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Summary



Project Summary

Neurodevelopmental disorders (NDDs) are complex heterogenous brain disorders caused by
impaired development or maturation of the central nervous system. NDDs affect about 1% of
the population and result from genetic and/or environmental factors. NDDs comprise
intellectual disability (ID), autism spectrum disorder (ASD), attention-deficit/hyperactivity
disorder (ADHD), amongst others (APA, 2013). ASD is the most studied neurodevelopmental
disorder with hundreds of risk genes and several molecular pathways identified as involved in
disease pathology. One relatively unexplored pathway which could be implicated in ASD and
other NDDs is cholesterol metabolism. Indeed, alterations in cholesterol metabolism have been
reported in Fragile X Syndrome (Berry-Kravis, 2015) and Rett’'s Syndrome (Buchovecky, 2013),
two monogenic syndromes where a substantial fraction of individuals meets diagnostic criteria
for ASD. Cholesterol is a major lipid in mammalian membranes and is particularly enriched in
the brain, where it can affect synaptic activity and plasticity (Korinek et al., 2020, Djelti et al.,
2015, Li et al., 2022). However, detecting cholesterol alterations in the brain is technically
difficult and complicated by the localized synthesis and transport of cholesterol across cell

types and sub-cellular compartments.

In this thesis, | report the development of a ratiometric, genetically-encoded probe that can be
applied to monitor cholesterol distribution and levels in a cell-type-specific manner. | validated

this probe for in vivo use by probing cholesterol distribution in NPC1%°

mice, a genetic model
for a lysosomal storage disorder with cholesterol transport deficits that is characterized by
developmental delay and neurodegeneration. | further applied these probes to examining

cholesterol distribution in Ptchd1<°

mice. Patched-domain containing 1 (Pfchd1) is an X-
chromosomal risk gene for both ASD and ID. Alterations in excitatotory / inhibitory (E/I) balance
and behavior have been reported in Ptchd1“° mouse models, but the function of Ptchd1 protein
remains unknown. Due to the presence of a sterol-sensing domain (SSD), we hypothesized
that Ptchd1 could be involved in cholesterol transport or homeostasis similarly to other SSD-
containing proteins. We looked for cholesterol-related phenotypes in Ptchd1-expressing
neuronal populations in a global Ptchd7“® mouse model, previously established and
characterized by our lab (Tora et al., 2017). We did not observe any significant changes in
cholesterol levels and distribution using the cholesterol D4H probe or lipidomic analysis.

1KO

Furthermore, no changes were detected in the peripheral blood of the Ptchd animals. The

lack of cholesterol phenotype in this model seems to indicate that Ptchd1 is not essential for



maintenance of cholesterol homeostasis in mice. | further probed Ptchd1 sub-cellular
localization and identified a novel interacting protein. My data suggests that Ptchd1 is localized
to early endosomes, interacts with the retromer complex, as well as a the neddylation enzyme
Uba3. In sum, this work deepens our understanding of the Ptchd1 protein and the
pathophysiology associated with Pfchd1 mutations, and provides a novel genetically-encoded

probe for examining cholesterol homeostasis in vivo.



1. Introduction



1.1 General Introduction

The mammalian brain is a complex and multi-faceted organ whose development starts
embryonically and expands for years after birth. Normal brain development relies on tightly
regulated gene expression programs as well as environmental cues and experience inputs. As
such, neurodevelopment can be described as the succession of complex, dynamic and
adaptive processes culminating in the establishment of functional neural circuits (Stiles and
Jernigan, 2010). A neuronal circuit can be a cluster of neurons involved in the same functional
output or alternatively a set of inter-connected brain regions that process more complex and
larger amount of information in order to execute higher cognitive functions (Tau and Peterson,
2010). Most neuronal cells are present at birth although maturation and circuit integration occur
mostly during the first years of life (Jonhson, 2001) following genetically-defined molecular
programs as well as external factors. Adaptation to external factors (environmental or systemic)
through neuronal plasticity events is an essential step of circuit maturation which happens
during a specific time-window of neurodevelopment and has therefore been termed “critical
period” (Dehorter and Del Pino, 2020). While much attention has been devoted to the study of
neurons, there is a more recent realization that non-neuronal cells have a major contribution to
brain development. Thus, astrocyte-derived factors have emerged as key signals for neuronal
synapse formation and microglia-mediated engulfment of neuronal structures has been
implicated in synapse pruning (Li and Barres, 2018). Similarly, metabolic processes related to
energy and lipid homeostasis have been implicated in brain cell differentiation and
maintenance (Guttenplan et al., 2021, Knobloch et al., 2017). Due to the highly complex nature
of neurodevelopment, any perturbation of normal developmental processes can induce strong
and long-lasting pathogenic effects. The developmental time-window in which the perturbation
occurs can greatly affect the pathological effects observed. Indeed, both embryonic and post-
natal periods, including the “critical period”, are sensitive to a great number of perturbing
factors: genetic mutations and chromosomal disorders, exposure to toxins, medication or
pathogenic agents, trauma, and others, which can trigger sequences of molecular, biochemical

and/or morphological alterations resulting in abnormal brain function (Suzuki, 2007).

In this thesis, | am focusing on a subset of developmental abnormalities referred to as
neurodevelopmental disorders (NDDs). NDDs are defined as life-long, chronic and
heterogeneous disorders where perturbations of neurodevelopment induce impairments in
cognition, communication, behavior and/or motor skills. Currently, NDDs comprise intellectual
disability (ID), communication disorders, autism spectrum disorder (ASD), attention
deficit/hyperactivity disorder (ADHD), epilepsy amongst others (APA, 2013). Many NDDs are

characterized by overlapping symptoms and genetic risk factors, which complicates diagnosis
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— mainly based on clinical behavioral presentation — and treatment (Mullin et al., 2013).
Therefore, it becomes essential to better define the cellular, molecular, and metabolic
alterations observed in distinct NDDs in order to find effective individualized therapeutic

avenues.

In the past decade, preclinical research has enabled linking gene mutations to specific
molecular pathways and to unravel their effects on neuronal development and function
(Delorme et al., 2013). From these studies, mechanism-based treatments have emerged. In
animal models, such work has shown promise for alleviating symptoms in models of
monogenic forms of ASD (Ebrahimi-Fakhari and Sahin, 2015). These findings highlight the
importance of uncovering the underlying molecular pathways and cellular mechanisms involved

NDDs pathology.

During my PhD, | investigated the relatively unstudied role for the cholesterol homeostasis
pathway in two animal models of NDDs: Ptchd1¥° and NPC1X° mice. In order to introduce the
context of my dissertation project, | will first discuss NDDs and their pathology, focusing
particularly on the most commonly diagnosed ASD. This will be followed by the introduction of
the NDD risk genes of interest in this study: Ptchd? and NPC1. Lastly, | will describe the
specific mechanisms of the cholesterol homeostasis pathway in the brain and its relation to

neurodevelopmental disorders.

1.2 Dissecting neurodevelopmental disorders

In this section, we will describe in details the most common forms of NDDs, as well as the
biological pathways involved in disease pathology. Autism-spectrum disorders (ASD) is the
most studied of NDDs and will provide the framework for comparison with other NDD forms
such as intellectual disability (ID) and attention deficit/hyperactivity disorder (ADHD). We will
discuss the overlapping genetic and biological evidence between these NDDs suggesting that
the developmental abnormalities underlying NDD pathology happen along a
neurodevelopmental continuum (Morris-Rosendahl and Crocq, 2020). In accordance with this

hypothesis, the need for new methods of patient diagnosis and stratification will be discussed.
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1.2.1 Autism-spectrum disorders

Autism Spectrum Disorder (ASD) are a group of heteregenous neurodevelopmental disorders
which currently included autism, pervasive developmental disorder-not otherwise specified
(PDD-NOS) and Asperger’s syndrome (AS). The core symptoms of ASD affect two core
domains: social communication and interaction and repetitive behaviors/restricted interests
(APA, 2013). ASD represents a life-long chronic condition with a high societal burden and costs
with few therapeutic options. The estimated prevalence of ASD has steadily increased over the
last decades reaching approximately 1.5% in developed countries (Baxter et al., 2015) with 4:1
male to female ratio. The increase of reported ASD cases may be due to improved screening,
clinical recognition and diagnosis while the sex ratio may be impacted by alternative symptom
presentation and diagnosis bias in females (Beggiato et al., 2017, Dworzynski et al., 2012).
The complex etiology and clinical presentation of ASD is highlighted by the identification of
many risk factors underlying disease pathology. Mainly, a strong genetic component was found
with high disease heritability and hundreds of risk genes identified (Waye and Cheng, 2018). In
addition to genetic factors, environmental and systemic factors are known to contribute to ASD
pathology (Cheroni et al., 2020). At the biological level, ASD pathology impacts several cellular
pathways including chromatin remodeling, transcription regulation and synaptic function
(Sestan and Slate, 2018). Deepening the understanding of ASD pathology at the cellular and

molecular levels remains essential for the development of effective therapies.

Core and associated symptoms

Diagnosis of ASD is based on the clinical assessment of ASD core behavioral domains
according to the DSM-5 (Diagnostic and Statistical Manual of Mental Disorders) and occurs on
average at 4.5 years of age (Lord and Bishop, 2015). However, onset of ASD symptoms can
be detected within the first 3 years of life. The core symptoms of ASD are impaired social
interactions and communication coupled with restricted interests and/or stereotyped repetitive
behaviors. To meet the diagnosis criteria of ASD, a person must exhibit deficits in all social
domains (social reciprocity, non-verbal communication, interpersonal relationships) as well as
two out of four restricted/repetitive domain impairments (repetitive speech/behavior, insistence
on sameness/routine, restricted interests, sensory abnormalities) (Fig. 1). Patients with only
social interaction/communication deficits are now considered under the social communication
disorder (SCD) outside of ASD spectrum. The core ASD symptoms are usually accompanied
by several neurological and systemic co-morbidities, which can be more disabling on a daily

basis than the core symptoms.
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The most common ASD co-morbidities include intellectual disability - ~40% of cases
(Christensen et al., 2016) - and attention deficit/hyperactivity - ~30-60% of cases - as well as
self-harm/aggression, gastrointestinal problems, immune deficits, anxiety and depression,
epilepsy, sleep disturbances, and a range of comorbid medical conditions (Croen et al., 2015,
Matson and Cervantes, 2014) (Fig. 1). The occurrence of these co-morbidities is higher in ASD
patients than in the general population (Elsabbagh et al., 2012), but it remains unclear whether
the ASD-associated co-morbidities are consequences of the core symptoms or can actually be
their cause. Furthermore, the presence of a unique set of co-morbidities in each ASD individual
makes diagnosis and therapeutic intervention difficult. Patient stratification and individualized
interventions are necessary for effective treatment of ASD symptomatology. The use of
biomarkers could help in patient diagnosis, stratification and targeted interventions. Several
putative biomarkers have been proposed for assessing ASD risk, such as biological markers
(blood and/or urine metabolic and immune profiles) and neuroimaging markers (MRI, DTl and
EEG measurements) (Walsh et al., 2011). The search for pre-symptomatic biomarkers
continues for early diagnosis, which would allow for more opportunities of therapeutic

intervention.

Attention deficits/ Language
Hyperactivity impairments
Cognitive co-morbidities
Impulsivity/ Intellectual
Agitation ASD core symptoms disability
Behavioral co-morbidities Social communication/ Restricted/repetitive

interaction domain behavior domain

- social reciprocity - repetitive speech/behavior
Aggresion/ - non-verbal communication - insistence on sameness/routine Gl tract
Self-harm - interpersonal relationships - restricted interests problems

-sensory abnormalities

3/3 2/4

Anxiety/ . Sleep
Depression Seizure disturbances
disorders

Figure 1: Representation of the core ASD symptoms and associated co-morbidities.
Adapted from Hewitson, 2013.

The core symptoms of ASD are defined as impairments in the social communication/interaction and
restricted/repetitive behaviors domains, highlighted in blue. The most frequently ASD-associated co-
morbidities are reported according to their nature. In red, behavioral symptoms including attention
deficit/hyperactivity, impulsivity, self-harm/aggression and anxiety/depression. In purple, cognitive
symptoms including language impairment and intellectual disability. In orange, systemic medical
symptoms including grastro-intestinal problems, sleep disturbances and seizure disorders.
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Genetic and environmental risk factors

ASD is considered the most heritable of NDDs with strong evidence highlighting the large
contribution of genetic risk factors to ASD etiology. Historically, twin and family studies have
estimated heritability between 50% to 95% in Western countries (Hallmayer et al., 2011, Bai et
al., 2020). In more details, ASD concordance rate between monozygotic twin ranges from 40%
to 90%, while dizygotic twins concordance lowers between 15% and 35% (Ronald and
Hoekstra, 2011). The ASD recurrence risk in individuals with autistic siblings is estimated
between 3% to 18% (Ozonoff et al., 2011). Further highlighting the genetic contribution to ASD
pathology, whole-genome or —exome sequencing studies have identified rare and penetrant
genetic variations, including inherited and germline de novo mutations as well as copy number
variations (CNVs). Syndromic monogenic forms of ASD such as Rett and Fragile X syndromes
were also described (Amir et al., 1999, Verkerk et al. 1991), where a highly penetrant mutation
in a single gene is underlying ASD phenotypes. However, only a small fraction of the ASD
population displays inherited and rare de novo mutations or CNVs, although hundreds of ASD
risk genes have been identified (SFARI database). It is now believed that genetic risk variants
in ASD individuals converge on common genetic pathways where the cumulative effect of
multiple common genetic variants (termed polygenic risk) is an important genetic contributor of
non-syndromic ASD pathology (de la Torre-Ubieta et al., 2016, Gaugler et al., 2014). Single
nucleotide polymorphism (SNP) is a base pair variation commonly found in over 1% of the
population in a defined genetic region. The presence of several common SNPs, or polygenic
variation, is considered an additive genetic risk contributing up to 50% of ASD cases (Gaugler
et al., 2014).

The remaining incidence of ASD cases can be attributed to epigenetic and environmental risk
factors. As mentioned previously, neurodevelopment is highly sensitive to external factors at
the embryonic stages as well as during the first years of life, particularly during “critical period”
of experience-driven neuronal plasticity. Amounting evidence has now identified many
environmental factors conferring high ASD risk, most of which are most deleterious when
exposure occurs embryonically (Lyall et al., 2017). Fetal exposure to chemicals (endocrine
disruptors, heavy metal) and teratogenic medications (anti-depressants, anti-asthmatic and
anti-epileptic drugs) during pregnancy is described as a major external risk factor for ASD
(Newschaffer et al., 2007). Similarly, maternal hospitalization with infection during pregnancy is
associated with increased ASD risk due to maternal immune activation (Lee et al., 2015).
Indeed, immune-mediated conditions and autoimmune reactions can potentially influence
embryonic neurodevelopment (Zerbo et al., 2016). Other parental factors may influence the

risk for ASD in offsprings such as parental age, inter-pregnancy interval, maternal life-style and
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diet (Lyall et al., 2017). It is currently believed that environmental factors can lead to epigenetic
changes in the parental genomes, which can be transferred across generations (Franklin et al.,
2010). In particular, alterations in DNA methylation rates are thought to play a role in ASD
pathology (Joubert et al., 2016, Ladd-Acosta and Fallin, 2016).

Taken together, it is clear that ASD etiology is very complex with genetic, epigenetic and
environmental risk factors. Furthermore, the burden of ASD can be additive with the
combination of different type of risk factors in one individual. It is therefore necessary to know
the root of ASD pathology in each patient but even more critical to understand the underlying
biological alterations causing the ASD phenotypes in order to find efficient therapeutic

interventions.

Molecular pathways and potential therapeutic targets

Altered brain connectivity is a hallmark of ASD neuropathology with many studies reporting
long-range underconnectivity in cortical and subcortical regions accompanied by compensatory
short-range overconnectivity (Anderson et al, 2011, Keown et al., 2013). Abnormal
connectivity can be due to structural changes such as altered neuronal morphology and
aberrant synapse density observed in ASD individuals and animal models (Bourgeron, 2015).
However, alterations may also arise from functional rather than structural deficits. Thus, an
imbalance of neuronal excitatory and inhibitory function (E/I balance) has been proposed as
autism-relevant alteration in neuronal circuits (Nelson and Valakh, 2015). Modifications of the
E/l balance occur when the plasticity events of the “critical period” are decreased. ASD was
proposed to not only the results embryonic insults altering neurodevelopment in utero but also
results from an abolition or impairment of the “critical period” plasticity (LeBlanc and Fagiolini,
2011). Dysfunction of somatosensory, visual and auditory information processing due to E/I
imbalance may drive the alterations in social interactions and communication in ASD patients
(Toro et al., 2010).

