 37,25+1,80
24S-0HC/Chol (ng/ug protein) 0,00490 + 0,00030 0,00409 + 0,00048 0,00918 +0,00062" 0,00706 +0,00058

previous study showing that global GluN2B expression was un-
changed in HD while its localization to the membrane was
increased [6]. Furthermore, we confirm, using a biochemical assay
on AAV-infected primary striatal neurons, that mHtt-82Q can
induce a concomitant accumulation of cholesterol and GIuN2B in
lipid rafts.

3.4. Effect of CYP46A1 on cholesterol content and GIuN2B
localization in wild type striatal neurons

We then assessed whether CYP46A1 could influence cholesterol
content in lipid rafts. Neurons were infected with AVVrh10-
CYP46A1-HA and cholesterol levels were measured after fraction-
ation. We found that CYP46A1 significantly decreased (—24%)
cholesterol content in lipid rafts (Fig. 4A). This change was likely
attributable to a global effect on cholesterol metabolism as sug-
gested by results obtained by GC-MS (Table 1). CYP46A1 induced a
37% decrease of intracellular cholesterol in infected cells and a 87%
increase of 24-OHC/cholesterol ratio without any change in flotillin
1 levels (Fig. 4B: compare lower panels in western blots from CTRL
and CYP46A1). Altogether, these results strongly suggest that
CYP46A1 decreased cholesterol concentration in lipid rafts rather
than the amount of lipid rafts.

We thus showed that mHtt-82Q increased cholesterol levels in
lipid raft fractions, CYP46A1 showed opposite effects (reduced
cholesterol levels in lipid raft fractions), and CYP46A1 was pro-
tective against mHtt-82Q induced toxicity. As known, cholesterol
induces a relocalization of NMDAR in lipid rafts and leads to exci-
totoxicity in HD [28]. We thus tested whether the neuroprotective
effect of CYP46A1 in our HD model could be explained by a change
of localization of GluN2B-containing NMDARs from inside to
outside lipid rafts. With regard to GluN2B-containing NMDARs
localization, we found that CYP46A1 expression left their localiza-
tion unchanged (Fig. 4B and C).

3.5. Effect of CYP46A1 on cholesterol content and GluN2B-
containing NMDAR localization in mHtt striatal neurons

We reasoned that despite its lack of effect on GluN2B-containing
NMDARs localization in a wild type context, CYP46A1 could
counteract the effects of mHtt on cholesterol content and GluN2B
localization in lipid rafts. We measured cholesterol and GLUN2B
contents in lipid rafts isolated from neurons co-infected with mHtt-
82Q and CYP46A1 and compared to neurons infected with mHtt-
82Q only (Fig. 5). There was no change either in cholesterol levels
in lipid raft fractions (Fig. 5 A) or in global cholesterol content
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following CYP46A1 expression despite a strong tendency to reduce
cholesterol content in mHtt-82Q + CYP46A1 (Table 1). We
concluded that CYP46A1-mediated decrease of cholesterol in lipid
rafts was not sufficient to counterbalance mHtt-82Q induced
cholesterol increase in lipid rafts. Similarly to the WT context
(Fig. 4B and C), CYP46A1 did not restore GIuN2B distribution in
lipid rafts (Fig. 5B and C).

4. Discussion

It has been shown that in mHtt expressing cells, cholesterol
content is increased especially in highly ordered domains such as
lipid rafts, along with an enrichment of GIuN2B in these domains
[28]. Treatment with inhibitors of cholesterol synthesis is protec-
tive against NMDA induced neuronal death and is associated with a
decrease of NMDAR in lipid raft [31]. We previously showed that
the expression of CYP46A1, the rate limiting enzyme for cholesterol
degradation, is neuroprotective in HD in vivo and in vitro [25].
Considering previous evidence for cholesterol involvement in
excitotoxicity, especially in lipid raft organization, we focused this
study on the potential role of CYP46A1 on cholesterol content and
GIuN2B localization in lipid rafts. We showed that, in striatal cul-
tures, CYP46A1 expression protects against NMDA induced exci-
totoxicity. Moreover, mHtt containing neurons showed an increase
in cholesterol content in lipid raft fractions, along with an accu-
mulation of GIuN2B. These results are consistent with the literature
[28], and bring, using a different approach, evidence to confirm
cholesterol dysregulation and GluN2B-NMDAR mislocalization in
an HD context. In wild type striatal neurons, CYP46A1 induced
cholesterol depletion from the cell and from lipid raft fractions as
previously demonstrated [40], without changing GIluN2B
localization.