The biological pathways implicated in E/I imbalance, abnormal connectivity and altered
neuronal morphology observed in ASD are involved in regulation of neuronal and/or synaptic
homeostasis through various physiological processes such as chromatin remodeling,
metabolism, translation and synaptic function. Indeed many ASD risk genes are directly
involved in synaptic function at the pre- and post-synapse: synaptic receptors (NMDA, mGIuRs,
GABA), scaffolding proteins (SHANKs, Gephyrin) and synaptic adhesion molecules (Neurexins
and Neuroligins) (Toro et al., 2010). Other genes regulate synaptic activity by altering neuronal
translation and/or transcription, such as the Fmr1 gene in Fragile X syndrome, Pten gene and
14



Mecp2 gene in Rett syndrome (Kelleher and Bear, 2008). The Figure 2 recapitulates the
pathways associated with ASD in neurons at both glutamatergic and GABAergic synapses
(from Delorme et al., 2013). From the findings in animal models and human patients with ASD
syndromic forms, therapeutic strategies have been developed to mitigate the synaptic defects
and behavioral ASD phenotypes such as rapamycin (PI3K-mTOR repressor), MPEP or CTEP
(mGIuR antagonists), clonazepam or arbaclofen (positive allosteric modulator of GABAA and
GABAg receptors, respectively) amongst others (recapitulated in Fig. 2 from Delorme et al.,
2013). Some of these treatments show promise in pre-clinical and clinical studies indicating
that symptom alleviation can be achieved outside of the “critical period”. Choice of drug
treatment for positive therapeutic impact likely depends on the etiology and genetic mutation
identified, symptom severity and the presence of co-morbidities. Therefore, each ASD case is
unique and therapy must be tailored to fit the observed ASD phenotypes.
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Figure 2: Schematic representation of pre- and post-synaptic proteins involved in
ASD pathophysiology.
From Delorme et al., 2013.

Proteins reported to be associated with ASD are in orange. Factors involved in the pathways where
ASD-associated proteins are involved are in blue. Pharmacological treatments used to alleviate core
symptoms of ASD in animal models and patients are displayed with a star.
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1.2.2 Overlap between NDD forms

Due to the complex etiology and heterogeneity in NDD pathology, the actual diagnostic
concept characterize each NDD as a distinct disease entity, such as ASD, ID and ADHD.
However, the high overlap in NDD pathophysiology and associated co-morbidities tends to
demonstrate the need for a more continuous disease spectrum for all NDDs (Thapar et al.,
2017). The concept of neurodevelopmental continuum has been proposed, in which all NDDs,
including bipolar disorders and schizophrenia, represent the diverse range of outcomes
resulting from disrupted or altered brain development (Owen and Donovan, 2017, Morris-
Rosendahl and Crocq, 2020, Fig. 3A). As mentioned above for ASD patients, each NDD case
may be different from its etiology to the implicated cellular and molecular pathways in disease
pathology, thus it can be argued that each case falls somewhere within the neuronal
developmental continuum depending on their phenotypic profile and degree of overlap in
associated NDD co-morbidities. Patient stratification and grouping would therefore rely on
pathway- or proteome-based classification along the continuum and across current diagnostic
boundaries, which some studies have already suggested as a valuable alternative stratification
concept (Mullin et al., 2013, Ismail and Shapiro, 2019). Indeed, patient stratification is essential
to identify NDD population subsets that may respond and benefit from specific mechanism-

based treatments.

Taking ASD has a framework for this continuum concept, studies have demonstrated the high
co-morbidity rate of ASD with other NDDs, such as ID, ADHD, epilepsy and anxiety amongst
others (Fig. 3B), and vice-versa other NDDs can display high rate of ASD or ASD-like features
(Lai et al.,, 2014, Rosen et al.,, 2018). All NDDs also share the distinct male-to-female
diagnostic bias (DSM-5, APA, 2013). From recent studies, ASD, ID and ADHD have been
shown to share specific generic risk alleles with each other, and with other NDD such as
schizophrenia (Owen et al., 2011, Sing et al., 2017). Moreover, evidence revealed overlapping
risk factors, both genetic and environmental, and implicated cellular pathways in NDD
pathology (Mullin et al., 2013). The concept of neurodevelopmental continuum is based on a
neurodevelopmental gradient hypothesis where disorders are graded according to the severity
of the observed impairments. Grading would be dependent on pathological contributing
features such as age of onset, degree of cognitive alterations and persistence of functional
impairments (Owen and Donovan, 2017). In concordance with this hypothesis, burden of CNVs
was shown to be positively correlated with NDD severity, e.g. greater in ID than ASD, and
greater in ASD with ID than without (Girirajan et al., 2011). Similarly, burden of large and rare
CNVs implicated in NDDs is higher in patients with global developmental delay, ASD or
congenital malformations than in schizophrenia (Kirov et al., 2014). Moreover, increased rates
16



of de novo variants were found in most NDDs and when comparing the relative de novo
variants enrichment across NDDs, the rates decreased in frequency when placed again the
gradient described in Figure 3A, from ID to ASD to schizophrenia in accordance with the
neurodevelopmental continuum and gradient hypothesis (Morris-Rosendahl and Crocq, 2020).
At the gene and pathway levels, it appears that NDDs share implicated genetic and functional
causes. Indeed, genes affected by loss-of-function de novo mutations were enriched in
patients diagnosed with ID, ASD and schizophrenia (Fromer et al., 2014, lossifov et al., 2014).
These genes preferentially encode functionally related biological processes, including synaptic
plasticity and chromatin remodeling. These findings suggests that the neurodevelopmental

continuum concept has value for the redefinition of NDD classification and diagnosis.

- Neurodevelopmental Disorders in DSM-5 =
Intellectual Autism Schizophrenia
disabilities = SPectrum ADHD P
Disorder
Hypothetical genetic neurcdevelopmental continuum

ADHD

Figure 3: Neurodevelopmental continuum hypothesis and ASD-associated NDD co-
morbidity rates.

(A) lllustration of the neurodevelopmental continuum and gradient hypothesis for the classification of
NDD, adapted from Morris-Rosendahl and Crocq, 2020. (B) Rate of ASD-associated NDD co-
morbidities. ID: intellectual disability, ADHD: attention deficit’/hyperactivity disorder (Pastore et al., 2022,
Morris-Rosendahl and Crocq, 2020).

The technological advances in genomic studies has enabled the identification of hundreds of
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NDD genetic risk factors. The individual study of monogenic NDD forms has provided
invaluable insights on the cellular pathophysiological underlying neurological alterations, and
remains a rational and instrumental approach for the identification of new therapeutic targets
and the development of mechanism-based treatments. However, despite their high heritability,
NDDs are more often multi-factorial in their etiology. Therefore, flexible patient stratification and
grouping strategies are needed for efficient and individualized treatments. The
neurodevelopmental continuum and underlying gradient hypothesis, along with genetic and
pathway-based characterization, may provide a new diagnostic approach and stratification
method, allowing fruitful therapeutic interventions in across current diagnostic boundaries
(Mullin et al., 2013, Morris-Rosendahl and Crocq, 2020).

1.3 Ptchd1, NPC1 and sterol-sensing domain proteins

One relatively unexplored biological pathway that may participate in NDD pathology is lipid
metabolism. Particularly, cholesterol homeostasis plays an important role in neuronal
development and function. Cholesterol alterations have been linked to several NDDs such as
Smith-Lemli-Opitz syndrome, Niemann-Pick disease type C and Fragile X syndrome. Before
introducing the mechanisms of brain cholesterol homeostasis and its relation to neurological
diseases, we will discuss the monogenic mouse models used in this work to assess the role of
cholesterol homeostasis in NDD pathology. In this project, we focused on two NDD risk genes,
which encode proteins containing a sterol-sensing domain (SSD) and therefore may relate to
cholesterol homeostasis: Ptchd1 and NPC1.

1.3.1 Ptchd1 — a neurodevelopmental risk gene

The X-chromosomal Ptchd1 gene encodes a putative 12-pass transmembrane protein from the
Patched-related protein family (Fig. 4). Within its sequence, Ptchd1 protein contains a sterol-
sensing domain (SSD) and SSD-like regions similarly to Patched-1 (Ptch1), Dispatched-1
(Disp1) and NPC intracellular cholesterol transporter 1 (NPC1). As both Ptch1 and NPC1
display a cholesterol transporter activity, we hypothesized that Ptchd1 may have a similar
biological function. In this section, | will discuss how the Ptchd1 gene was first identified as a
NDD risk gene, the phenotypes associated with Pfchd? pathology and finally the proposed
biological function of Ptchd1.

18



Ptchd1, an ASD/ID risk gene and its associated phenotypes

Ptchd1 was first reported as an ASD risk gene by the identification of a 167Kb deletion in the
Xp22.11 genomic region, which encompasses the first exon of Ptchd1 (resulting in a null allele)
and exons of the Ptchd1 antisense non-coding RNA (Ptchd1-AS) (Marshall et al., 2008). Given
the X-linked inheritance patterns, the microdeletion was transmitted from an unaffected mother
to male ASD proband. Several studies confirmed this initial finding and identified other CNVs
(44 inherited and 2 de novo deletions) in the Ptchd1 and Ptchd1-AS genomic regions in ASD
and ID individuals (Pinto et al., 2010, Noor et al., 2010, Whibley et al., 2010). To date,
approximately 70 rare genomic variants were identified (www.PTCHD1-base.com), including
microdeletions and single-nucleotide variants (SNVs). The identified SNVs in the Ptchd1
coding region consisted of 18 inherited missense variants, 4 truncating variants (including 1 de
novo variant) and 1 inherited non-sense mutation (Chaudhry et al., 2015, Firth et al., 2009,
Noor et al., 2010, Halewa et al., 2021, Karaca et al., 2015, Rochtus et al., 2020, Torrico et al.,
2015). In total, both CNVs and SNVs variants have been reported in 69 unrelated probands (67
males) with NDDs. These deleterious variants were almost exclusively transmitted from the
maternal side to males diagnosed with ASD, ID and other developmental delays (Pastore et al.,
2022). It has been proposed that disruption of the Pfchd1-AS region is more causally related to
ASD, while Ptchd1 region disruptions relate more to ID phenotypes (Ross et al., 2020).
However, SNVs in the Ptchd1 coding region, without any variants in Ptchd1-AS region, have
been identified in ASD individuals. Thus, it is reasonable to conclude that Ptchd1 and Ptchd1-
AS are both individual, penetrant and heritable risk genes for ASD and ID, and can therefore

be referred to as NDD risk genes.

A cohort of 23 individuals with loss-of-function SNVs or CNVs disrupting the Ptchd1 gene was
assessed by Chaudhry et al. to define the clinical presentation of individuals with Ptchd1
mutations and understand the underlying genotype-phenotype relationship. From this relatively
small cohort, most cases did not present growth abnormalities with only 9% displaying early
growth retardation. Minor facial dysmorphic features (open-mouth posture and secondary
orofacial hypotonia) were reported in 48% of cases. Relative or absolute macro- and
microcephaly was observed in 18% and 13% of cases respectively. At the cognitive level, 78%
of subjects show a global developmental delay in early childhood. Furthermore, formal
diagnosis of ID was made for 39% of patients while 35% received an ASD diagnosis and 9%
have ASD-like features but no formal diagnosis. Behavioral co-morbidities such as mood
disorders and aggression were reported in 18% of cases. Medical co-morbidities were also
observed such as hypo- and hypertonia (26% and 9% respectively), balance and gait

abnormalities (22%) and vision problems (35%). Taken together, it is clear that Ptchd1
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mutations in human patients are linked to NDD diagnosis and pathology. Several Ptchd1%°
mouse models have been created in order to uncover cellular phenotypes and the underlying

mechanisms involved in Pfchd1 physiopathology.

Ptchd1 KO mouse models and their phenotypes

The association between Ptchd1 mutations and abnormal neurodevelopment is evident from
the genetic studies and clinical assessment of patients. However, the pathological mechanisms
remain poorly understood. Several Ptchd1%° (Ptchd1”) mouse models have been used to
assess the effects of Ptchd1 at the behavioral and cellular levels. Due to the variation in
observed CNVs and SNVs in the Pfchd1 gene, many different KO models have been
generated with exon-specific deletions: Aex1/y (Murakami et al., 2019), Aex2/y (Tora et al.,
2017), Aex3/y (Ko et al., 2019). Most groups achieved Ptchd14° by targeting the exon 2 for
conditional deletion (Ptchd14¢*?¥), which results in a transcript with a premature truncation
before the final nine transmembrane domains. Notably, Ptchd1 transcript levels are not altered
in Ptchd1%*?Y mice, potentially due to shorter transcript expression, while protein expression is
abolished (Tora et al., 2017). In male Ptchd1“° mice, generated by any of the exon-specific
deletions, many behavioral phenotypes reminiscent of the clinical presentation of ASD and
ADHD were reported. The phenotypes described below are mainly described in Ptchd 14"

and Ptchd14¢?Y mice.

Ptchd1%° mice display hyperactivity in the open-field test (OFT) (Tora et al., 2017, Murakami et
al., 2019, Ko et al., 2019), global elevated locomotor activity (Wells et al., 2016, Ung et al.,
2018) as well as reduced habituation to novel environments (Murakami et al., 2019). Increase
in impulsivity was also observed in a cliff avoidance test (CAT) (Murakami et al., 2019). These

1%° mice with

phenotypes are ADHD-like behaviors and interestingly, treatment of Ptchd
Atomoxetine (an norepinephrine reuptake inhibitor used to treat ADHD patients) was shown to
alleviate both hyperactivity and impulsivity phenotypes in the OFT and CAT (Murakami et al.,

2019). Motor dysfunctions were reported in Ptchd1<°

mice including altered gait, hypotonia and
impaired motor coordination (Wells et al., 2016, Ung et al., 2018). Ptchd1%° mice also exhibit
sleep disturbances and heightened aggression, but no defects in sensorimotor gating functions
were observed in the prepulse inhibition test of acoustic startle response (Wells et al., 2016).
Mild stereotypic behaviors were also reported in Ptchd14° mice such as increased jumping and

rearing in the home-cage and OFT settings (Tora et al., 2017, Ung et al., 2018).

At the cognitive level, Ptchd14° mice display impairments in learning and memory. Diminished

short-term working memory was observed in the Y-maze test (Ung et al., 2018, Murakami et
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al., 2019) while reduced recognition memory was reported in the novel-object recognition test
(Tora et al., 2017, Ung et al., 2018, Murakami et al., 2019). In a conditional knock-down of
Ptchd1 in the anterodorsal thalamus, alteration in long-term memory was also reported in a
contextual fear conditioning paradigm (Roy et al., 2021). Other learning impairments were
observed in Ptchd1%° mice including diminished latency to cross in the inhibitory avoidance
task and decreased freezing in contextual and cued conditioning paradigms (Wells et al., 2016,
Ung et al., 2018). The learning impairments may partially result from deficits in sensory filtering.
Indeed, Ptchd1%°® mice display cognitive impairments in the presence of visual distractor
indicating sensory-related attention deficits (Wells et al., 2016). Similarly, Ptchd14° mice show
decreased discrimination abilities of auditory stimuli when background noise levels are high,
with or without preceding visual cues (Nakajima et al., 2019). A conditional KO of Pfchd1 in the
somatostatin interneurons of the thalamic reticular nucleus (TRN) recapitulated the
hyperactivity, attention deficits and sleep disturbances phenotypes suggesting that Ptchd1
expression in the TRN somatostatin interneurons is essential for these specific functions (Wells
et al., 2016).

Metabolic alterations were also found in Ptchd14° mice, specifically in the kynurenine pathway
(Murakami et al., 2019). The kynurenine pathway metabolizes tryptophan to produce the
nicotinamide adenine dinucleotide (NAD) co-enzyme, which is involved in redox reactions of
metabolism and energy production. Several metabolites are dysregulated in the serum and
frontal cortex of Ptchd1¥° mice. Again, administration of Atomoxetine (ADHD treatment) to
Ptchd1%° ameliorated both serum and frontal cortex concentrations of the altered kynurerine
metabolites suggesting a link between kynurenine pathway, tryptophan metabolism and ADHD-

like phenotypes.

Surprisingly, no deficits in social interactions were found in Ptchd14° mice although Ptchd1 has
been linked to ASD in several genetic studies. However, a possible explanation to this lack of
social abnormalities was given by Ko et al. in a preliminary study. Although exon 1 or exon 2
deletion result in Ptchd1 protein loss-of-function, the transcripts levels remain unaltered due to
the expression of the shorter alternatively-spliced isoform to compensate for the loss of the full-
length functional isoform. Despite the fact that protein expression from the short transcript has
yet to be established, the remaining transcript and potential protein expression could be
masking further phenotypes. Indeed, when using a exon-3 truncating mutation which
completely abolishes Ptchd1 transcript expression (both full-length and short), Ptchd 14¢**¥ mice
exhibit learning and memory impairments in contextual fear conditioning, similar to other
learning impairments observed in Ptchd12®" and Ptchd14®?¥ mice, but also showed social

abnormalities. The following social deficits were reported: reduced male-female interaction in
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the three chamber social assay, reduced ultrasonic vocalization during social interaction and

decreased sniffing time in the social odor cue reactivity test (Ko et al., 2019).

Taken together, all Ptchd1° mouse models recapitulate several ASD and ADHD behaviors

1%© mice can also be linked to ID

seen in patients. The cognitive impairments observed in Ptchd
phenotypes. Investigations into the biological function of the Ptchd1 protein are therefore
essential to better understand the underlying pathways leading to NDD pathology and the

discovery of potential therapeutic targets.

Biological function of Ptchd1 protein

The first step to characterize the role of the Ptchd1 gene and protein is to assess its expression
pattern. Studies have shown that Ptchd1 is a lowly expressed transcript in the brain and other
peripheral organs in both human and mice (Noor et al., 2010). In the brain, Ptchd1 expression
levels vary across development. At birth, Ptchd1 expression is mostly restricted to the thalamic
reticular nucleus (TRN) but expression decreases in this region throughout adolescence and
adulthood. At later developmental stages, Ptchd1 transcript can be detected in several brain
regions including cortex, striatum and thalamus but is highest in the cerebellum and dentate
gyrus of the hippocampus, specifically in granule cells (Tora et al., 2017, Wells et al., 2016,
Roy et al.,, 2021). In vitro evidence suggests that Ptchd1 transcript expression may be
regulated by neuronal activity. Indeed, Ptchd1 mRNA expression was increased three-fold
following neuronal depolarization by potassium chloride for 6h in primary mouse cortical
neurons (Kim et al., 2010). Similarly, a two-fold increase in Ptchd1 mRNA expression was
reported after depolarization in human induced pluripotent stem cell (iPSC)-derived cortical
neurons (Ross et al., 2020). This transcriptional regulation of Ptchd1 by neuronal activity seem
to indicate a potential neuronal function of Ptchd1, which may relate to long-term potentiation

at the post-synaptic site.

At the protein level, Ptchd1 is a predicted 12-pass transmembrane protein with SSD and SSD-
like (SSDL) regions and a carboxyterminal PDZ-binding motif (ITTV), with high sequence
similarity to the Patched receptor (Ptch1) and NPC intracellular cholesterol transporter (NPC1)
(Fig. 4). Studies have investigated the subcellular localization of Ptchd1 with debatable results.
Due to its low expression levels, no commercial antibodies are able to detect Ptchd1 in
immunohistochemical applications. Therefore, visualization of Ptchd1 has relied on the fusion
of Ptchd1 to green fluorescent protein reporter (GFP) at either its N- or C-terminus and
expressing it in cell lines or primary neuronal cultures. Ptchd1-GFP fusion protein was localized

at the plasma membrane of various cell lines in vitro (Noor et al., 2010), and at the membrane
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of dentritic spines in transiently expressing primary hippocampal cultures co-localizing with the
post-synaptic density protein Psd95 (Ung et al., 2018). However, GFP-Ptchd1 did not exhibit
the same membrane and spine localization but was found ubiquitously distributed across the
cell cytoplasm. The variation in localization was attributed to impaired N-terminus processing
by the authors, as Ptchd1 has 10 predicted site for N-linked glycosylation. It is important to note
that those results need to be confirmed in vivo, preferentially with a smaller fluorescent reporter
or tag, before the statement that Ptchd1 protein is located at post-synapses can be reliably
made. However, through its PDZ-binding motif, interaction between Ptchd1 and Psd95 was
demonstrated in vitro (Tora et al., 2017, Ung et al., 2018), which could also point to a post-
synaptic localization of Ptchd1. Other potential interactors of Ptchd1 at the carboxyterminal
segment include components of the retromer complex such as Vps35, Vps26b and Snx27
(Tora et al., 2017) (Fig. 4), which suggests a potential recycling of Ptchd1 from endosomes

back to the plasma membrane.
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Figure 4: Ptchd1 protein structure and potential interactors.

Hypothetical structure topology of Ptchd1. The two predicted sterol-sensing domain (SSD) and sterol-
sensing domain-like (SSDL) regions are highlighted in orange, transmembrane domains in blue
(numbered from 1-12), and the PDZ binding-motif (PDZbm) in black. Potential carboxyterminal
interactors reported by Tora et al. (2017) are represented at their putative binding sites. PDZbm-
dependent binding proteins include the post-synaptic density protein 5 (Psd95) and sorting nexin-27
(Snx27), while the vacuolar protein sorting-associated protein 35 and 26 (Vps35 and Vps26) can bind
along the carboxyterminal segment as well.
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Due to its sequence similarity to Ptch1 (21.62% identity, Clustal Omega multiple sequence
alignment), Ptchd1 has been hypothesized to be involved in the Hedgehog (Hh) signaling
pathway like Ptch1. Ptch1 is a transmembrane receptor that acts as a repressor of the G-
protein coupled receptor Smoothened (Smo) inhibiting downstream effectors of the Hh
signaling pathway. Repression of Smo by Ptch1 is mediate indirectly by the cholesterol
transporter activity of Ptch1, which maintains a local low cholesterol concentration around Smo
restricting into a negative protein conformation. Binding of Hh ligand to Ptch1 triggers
endocytosis of Ptch1, which enables cholesterol membrane replenishment and activation of
Smo, ultimately resulting in activation of the GLI transcription factor family (Hu et al., 2019).
Over-expression of Ptchd1 in a Hh-responsive cell line (10T1/2) was reported to inhibit GLI-
dependent transcription in vitro, similarly to Ptch1 used as a control, suggesting that Ptchd1 is
also involved in the Hh signaling pathway (Noor et al., 2010). However, this finding was not
recapitulated in other studies. Indeed, Ptchd1 expression was not sufficient to rescue the
canonical sonic hedgehog pathway in absence of Ptch1 and exogenously expressed Ptchd1
does not induce repression of GLI-dependent transcription in mouse embryonic fibroblasts
derived from Ptch1*° mice (Ung et al., 2018). Furthermore, Ptchd1 does not bind Hh in vitro
and proliferation of Hh-dependent neuronal population was not impaired in Ptchd1%° mice
(Tora et al., 2017). Given the larger evidence, it is reasonable to conclude that although Ptchd1

may be active in a similar fashion to Ptch1, it is not part of the Hh signaling pathway.

In order to unravel the neurophysiological mechanisms underlying the phenotypes observed in
Ptchd1%° mice, many electrophysiological have been performed and have revealed interesting
changes. As mentioned previously, deletion of Ptchd? in the somatostatin interneurons of the
TRN region recapitulated the ADHD-like behavioral phenotypes seen in the global KO mice.
The TRN is comprised of GABAergic neurons and provides the major source of inhibition to
other thalamic regions such as the thalamic relay nuclei (Fogerson and Huguenard, 2016).
Electrophysiological whole-cell patch clamp recordings of the TRN somatostatin cells showed a
significant decrease in repetitive bursting in absence of Ptchd1. Additionally, TRN somatostatin
interneurons also displayed reduced burst firing rate during sleep leading to decreased sleep
spindles and fragmented sleep patterns (Wells et al., 2016). The bursting reduction observed in
those cells was induced by a decrease in small conduction calcium-activated potassium (SK)
ion channels currents resulting in reduced hyperpolarization. A two-fold reduction of basal
intracellular calcium concentration was observed, which together with the decreased
hyperpolarization, may impair the recruitment of other calcium-dependent channels and affect
overall excitability of the somatostatin interneurons of the TRN. Interestingly, TRN
perturbations have been linked to sleep disturbances and attention deficits in disease including

schizophrenia (Young and Wimmer, 2017), which can be due to reduced thalamic inhibition
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and subsequent inability to suppress background sensory stimuli (Halassa et al., 2014).
Pharmacological increase of the SK currents with 1-EBIO in the somatostatin interneurons
lacking Ptchd1 rescued the reduced hyperpolarization in those cells and the sensory-evoked
thalamic inhibition, thereby alleviating the ADHD-like behavioral phenotypes in these mice.
Further evidence of thalamic dysregulation was observed in the auditory subnetwork of the
TRN (audTRN). audTRN neurons displayed reduced sound-evoked firing rates resulting in the
inability to discriminate between auditory stimuli when background noise levels were high.
These impairments were rescued by 1-EBIO treatment when no visual cues were provided
before stimulus presentation, suggesting a deficit in executive control of sensory filtering
potentially mediated by the pre-frontal cortex (PFC). Synergic treatment with 1-EBIO and
modafinil (cognitive enhancer) complete restore the discrimination phenotypes in Ptchd1%°
mice, with and without visual cues. Knock-down of Ptchd? in the anterodorsal thalamus
induced a neuronal decrease of action potential half-width and the corresponding increase in
firing frequency (Roy et al., 2021). A lack of synaptic strengthening (stable AMPA/NDMA ratio)
in the fear-conditioning paradigm was also observed in those mice, which was due to reduced
voltage-gated P-type calcium channels (Cav2.1 and Cay2.2) current amplitude leading to
neuronal hyperexcitability and could be rescued by pharmacological inhibition (Roy et al.,
2019).

In addition to thalamic impairments, electrophysiological phenotypes were observed in the

1KO

hippocampus of Pfchd mice, which could explain the memory impairments seen in this

model. Although no differences were observed in the glutamatergic dendritic spine density and

1X° mice exhibited a reduced excitation/inhibition

morphology, dentate granule cells of Ptchd
ratio accompanied by an increase in the basal frequency of spontaneous excitatory and
inhibitory potentials (SEPSC and sIPSC) but no changes AMPA/NMDA ratio and paired-pulse
ration upon stimulation of the Schaffer collateral axons (Tora et al., 2017). To elucidate the
observed electrophysiological changes in the hippocampus, RNA sequencing was performed
on hippocampal samples from Ptchd14° mice (Ung et al., 2018). This study revealed significant
enrichment of up-regulated genes encoding synaptic proteins including both pre-synaptic (e.g.
Syt1, Bsn, Vamp3) and post-synaptic proteins (e.g. Psd95, Camk2a, Syngap1 and Shank1-3).
Up-regulation of genes involved in neuronal activity-dependent transcription (Npas4 and Egr1)
and neurodevelopment, such as axogenesis and dendritogenesis, was also observed. Taken

together, these findings suggests that Ptchd1°

mice have altered synaptic structure and
function. However, despite all the observed cellular and behavioral phenotypes observed in the

Ptchd1%° mouse models, no clear biological role of the Ptchd1 protein was defined.
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1.3.2 NPC1 - a cholesterol-related disease gene

As mentioned previously, NPC1 is 13-pass transmembrane protein with a sterol-sensing
domain, which functions as lysosomal cholesterol transporter with an essential role in
cholesterol homeostasis, especially in neuronal cells. After endocytosis-mediated intake of
exogenous cholesterol in the cell, unesterified cholesterol is stored in late
endosomes/lysosomes where NPC1, in collaboration with the NPC2 protein, is responsible for
its egress and subsequent transfer to the intended intracellular membrane. Disruption of
cholesterol exit from lysosome results in a lysosomal lipid storage disorder with severe
neurological and systemic symptoms known as Niemann-Pick disease type C (NPC). In this
section, | will introduce the clinical phenotypes observed in NPC patients and the underlying

genetic etiology. The biological role of NPC1 will then be discussed.

NPC clinical presentation and genetics

Niemann-Pick disease type C (NPC) is an autosomal recessive neurovisceral lipid storage
disorder, characterized by unesterified cholesterol accumulation in late endosomes/lysosomes
(LE/LY) compartments of all organs. Mutations in the NPC1 and NPC2 genes account for
respectively 95% and 5% of all NPC cases (Vanier, 2010). Defective NPC1 and/or NPC2
proteins cause impaired cholesterol egress from LE/LY resulting in altered intracellular
cholesterol trafficking and overall cholesterol homeostasis, which is the cellular disease
hallmark (Vanier, 2010, Wheeler and Sillence, 2020). NPC is a clinically heterogenous disorder
with symptoms including psychiatric conditions, neurological defects and multi-organ systemic
dysfunction (Vanier, 2010, Berry-Kravis, 2021). Disease severity correlates with the level of
NPC1 protein dysfunction, as total loss-of-function results in neonatal death while minimal
impairment induces adult-onset milder forms. NPC patient average life-span ranges from 10 to
25 years (Vanier and Millat, 2003, Wraith et al., 2009). The severity level is assessed by the
level of neurological involvement, which vary with age of onset. Neurological symptoms include
developmental delay, motor coordination deficits and cerebellar ataxia, language and learning
impairments, seizure disorders and progressive cognitive decline (Vanier, 2010, Maresca et al.,
2021, Berry-Kravis, 2021). According to the age of onset and disease severity, NPC can be
classified as a NDD when diagnosis occurs in infancy, while adult-onset will have the
characteristics of a neurodegenerative disease. Diagnosis is confirmed biologically by
observation of filipin-stained cholesterol accumulation in patient-derived fibroblasts and by

blood measurements of disease-related metabolites (Papandreou and Gissen, 2016).
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The clinical heterogeneity of NPC is reflected in its genetic heterogeneity, with at least 420
pathogenic NPC1 variants identified (Geberhiwot et al., 2018). The most frequent mutation,
11061T, accounts for 10% to 25% of cases depending on the population (Millat et al., 1999).
Homozygotes for this mutation present with juvenile-onset severe forms while heterozygotes
display the milder adult-onset forms. At the protein level, the 11061T mutation induces a
misfolded but functional protein, which is excessively targeted for ER degradation due to its
misfolding (Gelsthorpe et al.,, 2008). The second most frequent NPC1 mutation, P1007A,
causes less severe disease phenotypes, with homozygotes presenting milder adult-onset
forms (Ribeiro et al., 2001). Specific population display unique recurrent mutations in the NPC1
gene due to the founder’s effect (Berry-Kravis, 2021). The correlation between genotype-
induced NPC1 impairment and disease severity suggests that missense or frameshift
mutations that complete abolish NPC1 protein function are likely to result in the most severe
infantile- or juvenile-onset NPC forms, especially in homozygotes (Berry-Kravis, 2021). Indeed,
missense mutations in the SSD result in NPC1 loss-of-function and subsequently give rise to
the severe disease phenotype (Millat et al., 2001). The NPC phenotypes and genetic evidence
highlight the importance of the NPC1 protein in cellular cholesterol homeostasis and for normal

brain and systemic function.

Biological function of Npc1 protein

As mentioned previously, NPC1 collaborates with NPC2 to mediate the LE/LY egress of free
cholesterol. Endocytosed lipoproteins are transported to the LE/LY where unesterified
cholesterol is hydrolyzed into free cholesterol. NPC1, as a direct cholesterol transporter via its
sterol-sensing domain, mediates the cholesterol lysosomal exit (Berry-Kravis, 2021). Free
cholesterol is then intracellularly trafficked to the plasma membrane for its intended use or to
the ER for potential degradation. NPC1 is primarily localized to late endosomes and has been
shown to transiently interact with lysosomes and the trans-Golgi network (Neufeld et al., 1999,
Higgins et al., 1999). Interrogations remain on the global function of NPC1, which may not
simply be restricted to cholesterol transport. It has been posited that NPC1 could regulate or
mediate the transport of other lysosomal cargo, such as glycolipids. Indeed, glycolipids
accumulation is the main phenotype observed in NPC1-deficient neuronal cells, cholesterol
imbalance being much lower in comparison (Walkley and Vanier, 2009). In addition to
glycolipids, brain accumulation of other lipid species was reported such as sphingosine
(Davidson et al., 2009). It has been proposed that sphingosine accumulation and storage could
act as the trigger for the pathogenic effects of NPC, since sphingosine was shown to disrupt
lysosomal calcium homeostasis (Lloyd-Evans et al., 2008, Lloyd-Evans and Platt, 2010).

Therefore, the current hypothesis is that NPC1 is a cholesterol transporter but could also act as
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a transporter of other lipid species via its SSD. This remains to be proven experimentally in
vivo. Cholesterol accumulation in absence of NPC1 can also affect lipid homeostasis by the
dysregulation of several key enzymes, thus NPC1 deficiency could therefore trigger a more
global intracellular lipid homeostasis and trafficking disorder (Walkley and Vanier, 2009, Salvioli
et al., 2004). LE/LY cholesterol accumulation in NPC also induces impaired trafficking of
several LE proteins, including Rab9 and mannose-6-phosphate receptors, involved in LE/LY
system function (Ganley and Pfeffer, 2006). These findings also implicate alterations in the

vesicular trafficking pathway as part of the NPC pathophysiology (Vanier, 2010).

1.3.3 Sterol sensing domain proteins

The link between Ptchd1 and NPC1 protein is the presence of a structural sterol-sensing
domain, which is found in other proteins such as Hmgcr, Scap, Disp1 and Ptch1. The SSD-
containing proteins are membrane proteins involved in cholesterol homeostasis, and possess a
conserved SSD core essential for their sterol-dependent functions. As inferred from its
denomination, the SSD allows membrane proteins to “sense” the presence of sterol substrates,
namely cholesterol, by direct interaction and may modulate protein activity depending on sterol
levels (Kuwabara and Labouesse, 2002). Figure 5 depicts the cellular localisation and
proposed roles of identified SSD proteins (adapted from Wu et al., 2022). From structural and
mechanistic characterization, SSD-containing proteins can be divided into two groups:
cholesterol sensors (or modulators) and cholesterol transporters (Wu et al.,, 2022). The

following sections will describe the biological function of each category.