In neurons expressing mHtt, CYP46A1 overexpression does not
rescue neither cholesterol content nor GIuN2B localization sug-
gesting that the observed neuroprotective effects of CYP46A1 in
neuronal cultures treated with high doses of NMDA and in animal
models of HD [25] are not mediated by a restoration of cholesterol
and GIuN2B content in lipid rafts. Whether CYP46A1 treatment
could act on NMDA signaling or on other NMDA receptors subunits
(GluN3 for instance) or coupling needs to be investigated. In the
present study, we show that mHtt-82Q and CYP46A1 expression
modified cholesterol content in lipid rafts in opposite directions but
when co-expressed together CYP46A1 could not counteract mHtt-
82Q effect. Whether mHtt-82Q increases cholesterol concentration
without affecting the number of lipid rafts or rather increases the
total number of lipid raft with unchanged cholesterol concentration
remains to be determined. Interestingly, mHtt-82Q interacts with
numerous proteins and lipids and could disturb raft content by
modifying proteins interaction inside lipid raft thereby trapping
cholesterol and making rafts less dynamic [41,42]. In cultured
neurons CYP46A1 decreased lipid raft cholesterol concentration by
a global effect on cholesterol clearance from the cell, without
affecting the expression of cholesterol synthesis enzymes
(Supplementary Fig. 1). Altogether, these results suggest that
CYP46A1 does not act on lipid raft protein composition and inter-
action, therefore failing to restore mHtt-82Q specific alteration of
lipid rafts.

The percentage of infected neurons, which is 65% 3 weeks post-
infection, could be seen as a limiting factor in this study. However, it
should be pointed out that the levels of mHtt and CYP46A1 co-
infection is 78%, which should be enough to counteract the in-
crease of cholesterol observed in the mHtt expressing neurons.
Moreover, despite this infection rate, mHtt effect on cholesterol and
GIuN2B localization in lipid raft was largely detectable by
biochemical technic.

We did not observe the increased sensibility of neurons
expressing mHtt to excitotoxicity described in the literature [6].
However, we used striatal culture without cortical afference. Using
co-cultures of cortical and striatal neurons could be an interesting
option to recreate cortico-striatal synapses and thus favor striatal
neurons sensibility to excitotoxicity [6]. Indeed, studies showed
that the excitotoxicity observed in HD, is likely due to an extra-
synaptic localization of GluN2B containing NMDARs [5,43].

Alternative methods such as fluorescence correlation spectros-
copy could be used to confirm that NMDA receptor subunits
localization in lipid rafts is not corrected by CYP46A1 expression,
either in the control situation or while expressing mHtt-82Q [44].
The use of newly developed probes for assessing specifically cal-
cium signaling in lipid rafts would also be very useful to evaluate
the effect of CYP46A1 on NMDAR activity after excitotoxic
stimulation.

Other pathways could be involved in CYP46A1-mediated neu-
roprotection. NMDAR induced excitotoxicity can induce CYP46A1
expression and triggers cholesterol loss at the membrane, allowing
TrkB (tropomyosine receptor kinase B) activation, which induces
signaling pathway known to promote neuronal survival
[29,45—48]. A recent study also showed that overexpression of
CYP46A1 activates TrkB, which can then interact and activate the
enzyme geranylgeranyltransferase-1 (GGTase-I), promoting den-
dritic outgrowth [49]. Another pathway responsible for the in-
crease of cell survival following CYP46A1 expression may involve
GSk3p, which is highly associated to lipid rafts and is increased in
HD, triggering apoptosis [50]. Interestingly, the metabolite of
cholesterol produced by CYP46A1, 24S hydroxycholesterol (24S-
OHC), is an endogenous ligand for the Liver X receptors (LXR)
[51,52], which can exert neuroprotective effects after brain injury
[53]. Post-translational regulation can also participate to the pro-
tection against excitotoxicity. Indeed, the study of knock-out mice
for CYP46A1 showed a significant difference, compared to wild
type, in the brain phospho-proteome and in the ubiquitination of
protein involved in energy production and cytoskeleton functions
[54].

In this study, we focused on CYP46A1 effects on neuronal cul-
tures. However, it is well known that astrocytes are key elements
for cholesterol metabolism. Indeed, in the adult brain, astrocytes
are the main cells that produce cholesterol, which is then trans-
ported to neurons complexed with ApoE containing lipoproteins
[55]. In HD models, cholesterol synthesis is decreased, along with a
decreased expression of ApoE in astrocytes [56,57]. It would be
interesting to study CYP46A1 effect on co-cultures of neurons and
astrocytes to include the synthesis of cholesterol in astrocytes and
its transport to neurons. Cholesterol degradation by CYP46A1 leads
to the production of 24S-OHC, which could be excreted by neurons
and transported to astrocytes. Since 24S-OHC is a ligand of LXR that
can induce the transcription of ApoE [52,58], it could thus increase
the production of ApoE by astrocyte and the transport of choles-
terol to neurons. Thus, using co-cultures of astrocytes and neurons
could bring broader insights into the role of newly synthesized
cholesterol in the turnover of cholesterol in lipid rafts.