Cholesterol sensors

SSD-containing proteins classified as cholesterol sensors or modulators are relatively small
and highly mobile membrane proteins, implicated in cholesterol synthesis and metabolism (Wu
et al., 2022). The 7-dehydrocholesterol reductase enzyme (7dhcr) as well as the E3 ubiquitin
ligases March6 and Rnf145 were proposed to contain a SSD but without any structural
evidence to corroborate it and contrary prediction models (Tunyasuvunakool et al., 2021).
Therefore, we will only focus on the two proteins in which the presence of a SSD was
experimentally demonstrated, namely 3-Hydroxy-3-methylglutaryl-CoA reductase (Hmgr), the
rate-limiting cholesterol synthesis enzyme, and sterol regulatory element-binding protein
(SREBP)-cleavage activating protein (Scap), a cholesterol synthesis regulatory protein
(Kuwabara and Labouesse, 2002). The SSD of these two proteins encompasses the
transmembrane (TM) helices TM2 to TM6 and mediates the sterol-dependent binding of the

ER-retaining insulin-induced gene 1 and 2 proteins (Insig1 and Insig2) (Hua et al., 1996,
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Nohturfft et al., 1998). As exemplified in Figure 5 (adapted from Wu et al., 2022), Scap and
Scap-bound SREBP transcription factor are sequestered in the ER membrane by binding to
Insig proteins via Scap SSD when cellular cholesterol levels are high, resulting in minimal
expression of cholesterol synthesis and uptake genes such as Hmgcr. Decrease in cholesterol
levels triggers the dissociation of Scap-SREBP protein complex from Insig and its subsequent
trafficking to the Golgi, where proteolytic cleavages of SREBP liberates its N-terminal
transcription factor domain inducing nuclear entry and transcription upregulation of cholesterol
synthesis and uptake genes (Brown et al., 2018). Hmgcr expression is therefore controlled by
the SREBP pathway but the presence of a SSD within Hmgcr structure also point to another
sterol-dependent direct regulation of Hmgcr protein. Indeed, the ER-localized Hmgcr protein
also binds to Insig proteins in the high cholesterol context, similarly to Scap (Wu et al., 2022).
The binding of Hmgcr to Insig triggers the recruitment of E3 ubiquitin ligases (March6 and
Rnf145 amongst others) and ubiquitination of Hmgcr targeting it for proteasomal degradation
(Sever et al., 2003, Zelcer et al., 2014, Menzies et al., 2018, Jiang et al., 2018). This ER-
associated degradation mechanism is an additional post-translational regulation layer of the
cholesterol synthesis pathway (Goldstein and Brown, 1990, DeBose-Boyd, 2008), also

mediated by the presence of the structural sterol-sensing domain.
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Figure 5: SSD-containing proteins and their cellular functions.
Adapted from Wu et al., 2022

The biological role of many SSD-containing proteins is related to the cholesterol homeostasis pathway.
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SSDs are represented in red in the protein structure, and putative SSDs are shown with broken lines for
7DHCR, MARCH®6 and RNF145 due to lack of structural evidence. The function of all SSD-containing
proteins displayed on this cellular map is discussed throughout the introduction and will not be repeated
here. DHCRY7: 7-dehydrocholesterol reductase; Disp: Dispatched; HMGCR: hydroxy-3-methyliglutaryl-
CoA reductase; NPC1: Niemann-Pick disease type C 1; Ptch: Patched; Scap: SREBP-cleavage
activating protein;, RNF145: RING finger protein 145; MARCHG6: E3 ubiquitin-protein ligase;, Smo:
Smoothened; SREBP: sterol regulatory element-binding protein; SRE: sterol regulatory element.

Cholesterol transporters

The SSD-containing proteins classified as cholesterol transporter are bigger and mobile
proteins, still implicated in cholesterol homeostasis but also cellular signaling (Wu et al., 2022).
SSD-containing cholesterol transporters regroup the NPC1, Patched (Ptch1) and Dispatched
(Disp1) proteins, and their respective homologs. The conserved core structure of these
transporters comprises 12 TMs that organize in two repeats, namely SSD and SSDL (SSD-
like), which exhibit C2 pseudosymmetry around an axis perpendicular to the membrane (Gong
et al., 2018, Gong et al., 2016, Qi et al., 2018). A large extracellular or luminal loop is found
between the TM1 and TM2 of each domain, which is also similar across the SSD and SSDL.
Interestingly, the conserved TM core of SSD cholesterol transporter proteins share high
similarity with the TM core structure of the bacterial multidrug-resistance transporters in the
resistance/nodulation/division (RND) family (Murakami et al., 2002). At the functional level,
NPC1 is involved in cholesterol homeostasis pathway as a lysosomal cholesterol transporter,
while Ptch1 and Disp1 are part of the Hh signaling pathway (Kuwabara and Labouesse, 2002,
Wu et al.,, 2022). Despite their different biological functions, the mechanistic activity and
subsequent function of SSD-containing cholesterol transporters are mediated by the SSD-
induced cholesterol transport (Wu et al., 2022). Although they are structurally similar, SSDL
remains nearly rigid in all contexts while the SSD display substantial flexibility in its
conformation, which partially underlies its sterol transporter activity (Wu et al., 2022). The
transport path within the SSD of these cholesterol transporter has been elucidated for Ptch1
and NPC1. Structural evidence suggests that cholesterol transport occurs from the an SSD
shoulder site (SSD cavity) and tunnels through the membrane to the extracellular upper site,
but the exact mechanistic aspects differ between Ptch1 and NPC1 (Gong et al., 2018, Zhang et
al., 2018, Gong et al., 2016, Qi et al., 2018). In Ptch1, the cholesterol transport activity may be
coupled to Na* transmembrane gradient as it is required for Ptch1 function (Myers et al., 2017).
The essential role of SSD for cholesterol transport activity was further determined by the
identification of key amino acid residues (Gong et al., 2018, Zhang et al., 2018) and pathogenic
mutations in this domain, which abolished cholesterol transport for both NPC1 and Ptch1 (Qian
et al., 2020, Zhang et al., 2018). Given the high sequence and putative structure similarity of
the patched-related Ptchd1 protein to both Ptch1 and NPC1, it has been proposed that Ptchd1

also exert its biological function through SSD-mediated cholesterol transport.
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Despite their size and functional differences, all SSD-containing protein share structural
similarities in their SSD and other extracellular or luminal domain (Wu et al., 2022). In
conclusion, the SSD is an essential domain for the function of all SSD-containing proteins. The
SSD directly interacts with cholesterol for sensing or transport purposes and subsequently

underlies protein function and regulation.

1.4 Cholesterol metabolism in neurological disorders

Cholesterol is an essential lipid component of mammalian membranes and is also involved in
cellular signaling as a precursor of numerous signaling molecule such as steroid hormones.
Cholesterol plays an important role in the CNS, both during development and throughout life
(Martin et al., 2014). The brain is the most cholesterol-rich organ of the body with 23% of total
cholesterol content found in this organ that represent only 2% of the total body mass (Dietschy
and Turley, 2004). Cholesterol homeostasis in the body relies mainly on dietary cholesterol
uptake, de novo synthesis and lipo-protein-mediated transport in the blood circulatory system.
However, due to the low permeability of the blood-brain barrier (BBB) to cholesterol-loaded
lipoproteins, brain cells are cut-off from peripheral cholesterol homeostasis and rely almost
exclusively on de novo synthesis, but do excrete cholesterol in the form of 24-
hydroxycholesterol (24-OHC) back to the peripheral blood circulation to be metabolized by the
liver. Brain cholesterol homeostasis involves high levels of inter-cellular cholesterol exchange,
particularly between neuronal and glial cells (Pfrieger and Ungerer, 2011). In all cells,
cholesterol homeostasis is a tightly regulated pathway with an intricate feedback mechanism to
balance cholesterol synthesis, import and export. Alterations in cellular cholesterol levels can
trigger a number of pathogenic effects, especially in the brain. Indeed, high brain cholesterol
levels have been implicated in aging-related cognitive decline and several neurodegenerative
disorders such as Alzheimer’s and Parkinson’s diseases (Kadish et al., 2009, Li et al., 2022).
On the other end, low brain cholesterol levels during development were linked to
neurodevelopmental disorders (Kanungo et al., 2013, Esposito et al., 2021). In this section, |
will describe in details the mechanisms of cholesterol homeostasis in the brain. | will then
discuss the link between cholesterol homeostasis and neurological disorders, with a particular
focus on NDDs. Lastly, | will introduce the technical methods for investigation of cholesterol

levels in the brain.
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1.4.1 Cholesterol metabolism in the brain

In the presence of an intact BBB, the brain is isolated from the peripheral cholesterol
homeostasis pathway. Therefore, it relies on de novo synthesis and an intricate exchange of
cholesterol between different cell-types. The following part will detail how cholesterol
homeostasis is maintained in the brain as well as the function of cholesterol in various cell

populations.

Neuron-astrocyte cholesterol exchange

In the brain, neurons and astrocytes are the main players in cholesterol homeostasis. Indeed,
astrocytes are the primary source of cholesterol synthesis while neurons are responsible for
cholesterol excretion due to their unique expression of the cytochrome P450 oxidase Cyp46a1
enzyme, which converts cholesterol into 24-OHC. Mammalian cells can synthesize cholesterol
from the acetyl coenzyme A precursor through a complex series of reaction catalyzed by more
than 20 enzymes and requiring energy and molecular oxygen (Gaylor, 2002). A feedback
mechanism regulates the rate of cholesterol synthesis through cholesterol-sensing transcription
factors in membranes, namely the sterol regulatory element-binding proteins (SREBPs) who
control the transcription of genes encoding cholesterol synthesis enzymes and lipoprotein
receptors (Brown and Goldstein, 1999). Cholesterol synthesis rates are highest during the
second week of postnatal development with variation across brain regions. During this
developmental period, neuronal de novo cholesterol synthesis is required for cell survival and
neurite outgrowth (Funfschilling et al., 2012). However, adult neurons have significantly
decreased levels of cholesterol synthesis and rely mainly on astrocyte-derived cholesterol
import (Pfrieger and Ungerer, 2011). In astrocytes, newly generated cholesterol is loaded onto
ApoE vesicles and secreted for neuronal up-take, through the ATP biding cassette transporter
(Abca1)-mediated lipidation and secretion. Neuronal cells receive unesterified cholesterol by
the low-density lipoprotein receptor-related protein 1 (Lrp1)-mediated endocytosis into the
endosomal/lysosomal system. The lysosomal cholesterol transporters NPC1 and NPC2 are
then responsible for cholesterol exit from this cellular compartment to reach its final intended
destination in other cellular membranes, in particular the plasma membrane of dendrites and
axons. Excess of cholesterol can be either stored intracellularly in lipid droplets after
esterification or eliminated by conversion into the 24-OHC metabolite, which is secreted out of
neuronal cells into the bloodstream by the Abca1 transporter (Pfrieger and Ungerer, 2011). The
Figure 6A illustrates the mechanisms of intracellular cholesterol metabolism while Figure 6B
demonstrate the cholesterol homeostasis collaboration between neurons and astrocytes and

other brain cell populations (adapted from Martin et al., 2014). Loss-of-function of any
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component of this cholesterol homeostasis pathway results in a wide-range of cholesterol-
related neurological disorders (Martin et al., 2014). However, neuronal de novo cholesterol
synthesis is required during development and may impact adult neuronal processes but is not
essential for synaptic functions (Flnfschilling et al., 2012). Lrp1 expression in neuronal cell is
indeed required for correct synaptic functions (Liu et al., 2010), highlighting the crucial intake of

astrocyte-derived cholesterol for proper neuronal activity.
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Figure 6: Cholesterol metabolism and transport in the brain.
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Adapted from Martin et al., 2014

(A) Schematic representation of cellular cholesterol metabolism from uptake to excretion, with a
simplified summary diagram of the cholesterol synthesis enzymatic chain reactions on the left. Hmgcr:
hydroxy-3-methylglutaryl-CoA reductase; NPC1/2: NPC intracellular cholesterol transporter 1/2. (B)
lllustration of the brain cholesterol homeostasis with an emphasis on the interplay between different cell
populations. Cellular cholesterol synthesis is indicated by the zagged pathway symbol. Neurons may
import cholesterol from astrocyte-derived APOE vesicles via lipoprotein uptake (Lrp1) and reject surplus
cholesterol in the form of 24-OHC, which is excreted via Abca1 and which enters the blood circulation.

Essential roles of neuronal cholesterol

Both neuronal and glial cells have a very high cholesterol content due to their extensive
membrane surfaces. In neurons, synapses have large membrane amounts in both post-
synaptic spines and pre-synaptic vesicles, which are enriched in cholesterol (40%mol)
compared to the other neuronal membranes (Takamori et al., 2006). Cholesterol is not
uniformly distributed within cellular membranes and a “cholesterol” gradient can be defined
across cellular compartments. Indeed, the plasma membrane displays the highest cholesterol
levels (30%mol), particularly in the cytoplasmic inner leaflet (Mondal et al., 2009), the
endosomal/lysosomal system has slightly lower levels (30-20%mol) while other intracellular
membranes have significantly lower cholesterol concentrations (Golgi apparatus: 15%,
mitochondria: 8% , ER: 2%, nucleus: 1-2%). Moreover, the plasma membrane contains
microdomains enriched in cholesterol termed lipid rafts. These cholesterol-rich domains are
thought to be dynamic membrane platforms enriched at synaptic sites, where many receptors
and signaling proteins converge for correct functioning and signal responsiveness (Lingwood
and Simons, 2010). Ample evidence was uncovered which supports the notion that cholesterol
is a major regulator of neuronal activity and synaptic transmission, potentially through its

enrichment at lipid rafts.

At the pre-synapse, cholesterol is considered an organizer of synaptic vesicles (SVs) and is
necessary for efficient SVs exocytosis and subsequent neurotransmitter release at the synaptic
cleft. As a major SVs component, cholesterol mediates the intrinsic negative curvature of
membranes necessary for the fusion process. Cholesterol also interacts with the SV protein
synaptophysin (Thiele et al., 2000) and clusters the SNARESs protein family at fusion-competent
sites in lipid rafts, which are necessary for correct SNARE function (van der Bogaart et al.,
2013). Cholesterol depletion consequently results in a dose-dependent decrease of the rate
and kinetics of SVs fusion (Thiele et al., 2000). This is accompanied by impairment in SVs
exocytosis (Linetti et al., 2010) and pre-synaptic plasticity events (Kudinov et al., 2006), as well
as a significant reduction of calcium-evoked neurotransmitter release from synaptosomes
(Chamberlain et al., 2001). Reversely, cholesterol supplementation is able to increase pre-

synaptic transmitter release in vitro (Mauch et al., 2001, Goéritz et al., 2005).
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Post-synaptically, cholesterol is necessary for synaptic organization by the partitioning of
several ion channels and receptors in lipid rafts. The most telling example is the NMDA
receptor localization at post-synaptic lipid rafts, which may facilitate their oligomerization and
subsequent functioning (Allen et al., 2007). Cholesterol supplementation or depletion affects
NMDA-induced long-term depression (LTD), improving it (Martin et al., 2014) or impairing it
(Frank et al., 2008) in vivo respectively, which in turn affected memory formation and
consolidation. Studies have also identified 24-OHC, the cholesterol excreted metabolite, as a
potent allosteric NMDA receptor modulator able to restore long-term potentiation (LTP) and the
related cognitive deficits in rodents treated with NMDA receptor blockers (Paul et al., 2013).
The AMPA receptors can also be find to cluster in lipid rafts and in vivo cholesterol depletion
triggers AMPA receptor accumulation at the cell surface due to decreased lateral mobility and
impaired endocytosis (Martin et al., 2014). The subsequent altered internalization of AMPA
receptors causes learning and memory impairments. Acetylcholine receptors (AchR) are also
localized to lipid rafts and their organization are regulated by cholesterol levels due to the
presence of cholesterol-binding motifs in their sequence (Sharp et al., 2019, Baier et al., 2011),
unlike both NMDA and AMPA receptors where cholesterol interaction and regulation may be
indirect. Cholesterol levels control the internalization rate, clustering properties and ion channel
kinetics of AchR (Barrantes, 2007), which may impact short-term memory formation (Pfeiffer et
al., 2020). In vitro and in vivo evidence suggests that astrocyte-derived ApoE particles,
amongst others astrocytic substances, are necessary for the formation, maturation and
maintenance of synapses (Shan et al., 2021). Furthermore, it has been shown that ApoE
vesicles contain vectored miRNAs, which extensively bind to the 3'UTR of cholesterol
synthesis genes in neurons. Consequently, cholesterol synthesis is decreased in neuronal cells
leading to acetyl coenzyme A accumulation in the nucleus, which triggers histone acetylation
and transcription of immediate early genes and genes involved in memory formation.
Therefore, astrocytes do not only provide cholesterol and other metabolic substances to
neurons but actively regulate in neuronal function. To conclude, these findings highlight the
importance of cholesterol homeostasis as a potent regulator of neuronal activity and synaptic

function.

Microglia, oligodendrocytes and myelin

As illustrated in Figure 6B, other brain cells play a part in CNS cholesterol homeostasis
including microglia and oligodendrocytes. Microglia are the brain innate immune cells
(macrophages), which are in close proximity to neurons in order to serve support and
clearance functions. Aside from removal of cellular debris, microglial cells are regulators of

synaptic function and plasticity as well as adult neurogenesis (Parkhurst et al., 2013, Wang et
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al., 2020). Microglia are also responsible for the non-enzymatic phagocytosis-mediated
clearance of cholesterol (Cantuti-Castelvetri et al.,2018) while also require exogenous
cholesterol for cell survival and maintenance of their phagocytic activity (Bohlen et al., 2017).
Microglial exogenous cholesterol up-take is performed by the Triggering receptor expressed on
myeloid cells 2 (Trem2), a lipid receptor mediating the endocytosis of cholesterol-loaded ApoE
vesicles (Yeh et al., 2016). Trem2 is also responsible for demyelination-induced cholesterol
clearance, by sensing lipid components of myelin and promoting myelin debris removal through
lipid transport and catabolism (Poliani et al., 2015). Loss-of-function of Trem2 has been linked
to learning and memory impairments as well as Alzheimer’'s disease pathology (Kim et al.,
2017, Qin et al., 2021). Taken together, microglial cells rely on cholesterol for phagocytic
activity but also dynamically react to cholesterol homeostasis alterations via Trem2 lipid-

sensing capabilities and subsequent protective microglial responses.

Oligodendrocytes also play an important part in brain cholesterol homeostasis by producing
cholesterol-rich myelin for axonal sheathing, thereby regulating neuronal function. Cholesterol
is a major structural component of myelin but is also required for myelin growth and
subsequent axonal enwrapping (Mathews and Appel, 2016). Remarkably, myelin is comprised
of approximately 70% lipids — mainly cholesterol, and 30% proteins, and it is estimated that up
to 70% of total brain cholesterol is in myelin (Bjorkhem and Meaney, 2004). Myelination of
axons, which is the repetitive wrapping of oligodendrocytic plasma membranes around an
axon, is essential for rapid impulse transmission along the axonal length. High cholesterol
concentration in myelin induces a reduction in ion permeability (high resistance and low
conductance) enabling the downward current propagation along the axon rather than diffusion
across the membrane (Snipes and Suter, 1998). To produce the large cholesterol amounts for
myelination, oligodendrocytes display increased levels of de novo cholesterol synthesis during
myelination, which are maintained by a positive feedback mechanism (Voskuhl et al., 2019,
Mathews and Appel, 2016). Cholesterol activates the PI3K/Akt/mTOR signaling pathway,
potentially through its interaction with other myelin proteins in myelin-specific rafts signaling
platforms (Saher et al., 2005), leading to the activation of SREBP transcription factor and
subsequently increasing cholesterol synthesis gene expression (Mathews et al., 2014). Under
specific circumstances, such as myelin diseases or chronic demyelination, neuron-derived
cholesterol may participate to the remyelination process by promoting oligodendrocyte
progenitor cells proliferation (Berghoff et al., 2021). Surprisingly, astrocyte-derived cholesterol
cannot serve as an alternative cholesterol source for remyelination (ltoh et al., 2018). These
results suggest that oligodendrocytes do not only rely on de novo cholesterol synthesis but also
on cholesterol exchanges with other cell type including neuronal cells, highlighting once again

the importance of inter-cellular cholesterol transfers and brain cholesterol homeostasis.
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1.4.2 Cholesterol implications in diseases

Brain cholesterol homeostasis is a complex and inter-connected balance between de novo
synthesis, lipoprotein-mediated cholesterol transfer and cholesterol turnover at the inter- and
intra-cellular levels. Due to the pleiotropic effects of cholesterol on neuronal activity and
synaptic functions, alterations in cholesterol homeostasis results in a wide-range of
neurological disorders. Ample evidence has now demonstrated the impact of impaired
cholesterol metabolism in the context of neurodegenerative diseases, particularly in
Alzheimer’s disease (Varma et al., 2021). Changes in cholesterol homeostasis are also
observed in other pathologies, such as stroke, head trauma and aging (Martin et al., 2014).
Indeed, age-dependent loss of cholesterol was observed in the human brain (Porter and
Herman, 2011, Svennerholm et al., 1991), which may participate to the cognitive decline and
memory impairments observed in normal aging. In this section, | will focus on the reported
alterations of cholesterol homeostasis in the context of neurodevelopmental disorders,
particularly ASD and ID. The Niemann-Pick disease type C would be a valid example of
cholesterol-related NDD pathology, but has been thoroughly discussed in a previous

introduction section and will therefore not be mentioned here.

SLOS

The Smith-Lemli-Opitz syndrome (SLOS) is a rare autosomal recessive NDD that perfectly
illustrates the importance of cholesterol homeostasis for normal neurodevelopment and brain
function. Originally described as a multiple malformation syndrome (Smith et al., 1964), SLOS
patients exhibit a wide-range of systemic and neurological phenotypes due to impaired function
of the 7-dehydrocholesterol reductase enzyme (7dhcr) induced by mutations in the
corresponding gene (De Barber et al.,, 2011). 7dhcr is the last enzyme in the Kandutsch-
Russell cholesterol synthesis pathway, catalyzing the 7-dehydrocholesterol to cholesterol
reaction. Disease severity correlates with the degree of enzymatic function impairment, with
complete loss resulting in fetal or newborn death due to multiple organ failure and
malformations. Milder cases display numerous systemic symptoms such as facial and cranial
malformations, genital abnormalities, limb malformations, gastrointestinal problems, liver
disease and cardiac defects (Nowaczyk and Irons, 2012). At the behavioral level, SLOS
patients frequently exhibit NDD-associated symptoms and co-morbidities. Namely, global
developmental delay, language impairment, self-harm and repetitive stereotyped movements,
sleep disturbances, sensory alterations and irritability are frequently reported in SLOS
individuals, which are consistent with ASD and ID phenotypes (Diaz-Stransky and Tierney,
2012, Ryan et al., 1998). Indeed, most SLOS patients are diagnosed with intellectual disability
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(moderate to severe) and also meet the criteria for ASD diagnosis (Sikora et al., 2006). The
reduction in brain cholesterol levels is described as the cause of SLOS pathology. Decreases
down to 2% of normal plasma cholesterol concentration were observed in severe SLOS cases
along with low cholesterol amount in all organs and especially in the brain (Cunniff et al., 1997).
Milder cases may have normal plasma cholesterol concentration due to dietary intake and
remaining synthesis ability, but peripheral cholesterol cannot compensate for cholesterol loss in
the brain given the BBB impermeability to lipoproteins. Moreover, dietary cholesterol
supplementation does not rescue developmental and behavioral phenotypes (Sikora et al.,
2006). The neurological symptoms in SLOS are likely caused by the reduced cholesterol levels
in neuronal cells since, as described above, cholesterol largely impacts neuronal activity and
synaptic functions. Low cholesterol concentration in membranes can also affect the sonic
hedgehog signaling pathway essential for developmental processes, thereby accounting for
some of the terotogenic and malformation defects observed in this disorder (Cooper et al.,
1998, Koide et al., 2006). Accumulation of the 7dhcr substrate and/or its oxidized metabolites
may also play a role in SLOS pathophysiology (De Barber et al., 2011). To conclude, SLOS is
neurodevelopmental disorder in which the neurological and systemic effects are causally
related to cholesterol metabolism alterations, resulting in ASD and/or ID diagnoses therefore
linking ASD and ID pathology to cholesterol homeostasis. Similarly, mutations in other
enzymes of the cholesterol synthesis pathway also results in severe cholesterol alterations and
NDD phenotypes such as developmental delay, ID and/or ASD, as observed in
desmosterolosis (Dhcr24 deficiency), Squalene synthase deficiency, Lanosterol synthase

deficiency and lathosterolosis (sterol C5-desaturase deficiency) disorders (Coman et al., 2020).

Fragile X and Rett syndromes

The association between cholesterol homeostasis and NDD pathology was made stronger by
recent findings of cholesterol level alterations in patients with monogenic forms of ASD and ID,
in which no cholesterol synthesis enzymes are mutated or impaired. Namely, cholesterol
metabolism has been implicated in the pathophysiology of the Fragile X and Rett syndromes.
Fragile X syndrome (FXS) is the most common inherited form of ID and leading genetic cause
of ASD (Crawford et al., 2001). FXS is caused by the presence of over 200 repeats of a CGG
expansion mutation in the promoter of the fragile X mental retardation 1 (Fmr1) gene resulting
in hypermethylation and transcriptional silencing of this gene, which subsequently leads to
decreased expression of the encoded fragile X mental retardation 1 protein (Fmrp) (Hagerman
et al,, 2017). Fmrp is a RNA-binding protein responsible for the regulation of translation,
trafficking and stability of hundreds of target mMRNAs (Penagarikano et al., 2007). In the brain,

Fmrp acts as a negative regulator of many proteins involved in neuronal functions and synaptic
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plasticity, such as the group | metabotropic glutamatergic receptors (mGIuRs) and NMDA
receptors (Darnell et al., 2011). Interestingly, Fmrp regulated targets also include cholesterol
and lipid homeostasis mRNAs, such as several lipoproteins receptors (e.g. Lrp1), SREBPs and
Scap transcription regulators (Darnell et al., 2011). Correspondingly, alterations in cholesterol
and cholesterol-related metabolites plasma levels were reported in cohorts of FXS individuals,
including a significant reduction of cholesterol, high- and low-density lipoprotein (HDL, LDL)
concentrations (Berry-Kravis et al., 2015, Lisik et al., 2016). The observed plasma
hypocholesterolemia seems to correlate with reduction of cholesterol levels in platelet lipid rafts
of FXS patients (Toupin et al., 2022). Abnormal cholesterol distribution in membranes and
disruption of lipid rafts in the brain may underlie the neurological impairments of FXS
pathology, which remains a hypothesis to investigate although some lipid rafts alterations have
already been reported in a FXS mouse model (Kalinowska et al., 2015). Interestingly, lovastatin
treatment was shown to rescue some neurological and behavioural phenotypes in FXS mouse
model (Muscas et al., 2019), and show promise in human clinical trials (Thurman et al., 2020,
Champigny et al., 2021). Symptom alleviation following cholesterol-modulating drug treatment

further highlights the importance of cholesterol homeostasis in the pathology of FXS.

Rett syndrome (RS) is a X-linked neurodevelopmental disorder, historically classified as part of
the autism spectrum (ASD), characterized by impaired motor control and locomotor activity,
cognitive deficits, language impairments, stereotyped movements, seizure disorders and
intellectual disability (Kyle et al., 2018). RS is caused by mutations in the methyl CpG binding
protein 2 gene (Mecp2) resulting in the encoded homonym Mecp2 protein loss-of-function.
Mecp2 is a methyl DNA-binding protein implicated in gene repression by methylation-induced
chromatin remodeling and transcription regulation in association with several co-factors
(Chahrour et al., 2008, Castro et al., 2013). Similarly to FXS, the link between RS and
cholesterol metabolism is not readily apparent, but RS patients were shown to possess
elevated plasma cholesterol, HDL and LDL levels (Sticozzi et al., 2013). Moreover,
dysregulation of cholesterol synthesis enzyme expression, including Hmgcr and Sqle (squalene
epoxidase), was detected in the brain of RS mouse models resulting in decreased brain
cholesterol synthesis (Buchovecky et al.,, 2013, Lopez et al., 2017, Pacheco et al., 2018,
Lutjohann et al., 2018). Interestingly, RS mouse models also displayed increased blood
cholesterol levels and lovastatin treatment or a suppressing mutation in the Sqgle gene both
significantly rescued the peripheral cholesterol profile, improved motor behaviours and overall
life-span of Mecp2-null mice (Buchovecky et al., 2013). However, beneficial impact of lovastatin
in RS needs to be further evaluated, as another study has failed to replicate the rescue
phenotypes mentioned above (Villani et al., 2016). Taken together, these findings suggest that

Mecp2, like Fmrp, may be involved in the regulation of cholesterol metabolism proteins at the
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transcriptional levels and highlight the clear role of cholesterol homeostasis in NDD pathology.

As demonstrated in the three monogenic NDD forms mentioned above, alterations in
cholesterol metabolism and homeostasis may be directly/indirectly implicated and underlie the
neurological impairments observed in disease pathology. Notably, cholesterol homeostasis
dysregulation has also been linked to non-syndromic form of ASD (Luo et al., 2020) suggesting
that dyslipidemia and cholesterol-related phenotypes may be a useful biomarker and molecular
research avenue for therapies in a large subset of ASD/ID patients. In addition to ASD and ID,
cholesterol homeostasis may be involved in the pathology of other types of NDDs. Indeed,
plasma/serum cholesterol levels have been linked to the severity of cognitive defects in
schizophrenia as well as depression, impulsivity and violent behaviors (Maas et al., 2020,
Krakowski and Czobor, 2011, You et al., 2013, Tomson-Johanson and Harro, 2018). It remains
unclear if peripheral cholesterol levels simply reflect similarly altered CNS cholesterol levels or
could directly affect brain cholesterol homeostasis due to impaired BBB function, but it can be
used as a NDD biomarker. As a significant regulator of neuronal activity and synaptic function
from early development throughout adulthood, it is not surprising that cholesterol homeostasis

may underlie some of the pathogenic effects observed in several NDDs.

1.4.3 Tools for probing cellular distribution and dynamics of
cholesterol

There is an intricate interplay between brain cells contributing to overall CNS cholesterol
homeostasis, as well as differences in intracellular cholesterol metabolism between cell types
and across brain regions. Thus, it is essential to further define and assess cholesterol levels
and distribution at the cellular level in a cell-type specific manner. This section will focus on the
currently available methods for cholesterol detection in the brain, ranging from the conventional
use of filipin to the newly developed D4H cholesterol sensors, and their applicability for cell-

type specific study of brain cholesterol homeostasis.

Conventional cholesterol detection methods

Multiple techniques can be used to quantify and visualize cholesterol in vitro and in vivo.
Routinely, cholesterol levels can be quantified using the classical chemical modified Abell-
Kendall method, fluorometric enzymatic assay based on the cholesterol esterase and oxidase
enzymatic reactions, as well as gas or liquid chromatography and mass spectrometry (Li et al.,

2019). The amount of cholesterol and other lipid species can also be determined in many
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tissues by advanced mass-spectrometry techniques, which are referred to as lipidomic analysis
(Giles et al., 2018). Although the depth of detection has greatly increased, lipidomic analysis
has one major drawback for brain cholesterol determination in disease models. Given the large
amount of myelin-associated cholesterol in the brain, any alterations in cholesterol levels from
other cellular pools may be masked by over-represented myelin-associated cholesterol.
Furthermore, the lack of cell-type specificity in lipidomic analysis prevents the dissection of cell-
type specific cholesterol phenotypes, which as evidenced by the major differences in
cholesterol metabolism between cell types is a major disadvantage. One possible alternative to
circumvent this issue would be to isolate the cell population of interest by cell-sorting flow
cytometry but this may lead to loss of material, particularly from axons and dendrites of
neuronal cells, and biased lipidomic analysis. Therefore, albeit necessary for overall cholesterol
content quantification in brain regions, current quantitative methods do not allow for the cell-
type specificity needed in order to understand the cellular cholesterol homeostasis alterations

in particular disease contexts.

Regarding cholesterol visualization in cells, filipin has been the most widely used tool for
several decades (Butler et al., 1987). Filipin is an antibiotic and antifungal substance of the
polyenes family, constituted of four macrolides with filipin Il being the most abundant (Bolard,
1986). The antibiotic activity of filipin is based on the induction of structural disorders in sterol-
containing membranes. Membrane permeation after filipin exposure leads to leakage of cellular
component and eventually cell death. As a fluorescent polyene macrolide derived from
Streptomyces filipinensis, filipin is used to visualize free cholesterol in cells and tissues.
Although its spectroscopic properties are not advantageous (rapid bleaching, in brain sections
high auto-fluorescence and light scattering of the short wavelength emitted light), filipin staining
is still a prominent tool for probing cholesterol in biological membranes. Due to its cytotoxic
effects, filipin can only be applied on fixed samples, which only enables visualization of steady-
state cholesterol pools with no dynamic information. It is also worth mentioning that some
studies have shown that not all sterol-containing membrane are labeled by filipin (Pelletier and
Vitale, 1994, Steer et al., 1984, Severs and Simmons, 1983), which may question whether
filipin staining correctly reflects cellular cholesterol distribution (Gimpl and Gehrig-Burger,
2007). To conclude, filipin can be a useful tool for visualization of cholesterol in the brain but
present major disadvantages such as sub-optimal spectroscopic properties, required fixation
and its potential artefacts, and lack of cell-type specificity. In order to bypass the limitations of
filipin and assess cholesterol distribution at the cellular level, many studies have used
fluorescent cholesterol analogs (FCA) such as dehydroergosterol, NDB-cholesterol and
BODIPY-cholesterol. Due to their cholesterol mimicking properties and good spatial/temporal

resolution, FCA were applied to study cholesterol distribution and trafficking in vitro and in vivo
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and have yielded valuable insights into cellular cholesterol metabolism (Gimpl and Gehrig-
Burger, 2007, Sezgin et al., 2016, Wistner et al., 2016). However, FCA also presents several
drawbacks for applications in the brain. Indeed, although FCA may reflect how cholesterol can
be trafficked and distributed within cells, visualization still relies on exogenous application of
cholesterol-like molecules, which may trigger hypercholesterolemia-related and/or artificial
phenotypes. Furthermore, FCA delivery into the brain would not be technically easily

achievable and will definitely lack cell-type specificity.