5. Conclusion

Altogether, we showed that CYP46A1 is protective against
NMDAR mediated excitotoxicity, and its expression can regulate
cholesterol content in lipid rafts. However, CYP46A1 cholesterol
regulation could not counteract mHtt alterations in lipid raft con-
tent. The mechanisms underlying CYP46A1 neuroprotection in
mHtt expressing neurons needs to be further studied, by exploring
other pathways involving for example cortico-striatal connections
in an exitotoxic context.
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Abstract

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease caused by abnormal
CAG expansion on huntingtin’s gene. Recently, altered brain cholesterol homeostasis has been
implicated in HD. Particularly, the expression of CYP46A1, the rate-limiting enzyme for cholesterol
degradation in the brain, is decreased in patients’ post-mortem putamen and in the striatum of the
zQ175 Knock-In HD mouse model. We restored CYP46A1 expression into the striatum of zQ175 mice
at a pre-symptomatic stage. Behavioral, neuropathological and molecular tests were performed and
showed an improvement of locomotor activity and histological landmarks. Cholesterol homeostasis
was restored with an increase of cholesterol degradation and cholesterol synthesis. CYP46A1 induced
a new transcriptional signature, with restoration of pathways involved in autophagy, proteasome,
synaptic communication and axonal transport, which are known to be dysfunctional in HD. Thus, we
explored these mechanisms to decipher CYP46A1 role in this restoration. CYP46A1 improved the
synaptic transmission in the striatum of zQ175 mice, with increased spines density and synaptic
connectivity. Aggregate clearance mediated by autophagy and proteasome was increased after
CYP46A1 expression. Finally, BDNF and TrkB transport were enhanced by CY46A1 in HD in vitro models.
Overall, CYP46A1 restoration alleviates the pathological phenotype of zQ175 mice through a global
compensation. To gain further insights into CYP46A1-mediated neuroprotection, a cell sorting strategy
was set up to study the transcriptomic and lipidomic signature in purified neurons and astrocytes from
mouse striatum. This method will lead to a greater understanding of cell-type-specific regulations and
cell-to-cell communication. Altogether, this project gave new insights into the potential application of
CYP46A1 restoration as a therapeutic strategy in HD.

Résumé

La maladie de Huntington (MH) est une maladie génétique autosomique dominante, causée par une
augmentation du nombre de CAG sur le gene de la huntingtin. L’'homéostasie du cholestérol cérébral
est altérée dans la MH. L’expression de CYP46A1, enzyme neuronale catabolisant le cholestérol dans
le cerveau, est diminuée dans le putamen des patients ainsi que dans le striatum de souris modéles de
la MH. Apreés restauration de I'expression de CYP46A1 dans le striatum des souris Knock-In zQ175, les
capacités locomotrices sont améliorées, I'agrégation de la huntingtine mutée est diminuée, |'atrophie
neuronale est limitée et le métabolisme du cholestérol est stimulé. Une nouvelle signature
transcriptionnelle est induite par CYP46Al1, avec une restauration des voies impliquées dans
I'autophagie, le protéasome, la communication synaptique et le transport axonal, connues pour leur
dysfonctionnement dans la MH. Ainsi, nous avons exploré ces mécanismes pour préciser le role de
CYP46A1 dans ces restaurations. CYP46A1 améliore la transmission synaptique dans le striatum des
souris, avec une augmentation de la densité en épines synaptiques et de la connectivité synaptique.
L'élimination des agrégats par autophagie et par le protéasome est augmentée avec CYP46A1. Enfin,
le transport de BDNF et de TrkB est amélioré par CYP46A1 dans un modele in vitro de la MH. Ces
résultats révelent I'effet pléiotrope et bénéfique de la régulation du métabolisme du cholestérol dans
le contexte de la MH. Pour approfondir cette étude, une technique de tri cellulaire a été mise au point,
afin de séparer et purifier les neurones et les astrocytes a partir de striatum de souris, pour étudier les
régulations transcriptomique et lipidomique de ces deux populations cellulaires. Cette étude
permettra d’identifier de nouvelles cibles moléculaires pertinentes impliquées dans la neuroprotection
par CYP46A1 et pouvant présenter un intérét thérapeutique dans la MH.