To summarize, many conventional methods are available for cholesterol quantification and
visualization but all come with drawbacks for cell-type specific assessment of cholesterol
distribution in the brain. Recently, perfringolysin O-derived cholesterol biosensors have been

developed, which may provide the wanted tool for such a study.

Perfringolysin O-derived D4H cholesterol probes

Cholesterol-dependent cytolysins are produced by several bacteria as a defense mechanism
against foreign organisms. Cytolysins are a large family of toxins that bind to cholesterol-
containing membranes via a cholesterol-binding domain, spontaneously oligomerize to form
aqueous pores and induce cytotoxicity (Tweten et al., 2001). Cholesterol alone is sufficient to
induce cytolysin-binding to membranes in absence of any other lipid. Clostridium Perfringens, a
Gram positive anaerobe bacteria, produces Perfringolysin O (PFO), a cytolysin that binds to
cholesterol-containing membranes through its D4 cholesterol-binding domain. As expected, D4
domain alone was sufficient for cholesterol-dependent membrane binding (Rossjohn et al.,
1997). Many transformations of the PFO toxin were applied for its use as a cholesterol reporter,
such as non-toxic PFO (Das et al., 2013) and biotinylated PFO segment (lwamoto et al., 1997),

but we will focus on D4 domain mutations for the context of this work.

D4 is a 13KDa protein domain and the smallest PFO segment sufficient for cholesterol-binding
without cytotoxicity (Ramachandran et al., 2002, Shimada et al., 2002, Heuck et al., 2007). D4
is located at the carboxyterminal part of PFO and organizes as a separate B-sandwich domain
composed of two four-stranded -sheets (Fig. 7). Cholesterol interaction by D4 is done only
through the tips of the B-sheets, the rest of the domain does not enter into contact with
cholesterol (Ramachandran et al., 2002). Visualization of the D4 probe is achieved by its fusion
with fluorophores (GFP, mCherry) at either the amino- or carboxy-terminal ends. One major
advantage of the D4 cholesterol sensor is that its small size (even with fluorophore fusion)
allows for genetically-encoded expression via plasmid or viral vectors. Binding of D4 to

membranes is dependent on the membrane cholesterol concentration but also sphingomyelin
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content, which limits probe accessibility. The cholesterol concentration threshold for D4 binding
is believed to be over 30%mol (Maekawa and Fairn, 2015) and therefore limits the use of D4
for intracellular membrane cholesterol distribution assessment. To circumvent this issue, D4-
derived cholesterol probes have been developed through the introduction of several mutations,

which resulted in varying cholesterol thresholds (Maekawa and Fairn, 2015, Liu et al., 2017).

One study identified the D434S mutation in the D4 domain as a cholesterol threshold-lowering
mutation (Johnson et al., 2012), decreasing D4°**S binding (termed D4H, for D4 with Higher
affinity) to 20%mol cholesterol-containing membranes. In vitro, cytosolically-expressed D4H
was able to bind the inner leaflet of the plasma membrane (PM) while native D4 was not
(Maekawa and Fairn, 2015), highlighting the necessary cholesterol threshold decrease for
recognition and binding to inner PM. However, intracellular organelle membranes have even
lower cholesterol levels, which prevents the use of D4H for cholesterol visualization, except in
some lysosomal/endosomal (LY/E) vesicles that may be over 20%mol cholesterol-containing
membranes. Therefore, additional mutagenesis of the D4 domain was performed to further
decrease the cholesterol-binding threshold of the probe. Three other key amino acid residues
were identified as determinant for D4H cholesterol affinity: Y415, Q433 and A463 (Liu et al.,
2017). Liu et al. developed four new D4 mutants with different cholesterol thresholds: D434A
(similar to D4H) 20%mol, D434/A463W 10%mol, Y415A/D434W/A463W (YDA) 3-2%mol and
Y415A/Q433W/D434W/A463W (YQDA) 2-1%mol. Like the native D4, these mutants bind to
cholesterol-containing membrane independently of the surrounding phospholipidic composition
(Liu et al., 2017).

Given the wide range of sensitivity of these sensors, their combined use will prove very useful
to study the cholesterol distribution in all membranes in vitro and in vivo (Maekawa, 2017), with
D4H and D434/A463W for assessing PM and LY/E compartments whereas YDA and YQDA
can evaluate the remaining intracellular organelle membrane (ER, mitochondria, etc.). Indeed,
the fluorophore-fused D4-derived cholesterol sensors possess many of the needed properties
for cell-type specific assessment of cholesterol distribution in vitro and in vivo: variable
cholesterol sensitivity, possible genetic-encoding and therefore cell-specific expression,
possible live imaging or detergent-free staining for endogenous cholesterol visualization. Many
studies have made use of these cholesterol sensors for visualization of cholesterol distribution
and trafficking under various physiological and pathogenic conditions, mainly in vitro (Wilhem
et al., 2019, Lasic et al., 2019, Lim et al., 2019, Weiss et al., 2019, Koponen et al., 2019,
Koponen et al., 2020). But relatively small number of in vivo and live imaging studies have
been performed (Marek et al., 2020). However, some disadvantages also need to be taken into

account such as endogenous fluorescence independently of cholesterol-binding, probe
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aggregation when over-expressed resulting in possible artefacts, expression levels variability
between cell preventing intercellular cholesterol levels comparisons. Moreover, not all cellular
pools of cholesterol are accessible to probe binding. Regardless, D4H probes represent an

important part of the experimental tool-kit to assess cholesterol transport and homeostasis.

Figure 7: PFO cholesterol-binding D4 domain structure and mutations.
From Maekawa, 2017

Secondary structure organization of the isolated PFO-derived D4 domain. The amino acid residues,
displayed as spheres on the structure (yellow: carbon, red: oxygen, blue: nitrogen), were targeted by
mutagenesis for D4 cholesterol-binding threshold lowering (Liu et al., 2017). The one-letter code and
respective amino acid position are indicated in blue. Y: tyrosine, Q: glutamine, D: aspartic acid, A:
alanine.
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1.5 The dissertation project

Neurodevelopmental disorders, particularly ASD, are a group of heterogeneous and
overlapping disorders with complex etiologies and a high societal burden. Many genetic and
environmental risk factors have been identified leading to the implication of several cellular
pathways in disease pathology, including synaptic function and transcription regulation
(Delorme et al., 2013). The relatively unstudied cholesterol metabolism and homeostasis
pathway has gathered interest in this field due to the reported cholesterol alterations in several
monogenic and non-syndromic NDD forms (Martin et al., 2014). The main goal of this study
was to evaluate the role of cholesterol homeostasis in NDD pathophysiology using two mouse
models of monogenic forms of NDD: Npc1X° and Ptchd1*°. NPC1 and Ptchd1 are both
transmembrane proteins containing a sterol-sensing domain (SSD) in their structure. NPC1 is a
known lysosomal cholesterol transporter and its loss-of-function results in the Niemann-Pick
type C disease, a NDD with known cholesterol accumulation phenotypes. However, relatively

1% on cholesterol distribution in the

little is known about the cell-type specific effects of Npc
brain. Ptchd1 has no defined biological function although it was proposed to act as in a similar
manner to the Ptch1 cholesterol transporter. The secondary objective of this study was to
define the biological role of Ptchd1 and the pathological mechanisms induced by Ptchd1 loss-

of-function.

In order to achieve these overarching goals, we define specific experimental aims, listed below:

- Adoption of D4H sensors for in vivo application,
- Examination of cell type-specific cholesterol distribution in brain regions of the
Npc1%© and Ptchd14° NDD mouse models,

- Examination of Ptchd1 protein sub-cellular localization and interacting partners.

The results are presented here in the form of a manuscript with additional data. The following

discussion will be centered on remaining questions and future experimental directions:

- The challenges of uncovering the biological function of Ptchd1 and its downstream
cellular pathway,

- The implications of whole-brain cholesterol distribution differences between cells
and cell-types, and potential experimental methods,

- The importance of cholesterol homeostasis alterations in NDD pathophysiology and

potential therapeutic interventions.
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2.1 Preface

The following result chapter represents the work of my PhD. First, the most advanced results,
which were carried out in close collaboration with several people, are presented in a
manuscript form. Individual contributions will be highlighted below. Supplementary experiments
that were not included in the manuscript will be summarized in additional result sections and/or

put into perspective in the discussion section.

This project was supervised by Prof. Dr. Peter Scheiffele who was involved in writing the
manuscript. My PhD work was supported by the Fellowship for Excellence PhD Program, the
CANDY initiative and AIMS2-TRIALS consortium.

Cell type-specific assessment of cholesterol distribution in models of

neurodevelopmental disorders

Charlotte Czernecki', Shirley Dixit", Sabrina Innocenti', Caroline Bornmann', Isabelle

Riezman?, Howard Riezman?, Peter Scheiffele’

'Biozentrum of the University of Basel, Switzerland
2Department of Biochemistry and National Centre for Competence in Research in Chemical
Biology, Sciences Il, University of Geneva, Switzerland

In preparation

In this study, | performed some in vitro experiments in the HEK293T cell line as well as in vivo
stereotaxic injections in both the NPC1%° and Ptchd1*°® mouse lines. Following the in vivo
injections, | performed the cutting, staining and imaging of some brain samples. Shirley Dixit
also perfomed some in vivo stereotaxic injections, and subsequent cutting, staining and
imaging in collaboration with Sabrina Innocenti. All image analyses and quantification was

performed by myself.
Caroline Bornmann did all virus production and some in vitro experiments in HEK293T cells.

| performed sample collection and preparation of plasma and cerebellum in collaboration with
Sabrina Innocenti, for plasma and lipidomic analyses. Lipidomic analysis was performed by

Isabelle Riezman.
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2.2 Celltype specific assessment of cholesterol

distribution in models of neurodevelopmental disorders

ABSTRACT

Most nervous system disorders manifest through alterations in neuronal signaling based on
abnormalities in neuronal excitability, survival, and synaptic transmission. However, such
neuronal phenotypes are frequently accompanied — or even caused — by metabolic
dysfunctions in neuronal or non-neuronal cells. The tight packing and highly heterogenous
properties of neural, glial and vascular cell types pose significant challenges to dissecting
metabolic aspects of neurodevelopmental disorders. Cholesterol and lipid homeostasis has
recently emerged as key parameter associated with sub-sets of neurodevelopmental disorders.
However, tools for tracking and visualizing endogenous cholesterol distribution in the brain
have limited capability of resolving cell type-specific differences. We here develop tools for
genetically-encoded sensors that report on cholesterol distribution in the mouse brain with
cellular resolution. We apply these probes to examine sub-cellular cholesterol accumulation in
two genetic mouse models of neurodevelopmental disorders, NPC1 and Ptchd1 knock-out
mice. While both genes encode proteins with sterol-sensing domains that have been implicated
in cholesterol transport, we uncover highly selective and cell type-specific phenotypes in
cholesterol homoeostasis. The tools established in this work should accelerate probing sub-
cellular cholesterol distribution in complex tissues like the mammalian brain and enable
capturing cell type-specific alterations in cholesterol flow between cells in models of brain

disorders.
INTRODUCTION

Neurodevelopmental conditions, including autism, are highly heterogeneous in their severity,
phenotypic characteristics, and underlying mechanisms. This heterogeneity arises from diverse
genetic, metabolic, and environmental factors that contribute to the etiology of the conditions.
Consequently, therapies will need to be tailored specifically to the afflicted individuals,
highlighting the importance of gaining deep insights into the origin and pathophysiology of
these complex disorders (Sahin and Sur, 2015; van Karnebeek et al., 2016; Basilico et al.,
2020). Previous work identified alterations in specific synaptic neurotransmitter receptor
systems, neuromodulators, intracellular signaling pathways, and transcriptional regulators that
arise from autism-associated mutations and that resemble candidate targets for interventions
(Bhakar et al., 2012; Won et al., 2013; Sahin and Sur, 2015; Thomson et al., 2017; Asiminas et
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al., 2019; Nakanishi et al., 2019; Hornberg et al., 2020). Lipid homeostasis is an additional, but
comparably less deeply explored, process that — when perturbed - increases likelihood of
neurodevelopmental conditions, including autism. There is a high incidence of autistic spectrum
features in individuals with Smith-Lemli-Opitz syndrome (SLOS) with more than half of
individuals meeting diagnostic criteria for autism (Tierney et al., 2001; Sikora et al., 2006).
SLOS arises from loss-of-function mutations in the 7-dehydrocholesterol reductase (7dhcr), an
enzyme that catalyzes the conversion of 7-dehydrocholesterol to cholesterol. Metabolically,
SLOS is characterized by cholesterol insufficiency and accumulation of its dehydrocholesterol
precursors. Notably, alterations in cholesterol homeostasis are more widely associated with
neurodevelopmental disorders. Population-level differences in blood lipid profiles (LDL, total
cholesterol, and triglycerides) were reported between individuals with ASD and matched
controls (Tierney et al., 2006; Luo et al., 2020). Moreover, cholesterol alterations have been
implicated in Fragile X Syndrome (Berry-Kravis et al., 2015) and Rett's Syndrome (Buchovecky
et al.,, 2013), two monogenic syndromes where a substantial fraction of individuals meets
diagnostic criteria for autism. Finally, neurodevelopmental assessment of children with
Niemann-Pick Disease, a lysosomal storage disorder associated with elevation of cellular
cholesterol levels, reported a high incidence of developmental delay in these children. Thus,
defects in cholesterol homeostasis were hypothesized to play an important role in a sub-group
of neurodevelopmental conditions and to contribute to the etiology of autism (Gillberg et al.,
2017).

While blood lipid profiles are routinely analyzed in clinical practice, detecting altered cholesterol
homeostasis in the brain is complicated by the localized synthesis and transport of cholesterol
across sub-cellular compartments and cell types. The high cholesterol levels in the brain are
achieved largely through local de novo synthesis (Pfrieger and Ungerer, 2011). Neuronal cells
exhibit very low level of cholesterol synthesis. Instead, cholesterol synthesized in astrocytes is
released in form of lipoprotein particles which are internalized by neurons through receptor-
mediated endocytosis (Herz and Bock, 2002). Considering that lipoproteins are only poorly
transported across the blood-brain barrier, measurement of peripheral cholesterol provides little
information about brain cholesterol levels. Moreover, measurements in brain extracts are
difficult to interpret with respect to cholesterol distribution across neuronal, astrocytic, microglial
cells, and oligodendrocyte-derived myelin membranes. Thus, new approaches are needed to

probe cholesterol homeostasis in the brain.

The development of genetically-encoded cholesterol sensors provided a major advance in
probing cellular distribution and dynamics of cholesterol. These probes are based on domain 4

(D4) of the bacterial toxin perfringolysin O which binds to accessible pools of cholesterol in
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cellular membranes (Das et al., 2013; Maekawa and Fairn, 2014). D4H derivates exhibit a
range of minimum cholesterol concentrations required for binding, such as derivates D4H and
YDA that are recruited to membranes containing 20%mol and 2%mol cholesterol, respectively
(Maekawa, 2017). These probes provided important insights into cholesterol dynamics
associated with synaptic plasticity in neuronal in vitro systems (Brachet et al., 2015; Mitroi et
al., 2019). Here, we extended the use of such probes to the mouse brain. We generated a set
of ratiometric cholesterol sensors to probe cholesterol distribution in a cell type-specific
manner. We then demonstrate the utility of these probes for the quantitative assessment of cell
type-specific alterations of cholesterol distribution in mouse models of neurodevelopmental

disorders.

RESULTS

Alterations in regulators of sterol metabolism are associated with neurodevelopmental

conditions

Genes involved in lipid regulation are enriched amongst deleterious variants that segregate
with ASD in the population (David et al., 2016; Luo et al., 2020). To extend these observations
specifically to cholesterol homeostasis, we used the GeneTrek tool (Leblond et al., 2021) to
search for neurodevelopmental disorders associated with mutations in genes controlling
cholesterol metabolism (89 genes, KEGG pathways hsa04979 and hsa00900; Table S1). We
also searched for NDD-association of genes predicted to contain sterol-sensing domains (SSD)
(13 genes, Table S1) (Kuwabara and Labouesse, 2002; Wu et al., 2022), a membrane domain
contained in proteins involved in cholesterol biosynthesis (e.g. HMG-CoA reductase and 7-
dehydrocholesterol reductase enzymes), intracellular cholesterol transport (NPC1), and
cholesterol efflux involved in cell signaling (Patched-1, Ptch1). Notably, 20 of the 89 genes
involved in sterol metabolism were classified as associated with epilepsy or
neurodevelopmental disorders (Fig. 1A). When focusing on SSD proteins, four of the 13 genes
are defined as risk genes: NPC1, NPC1L1, Ptch1, and Ptchd1. NPC1, NPC1L1 and Ptch1
encode proteins with cholesterol transporter functions. For Ptchd1, knock-out in mice results in
behavioral and electrophysiological alterations (Wells et al., 2016; Tora et al., 2017; Ung et al.,
2017). Moreover, loss of Ptchd1 impairs cholesterol-dependent p-opioid receptor trafficking
and function (Maza et al., 2022). This close association of NDD and cholesterol metabolism
genes warrants further investigation to elucidate alterations in brain cholesterol homeostasis in
NDD models.
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Adaptation of cholesterol sensors for in vivo applications

To investigate cholesterol distribution in the mouse brain, we adapted fluorescent D4H sensors
for in vivo assessment of cell type-specific cholesterol levels. We combined the mCherry-fused
sensors D4H and YDA with an equimolar eGFP normalizer through a T2A linker (Fig. 1B; D4H:
eGFP-2A-mCherry-D4H and YDA: eGFP-2A-mCherry-YDA). To monitor overall membrane
distribution (independently from cholesterol content) we created an analogous probe containing
a myristoylation and palmitoylation site for membrane targeting Myr/Palm-mCherry-2A-eGFP
(Myr/P). In transiently transfected HEK293T cells identified by cytoplasmic eGFP expression,
the probes exhibited varying degrees of plasma membrane enrichment. D4H signal was highly
concentrated at the plasma membrane (PM) with few (presumptive) endosomal structures
marked. By contrast, the YDA signal was more widely distributed across intracellular
membranes. The Myr/P signal was similar to the YDA pattern with the exception of a higher
accumulation in perinuclear membranes. Line histograms of fluorescence intensity (see
methods for details) confirmed the strong plasma membrane enrichment of mCherry-D4H
whereas the eGFP signal derived from the T2A cleavage was abundant in the cytoplasm (Fig.
1E). By comparison, the YDA and Myr/P probes exhibit reduced plasma membrane enrichment

due to their association with intracellular structures.

We then used stereotaxic injection of recombinant adeno-associated viruses (AAV9 capsid) to
deliver the probes under control of the neuron-specific human synapsin promoter into the
dentate gyrus of C57BI6/J mice (Fig. 2A). 7-9 days following injection, probes were imaged in
sections from perfusion fixed mice. Interestingly, D4H and YDA probes strongly labeled
dendrites of dentate granule cells with only little probe signal detected in the granule cell
somata (Fig. 2B). By contrast, cell somata located in the hilus (which mostly represent
GABAergic interneurons) were strongly D4H and YDA-positive. Comparison to the eGFP
normalizer as well as the Myr/P probe revealed that this was not a consequence of higher
sensor expression in the hilar cells but rather a high abundance of cellular membranes within
somata of these cells (Fig. 2B). In dentate granule cells, D4H signal was highly enriched in the
plasma membrane with a small number of punctate somatic structures marked. Similar to the in
vitro conditions, YDA and Myr/P signals exhibited less plasma membrane enrichment due to
the increased association with intracellular structures (Fig. 2C). These experiments
demonstrate the suitability of D4H-derived cholesterol sensors for analysis of neuronal

cholesterol distribution in the mouse hippocampus.
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Visualization of neuron-specific cholesterol distribution in NPC1X° hippocampus

Considering that mutations in the SSD protein NPC1 are associated with neurodevelopmental
disorders and alterations in cholesterol transport, we then used NPC1X° mice to validate the
suitability of the probes to quantitatively capture alterations in cholesterol distribution in vivo.
We expressed the D4H sensor in neurons of the dentate gyrus of 4 week old wild-type and
NPC1%° (-/-) mice (Fig. 3A). NPC1X° mice displayed a strong accumulation of the D4H-positive
puncta in neuronal somata. These puncta resemble cholesterol accumulation in lysosomes, a
hallmark of Niemann-Pick Disease pathology. Increased puncta density as compared to control
littermates was not due to alterations in sensor expression level or cell size as confirmed by
comparable eGFP signal intensity and area (Fig. 3B). While a small number of D4H probe-
positive puncta are observed in littermate control animals, there was a substantial increase in
mean puncta density and size in dentate granule cell neurons of the NPC7° mice (Fig. 3B,
see methods for details on the quantification). Moreover, the frequency distribution of D4H
puncta density and size was strongly shifted towards higher densities and areas, with a trend

towards increased probe intensity observed for these structures (Fig. 3C).

Normal intracellular cholesterol distribution in Ptchd1%° mice

Ptchd1 knock-out mice represent a second NDD-model carrying a mutation in a sterol-sensing
domain protein. In the mouse brain, Ptchd1 mRNA is most highly expressed in neurons of the
thalamic reticular nucleus, cerebellar granule cells, and in dentate granule cells of the
hippocampus (Noor et al., 2010; Wells et al., 2016; Tora et al., 2017). To test whether loss of
Ptchd1 results in alterations in neuronal cholesterol distribution, we delivered the ratiometric
D4H probes into the dentate gyrus of 4 week old male mice and compared membrane
enrichment and intracellular structures between Ptchd1” mutant and littermate control animals.
We detected no significant difference between genotypes in D4H probe recruitment to the
plasma membrane or intracellular structures (Fig. 4A-D). This suggests that loss of Ptchd1
from dentate granule cells is not associated with detectable changes in cholesterol levels or

distribution in these cells.

Considering that Ptchd1 is also expressed in non-neuronal tissues (Noor et al., 2010) and
alterations in blood cholesterol levels have been reported in ASD patients (Tierney et al., 2006;
Luo et al., 2020), we performed blood sampling from 6 day and 30 day old Ptchd1” and
littermate control animals and quantified cholesterol, LDL, HDL, and triglycerides levels.
Notably, we did not observe significant genotype differences in any of these parameters at both
ages (Fig. 4E). Finally, no significant changes in overall lipid composition, including fatty acid

chain length or saturation were observed using mass-spectrometry-based lipidomic analysis of
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Ptchd Y mutant brain samples (Fig. S1 and Supplementary Table 2). Taken together, these
results suggest that deletion of the sterol-sensing domain protein Ptchd1 does not significantly

alter cholesterol level and lipid metabolism in the mouse brain.

Selective targeting of sensors reveals cell type-specific differences in cholesterol

distribution

A major advantage of molecularly-encoded sensors is the ability to target them to genetically-
defined cell populations. Considering the segregation of brain cholesterol synthesis and
cholesterol turn-over between astrocytes and neuronal cells, respectively, we modified the AAV
vectors for cell type-specific expression. Thus, we expressed the ratiometric D4H probe
selectively in astrocytes of the dentate gyrus using a minimal GFAP promoter (GfaABC1D)
(Fig.5A) (Lee et al., 2008). Cholesterol distribution in astrocytes in vivo differed from neuronal
cells, with a significant accumulation of probe-positive structures in the astrocytic cytoplasm in
wild-type mice (Fig. 5B). Interestingly, these astrocytic cholesterol-containing structures were

not enlarged in Npc1X©

mice, highlighting neuron-specific alterations in intracellular cholesterol
distribution (Fig.5¢). To further expand the range of cell populations that can be targeted with
ratiometric D4H probes in mice, we further generated viral vectors for cre-recombinase
dependent expression. We validated those vectors by selective expression in parvalbumin-
positive interneurons in the mouse dentate gyrus (Fig. $2). In combination, these versatile
tools should prove highly valuable to complement lipidomic and molecular studies providing cell

type and sub-cellular resolution for assessment of cholesterol distribution in vivo.

DISCUSSION

In recent years, mounting evidence has linked lipid — and more particularly cholesterol —
metabolism alterations to neurodevelopmental disorders. Neuronal cholesterol is tightly
balanced as both, increased or decreased levels are associated with disease states. As a key
component of cellular membrane and membrane microdomains, cholesterol modulates ion
channel function, signaling receptors, and synaptic vesicle release (Pfrieger, 2003; van den
Bogaart et al., 2013; Ikonen and Zhou, 2021). For example, cholesterol is required for function
of multiple GPCRs (Oates and Watts, 2011; Duncan et al., 2020), including the high-affinity
state of the oxytocin receptor, a receptor centrally involved in the regulation of social
behaviours (Gimpl and Fahrenholz, 2001). Consequently, disrupted cholesterol homeostasis
has severe impact on brain function (Martin et al., 2014). A deeper understanding of cell type-
specific alterations in cholesterol homeostasis associated with disease states might open up

new therapeutic avenues, particularly, as cholesterol-modulating drugs are available.
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D4-derived cholesterol sensors have been employed to map distribution of pools of cholesterol
in cultured cells (Maekawa, 2017; Mitroi et al., 2019) and in C.elegans (Cadena Del Castillo et
al., 2021). Here, we adapted those probes for cell type-specific use in the rodent brain.
Combining ratiometric D4H- and YDA-based sensors with a cholesterol-independent
membrane probe allows for normalization to probe expression and differences in intracellular
membrane content across cell types. We demonstrate the utility of these probes to capture
cholesterol distribution across brain cell types and to visualize cell type-specific cholesterol
trafficking defects in the NPC1%° model. Interestingly, we observed highly divergent cholesterol
distribution phenotypes in NPC1X° astrocytes and granule cells in the mouse dentate gyrus.
While loss of NPC1 resulted in major intracellular trafficking defects in granule neurons, the
probe-accessible pools in hippocampal astrocytes were unaltered. This observation is
consistent with the proposal that anatomically-defined phenotypes can be rescued by neuron-
specific re-expression of NPC1 protein (Lopez et al., 2011). The cre-recombinase-dependent
sensors developed here should facilitate the dissection of cholesterol trafficking defects in

additional cell types in the NPC1X°

model, like microglia, where impaired lysosomal lipid
trafficking, enhanced phagocytic uptake, and impaired myelin turnover have recently been

reported (Colombo et al., 2021).

In contrast to NPC1X° mice, we did not detect significant alterations in the D4H-accessible
cholesterol pool in Ptchd1%° animals. Moreover, overall sterol levels, lipid composition or acyl
chain saturation in Ptchd1 mutants were unchanged. This suggests that Ptchd1 protein is
unlikely to have a major cholesterol transport function in mice. While NPC1 and Ptchd1 share
sterol-sensing domains, they differ in key amino acid residues linked to transport function in the
RND permease protein family. NPC1 and the sonic hedgehog receptor Ptch1, two SSD
proteins with cholesterol transport function contain GxxxDD and GxxxE/D motifs in
transmembrane domains 4 and 10, respectively (Gong et al., 2018; Zhang et al., 2018).
Notably, in Ptchd1, these motifs are not conserved, similar to Scap another SSD protein (Fig.
83). Scap is involved in cholesterol biosynthesis regulation where it acts as cholesterol sensor
(Brown et al., 2018). Notably, a recent study linked Ptchd1 and plasma membrane cholesterol
to p-opioid receptor trafficking (Maza et al., 2022). Thus, it might be of interest to further
investigate sterol-sensing and cholesterol-dependent trafficking functions of Ptchd1 in the

future.

A subset of individuals with autism have characteristic dyslipidemia including cholesterol
alterations, which can be identified by analysis of blood samples (Tierney et al., 2006; Luo et
al., 2020). Initial trials in individuals with Fragile X have not supported therapeutic benefits from

treatment with cholesterol lowering drugs. The approach developed in our work should enable
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probing brain cholesterol distribution on a cellular level in models of brain disorders. Such an
analysis should provide valuable information on forms of ASD, where a modification of
cholesterol levels may hold promise for therapeutic intervention. Finally, alterations in
cholesterol homeostasis are more widely implicated in brain pathology, including Alzheimer’s
Disease (Li et al., 2022). Thus, the virally-delivered probes developed in our work should
accelerate capturing cell type-specific cholesterol distribution in the mammalian brain and
enable tracking alterations in cholesterol flow across cell types in a wide-array of brain

disorders.
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Figure 1 : Adaptation of perfringolysin O-derived cholesterol probes for analysis

of cholesterol distribution

(A) Pie chart results from GeneTrek analysis of curated gene lists of sterol metabolism
and sterol-sensing domain (SSD) proteins (89 and 13 genes respectively). GeneTrek
is used to explore association of human genes with several neurodevelopmental
disorders (NDD) including autism-spectrum disorders (ASD), intellectual disability (ID)
and others. Some sterol metabolism genes as well as SSD proteins genes are
neurodevelopmental disorders candidate genes including NPC1, Ptch1 and Ptchd1.
(B) Plasmid design of ratiometric D4H cholesterol probes under human synapsin
promoter control. (C) Confocal images of HEK293T cells at 63X magnification,
transfected with 200ng of Syn-eGFP-2A-mCherry_D4H, Syn-eGFP-2A-mCherry_YDA
or Syn-Myr_mCherry-2A-eGFP plasmids. Scale bar: 5um. (D) Intensity line histogram
of eGFP (green) and mCherry (red) signals across one HEK293T cell transfected with
200ng of Syn-eGFP-2A-mCherry_D4H plasmid. Line width: 10 pixels. (E) Plasma
membrane (PM) enrichment ratios of eGFP (green) and mCherry (red) for each
cholesterol probe (D4H, YDA or Myr_P) plasmid in HEK293T cells. PM enrichment is
calculated from average peak maximum intensity (from two consecutive pixels) at PM
divided by average soma intensity (avgintPM/avgintsoma). Mean + SD, N=3
independent experiments, n=3 coverslips per condition (avg. 18 cells per coverslip),
Ordinary two-way ANOVA with Tukey’s multiple comparisons tests, with individual

variances computed for each comparison.
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Figure 2
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Figure 2: Application of ratiometric D4H cholesterol probes in mice

(A) Virus design of ratiometric D4H cholesterol probes under human synapsin
promoter control for neuronal expression. (B) Confocal images of 50um coronal brain
sections of injected P27-32 wild-type mice (C57B6/J background). Upper left panel:
10X magnification view of DG, scale bar: 100um. Lower left panel: 63X magnification
of granule cells (GC), scale bar: 10um. Right panel: 20X magnification view of granule
cell layer (GCL) and corresponding dendrites. (C) Plasma membrane (PM) enrichment
ratios of eGFP (green) and mCherry (red) for each cholesterol probe (D4H, YDA or
Myr_P) virus in DG granule cells. PM enrichment is calculated from average peak
maximum intensity (from two consecutive pixels) at PM divided by average soma
intensity (avgIntPM/avgintsoma). Mean + SD, n=4-13 mice per condition (avg. 22 cells
per mouse), Ordinary two-way ANOVA with Tukey’s multiple comparisons tests, with

individual variances computed for each comparison
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Figure 3
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Figure 3: Neuronal cholesterol distribution in Npc1%° mice

(A) Confocal images of 50um coronal brain sections of injected P27-32 wild-type or
knock-out (-/-) NPC1 mice (BALB/c background). Upper left panel: 10X magnification
view of DG, scale bar: 100pum. Lower left panel: 63X magnification of granule cells
(GC), scale bar: 10um. Right panel: 20X magnification view of granule cell layer (GCL)
and corresponding dendrites. (B) Analysis of mCherry puncta in DG granule cells from
NPC1 wild-type and -/- mice. Each cell was manually traced and mCherry puncta (with
an intensity threshold of 55 to exclude background noise) were computed in the
defined cells. Subsequently, puncta smaller than 2 pixels (puncta area < 0.04 uym?)
were excluded from the analysis. Left graphs display whole cell parameters (cell area
and eGFP intensity), right graphs display puncta parameters (avg puncta number per
cell, avg puncta area and avg puncta intensity). Mean £ SD, n=6-8 mice per condition
(avg. 162 cells per mouse), unpaired Student’s t-test. (C) Frequency distribution of

puncta analysis parameters (number per cell, area and intensity) with Gaussian fit.
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Figure 4
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Figure 4: Neuronal cholesterol distribution in Ptchd1° mice

(A) Confocal images of 50um coronal brain sections of injected P27-32 wild-type or
knock-out (-/y) Ptchd1 mice (C57B6/J background). Upper left panel: 10X
magnification view of DG, scale bar: 100um. Lower left panel: 63X magnification of
granule cells (GC), scale bar: 10pum. Right panel: 20X magnification view of granule
cell layer (GCL) and corresponding dendrites. (B) Plasma membrane (PM) enrichment
ratios of eGFP (green) and mCherry (red) in DG granule cells of injected wild-type and
-ly Ptchd1 mice. PM enrichment is calculated from average peak maximum intensity
(from two consecutive pixels) at PM divided by average soma intensity
(avgIntPM/avgintsoma). Mean + SD, n=10-13 mice per condition (avg. 45 cells per
mouse), multiple unpaired Student’s t-test with Holm-Sidak method for statistical
significance determination. (C) Analysis of mCherry puncta in DG granule cells from
Ptchd1 wild-type and -/y mice. Each cell was manually traced and mCherry puncta
(with an intensity threshold of 55 to exclude background noise) were computed in the
defined cells. Subsequently, puncta smaller than 2 pixels (puncta area < 0.04 um2)
were excluded from the analysis. Left graphs display whole cell parameters (cell area
and eGFP intensity), right graphs display puncta parameters (avg puncta number per
cell, avg puncta area and avg puncta intensity). Mean £ SD, n=5-7 mice per condition
(avg. 166 cells per mouse), unpaired Student’s t-test. (D) Frequency distribution of
puncta analysis parameters (number per cell, area and intensity) with Gaussian fit. (E)
Plasma concentration of cholesterol-related metabolites from P6 or P30 Ptchd1 wild-
type and -/y mice using a Cobas c111 analyzer. LDL: low density lipoprotein, HDL.:
high density lipoprotein. Mean = SD, n=7-8 mice, Ordinary two-way ANOVA with
Tukey’s multiple comparisons tests, with individual variances computed for each

comparison.
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Figure 5
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Figure 5: Adaptation of D4H probes for probing astrocyte-specific cholesterol

distribution

(A) Virus design of ratiometric D4H cholesterol probe under astrocyte-specific
GfaABC1D promoter control. (B) Confocal images of 50um coronal brain sections of
injected P27-32 wild-type or knock-out (-/-) NPC1 mice (BALB/c background). Upper
left panel: 10X magnification view of DG, scale bar: 100um. Lower left panel: 63X
magnification of astrocyte, scale bar: 10um. Right panel: 20X magnification view of

granule cell layer (GCL) and corresponding dendrites.
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Figure supplement 1
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Figure supplement 1 — related to Figure 4: Summary of lipidomic comparison of wil-
type and Ptchd1%C tissue

(A) Normalized lipids levels in cerebellar tissue of P26-28 Ptchd1 wild-type or -/y mice
(n=5) by lipidomics. (B) Normalized lipids levels in cerebellar tissue of P6 Ptchd1 wild-
type or -y mice (n=15-12) by lipidomics. PC: phosphatidylcholine, PE:
phosphatidylethanolamine, Pl: phosphatidylinositol, PS: phosphatidylserine, CER:
ceramide, GIcCER: glucosylceramide, SM: sphingomyelin. Mean + SD, Ordinary two-
way ANOVA with Tukey’'s multiple comparisons tests, with individual variances

computed for each comparison.
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Figure supplement 2
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Figure supplement 2 —rrelated to Figure 5: AAV vectors for cell-type specific

visualization of cholesterol distribution

(A) Virus design of ratiometric D4H cholesterol probe with DiO configuration for cre-
dependent expression in specific neuronal population. B. Confocal images of 50um
coronal brain sections of injected P27-32 wild-type or knock-out (-/-) parvalbumin
(PV)-Cre mice (C57B6/J background). Upper left panel: 10X magnification view of
DG, scale bar: 100um. Lower left panel: 63X magnification of granule cells (GC),
scale bar: 10um. Right panel: 20X magnification view of granule cell layer (GCL) and

corresponding dendrites.
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Figure supplement 3
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Figure supplement 3: Key amino acid residues of RND transporter family are not

conserved in PTCHD1.

(A) Hypothetical topology of Ptchd1. The two predicted sterol-sensing domains are
highlighted in orange, transmembrane domains in blue (numbered from 1-12). (B)
Alignment of amino acid sequences (mouse proteins) in transmembrane domains 4
and 10 which play key roles in cholesterol transport by Ptch1. Critical amino acid
residues contributing to transport function in bacterial RND transporters as well as
Ptch1 are highlighted (GxxxDD and GxxxD/E motif) (Gong et al.,
2018). NPC1 and Disp1 which also exhibit cholesterol transport activity share the
conserved motifs. By contrast, Scap lacks cholesterol transporter activity also lacks

these motifs. Note that Scap contains only one SSD and, thus, only 8 transmembrane

domains.
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Table S1 — List of genes involved in cholesterol metabolism and
sterol-sensing domain proteins

CHOLESTEROL PATHWAY

Uniprot ID entrezgene name symbol
095477 19 ATP binding cassette subfamily A member 1 ABCA1 ABC1, HDLDT1 9606 HGNC:29 hsa04979
P02647 335 Japolipoprotein A1 APOA1 9606 HGNC:600 hsa04979
P06858 4023 Jlipoprotein lipase LPL LIPD 9606 HGNC:6677 hsa04979
P04180 3931 Jlecithin-cholesterol acyltransferase LCAT 9606 HGNC:6522 hsa04979
QIY5X9 9388 Jlipase G, endothelial type LIPG 9606 HGNC:6623 hsa04979
P55058 5360 Iphospholipid transfer protein PLTP 9606 HGNC:9093 hsa04979
P11597 1071 cholesteryl ester transfer protein CETP 9606 HGNC:1869 hsa04979
P11150 3990 |ﬁpase C, hepatic type LIPC 9606 HGNC:6619 hsa04979
P08519 4018 lipoprotein(a) LPA LP 9606 HGNC:6667 hsa04979
P16671 948 CD36 molecule CD36 9606 HGNC:1663 hsa04979
P01130 3949 low density lipoprotein receptor LDLR 9606 HGNC:6547 hsa04979
QBPIU2 57662 neutral cholesterol ester hydrolase 1 NCEH1 AADACL1 9606 HGNC:29260 hsa04979
P35610 8435 sterol O-acyltransferase 2 SOAT2 SOAT, STAT 9606 HGNC:11177 hsa04979
075908 6646 sterol O-acyltransferase 1 SOAT1 9606 HGNC:11178 hsa04979
P02654 341 apolipoprotein C1 APOC1 9606 HGNC:607 hsa04979
P02655 344 apolipoprotein C2 APOC2 9606 HGNC:609 hsa04979
P02749 350 apolipoprotein H APOH B2G1 9606 HGNC:616 hsa04979
QIY5C1 27329 angiopoietin like 3 ANGPTL3  JANGPTS 9606 HGNC:491 hsa04979
QIBY76 51129 angiopoietin like 4 ANGPTL4 9606 HGNC:16039 hsa04979
QBUXHO 55908 angiopoietin like 8 ANGPTL8  |C190rf80 9606 HGNC:24933 hsa04979
QBWTVO 949 scavenger receptor class B member 1 SCARB1 CD36L1 9606 HGNC:1664 hsa04979
Q99523 6272 sortilin 1 SORT1 9606 HGNC:11186 hsa04979
P04114 338 apolipoprotein B APOB 9606 HGNC:603 hsa04979
Q8NBP7 255738 proprotein convertase subtilisin/kexin type 9 PCSK9 HCHOLA3 9606 HGNC:20001 hsa04979
Q5SW96 26119 low density lipoprotein receptor adaptor protein 1 LDLRAP1 9606 HGNC:18640 hsa04979
QBWY64 29116 myosin regulatory light chain interacting protein MYLIP 9606 HGNC:21155 hsa04979
P02649 348 apolipoprotein E APOE AD2 9606 HGNC:613 hsa04979
Q07954 4035 LDL receptor related protein 1 LRP1 APR, A2MR 9606 HGNC:6692 hsa04979
P38164 4036 LDL receptor related protein 2 LRP2 9606 HGNC:6694 hsa04979
P30533 4043 LDL receptor related protein associated protein 1 LRPAP1 A2MRAP. RAP 9606 HGNC:6701 hsa04979
P38571 3988 ﬁpase A, lysosomal acid type LIPA 9606 HGNC:6617 hsa04979
Q14849 10948 star related lipid transfer domain containing 3 STARD3 9606 HGNC:17579 hsa04979
P21796 7416 \voltage dependent anion channel 1 VDACA 9606 HGNC; 12669 hsa04979
P45880 7417 voltage dependent anion channel 2 VDAC2 9606 HGNC:12672 hsa04979
QIY277 7419 voltage dependent anion channel 3 VDAC3 9606 HGNC:12674 hsa04979
P30536 706 translocator protein TSPO BZRP 9606 HGNC:1158 hsa04979
Q02318 1593 cytochrome P450 family 27 subfamily A member 1 CYP27A1 CYP27 9606 HGNC:2605 hsa04979
QIPOLO 9218 VAMP associated protein A VAPA 9606 HGNC:12648 hsa04979
095292 9217 VAMP associated protein Band C VAPB 9606 HGNC:12649 hsa04979
015118 4864 NPC intracellular cholesterol transporter 1 NPC1 9606 HGNC:7897 hsa04979
P49675 6770 steroidogenic acute regulatory protein STAR 9606 HGNC:11359 hsa04979
P22680 1581 cytochrome P450 family 7 subfamily A member 1 CYP7A1 CYP7 9606 HGNC:2651 hsa04979
095342 8647 ATP binding cassette subfamily B member 11 ABCB11 BSEP, PFIC2 9606 HGNC:42 hsa04979
QoH222 64240 ATP binding cassette subfamily G member 5 ABCGS 9606 HGNC:13886 hsa04979
QoH221 64241 ATP binding cassette subfamily G member 8 ABCG8 9606 HGNC:13887 hsa04979
P02652 336 apolipoprotein A2 APOA2 9606 HGNC:601 hsa04979
P02656 345 apolipoprotein C3 APOC3 9606 HGNC:610 hsa04979
P06727 337 apolipoprotein A4 APOA4 9606 HGNC:602 hsa04979
QIBWDA1 39 acetyl-CoA acyltransferase 2 ACAT2 9606 HGNC:94 hsa00900
P24752 38 acetyl-CoA acyltransferase 1 ACATA1 ACAT 9606 HGNC:93 hsa00900
Q01581 3157 3-hydroxy-3-methylglutaryl-CoA synthase 1 HMGCS1 HMGCS 9606 HGNC:5007 hsa00900
P54868 3158 3-hydroxy-3-methylglutaryl-CoA synthase 2 HMGCS2 9606 HGNC:5008 hsa00900
P04035 3156 3-hydroxy-3-methyliglutaryl-CoA reductase HMGCR 9606 HGNC:5006 hsa00900
Q03426 4598 mevalonate kinase MVK 9606 HGNC:7530 hsa00900
Q15126 10654 phosphomevalonate kinase PMVK 9606 HGNC:9141 hsa00900
P53602 4597 mevalonate diphosphate decarboxylase MVD 9606 HGNC:7529 hsa00900
Q13907 3422 isopentenyl-diphosphate delta isomerase 1 IDI1 9606 HGNC:5387 hsa00900
Q9BXS1 91734 isopentenyl-diphosphate delta isomerase 2 IDI2 9606 HGNC:23487 hsa00900
P14324 2224 farnesyl diphosphate synthase FDPS 9606 HGNC:3631 hsa00900
0954749 9453 geranylgeranyl diphosphate synthase 1 GGP$1 9606 HGNC:4249 hsa00900
Q5T2R2 23590 decaprenyl diphosphate synthase subunit 1 PDS$1 TPRT 9606 HGNC:17759 hsa00900
QB6YH6E 57107 decaprenyl diphosphate synthase subunit 2 PDSS2 C4orf210 9606 HGNC: 23041 hsa00900
Q86SQ9 79947 dehydrodolichyl diphosphate synthase subunit DHDDS 9606 HGNC:20603 hsa00900
QO6E22 116150 NUS1 dehydrodolichyl diphosphate synthase subunit NUS1 C6orf68 9606 HGNC:21042 hsa00900
P49354 2339 farnesyltransferase, CAAX box, alpha FNTA 9606 HGNC:3782 hsa00900
P49356 2342 farnesyltransferase, CAAX box, beta FNTB 9606 HGNC:3785 hsa00900
QIY256 9986 Ras converting CAAX endopeptidase 1 RCE1 RCE1A, RCE1B 9606 HGNC:13721 hsa00900
075844 10269 zinc metallopeptidase STE24 ZMPSTE24 9606 HGNC:12877 hsa00900
060725 23463 isoprenylcysteine carboxyl methyltransferase ICMT 9606 HGNC:5350 hsa00900
QIUHG3 51449 prenylcysteine oxidase 1 PCYOX1 9606 HGNC:20588 hsa00900
P37268 2222 Farnesyl-Diphosphate Farnesyltransferase 1 FDFT1 9606 HGNC:3629 hsa00100
Q14534 6713 squalene epoxidase SQLE 9606 HGNC:11279 hsa00100
P48449 4047 lanosterol synthase LSS 9606 HGNC:6708 hsa00100
Q16850 1595 Cytochrome P450 Family 51 Subfamily A Member 1 CYPS1A1 CYP51 9606 HGNC:2649 hsa00100
Q15800 6307 methylsterol monooxygenase 1 MSMO1 SC4MOL 9606 HGNC:10545 hsa00100
Q15738 50814 NAD(P) Dependent Steroid Dehydrogenase-Like NSDHL 9606 HGNC:13398 hsa00100
Q75845 6309 sterol-C5-desaturase SC5D SC5DL 9606 HGNC:10547 hsa00100
QOUBM7 1717 7-dehydrocholesterol reductase DHCR7 SLOS 9606 HGNC:2860 hsa00100
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STEROL-SENSING DOMAIN PROTEINS

UNIPROT ID entrezgene name symbol alias ta HGNC
QI6F81 84976 dispatched RND transporter family member 1 DISP1 DISPA 9606 HGNC:19711
A7TMBM2 85455 dispatched RND transporter family member 2 DISP2 C150rf36, DISPB, HsT16908, LINCO0H49606 HGNC:19712
(QOP2K9 57540 dispatched RND transporter family member 3 DISP3 PTCHD2, KIAA1337 9606 HGNC:29251
F1TOI3 57540 dispatched RND transporter family member 3 DISP3 PTCHD2, KIAA1337 9606 HGNC:29251
ADA024RAP2 3156 3-hydroxy-3-methylglutaryl-CoA reductase HMGCR LDLCQ3 9606 HGNC:5006
AOA7POTBP1 3156 3-hydroxy-3-methylglutaryl-CoA reductase HMGCR LDLCQ3 9606 HGNC:5006
ADA7P0Z481 3156 3-hydroxy-3-methylglutaryl-CoA reductase HMGCR LDLCQ3 9606 HGNC:5006
P04035 3156 3-hydroxy-3-methylglutaryl-CoA reductase HMGCR LDLCQ3 9606 HGNC:5006
ABKA27 3156 3-hydroxy-3-methylglutaryl-CoA reductase HMGCR LDLCQ3 9606 HGNC:5006
B2R649 3156 3-hydroxy-3-methylglutaryl-CoA reductase HMGCR LDLCQ3 9606 HGNC:5006
K7EQ23 4864 NPC intracellular cholesterol transporter 1 NPC1 NPC, POGZ, SLC65A1 9606 HGNC:7897
015118 4864 NPC intracellular cholesterol transporter 1 NPCA1 NPC, POGZ, SLCE65A1 9606 HGNC:7897
ADA0S2A5C8 4864 NPC intracellular cholesterol transporter 1 NPC1 NPC, POGZ, SLC65A1 9606 HGNC:7897
IAOA193DRS0 4864 NPC intracellular cholesterol transporter 1 NPC1 NPC, POGZ, SLC65A1 9606 HGNC:7897
IAOAOA8JCDO 4864 NPC intracellular cholesterol transporter 1 NPC1 NPC, POGZ, SLCB65A1 9606 HGNC:7897
Q59GR1 4864 Niemann-Pick disease, type C1 variant NPC1 NPC, POGZ, SLCE65A1 9606 HGNC:7897
AOAOCADFX6 29881 NPC1 like intracellular cholesterol transporter 1 NPC1L1 LDLCQ7, NPC11L1, SLC65A2 9606 HGNC:7898
ADAOCADGG6E 29881 NPC1 like intracellular cholesterol transporter 1 NPC1L1 LDLCQ7, NPC11L1, SLCB5A2 9606 HGNC:7898
QOUHCY 29881 NPC1 like intracellular cholesterol transporter 1 NPC1L1 LDLCQ7, NPC11L1, SLC65A2 9606 HGNC:7898
HOY3B8 5727 patched 1 PTCH1 BCNS, NBCCS, PTC, PTC1, PTCH _ J9606 HGNC:9585
H3BLX7 5727 patched 1 PTCH1 BCNS, NBCCS, PTC, PTC1, PTCH _ J9606 HGNC:9585
Q13635 5727 patched 1 PTCH1 BCNS, NBCCS, PTC, PTC1, PTCH  |9606 HGNC:9585
Q3LFT4 5727 patched 1 PTCH1 BCNS, NBCCS, PTC, PTC1, PTCH  J9606 HGNC:9585
Q3LG18 5727 patched 1 PTCH1 BCNS, NBCCS, PTC, PTC1, PTCH __|9606 HGNC:9585
AOATWSYLI4 5727 patched 1 PTCH1 BCNS, NBCCS, PTC, PTC1, PTCH  J9606 HGNC:9585
AOATWSYLI7 5727 patched 1 PTCH1 BCNS, NBCCS, PTC, PTC1, PTCH _ J9606 HGNC:9585
QIYBC5 8643 patched 2 PTCH2 PTC2 9606 HGNC:9586
QI6NR3 139411 patched domain containing 1 PTCHD1 AUTSX4 9606 HGNC:26392
[X5DNX9 139411 patched domain containing 1 PTCHD1 AUTSX4 9606 HGNC:26392
AOAONSHUO2 139411 patched domain containing 1 PTCHD1 AUTSX4 9606 HGNC:26392
AOAO87WVH3 374308 patched domain containing 3 (gene/pseudogene) PTCHD3 PTR 9606 HGNC:24776
Q3KNS1 374308 patched domain containing 3 (gene/pseudogene) PTCHD3 PTR 9606 HGNC:24776
FELPT1 374308 patched domain containing 3 (gene/pseudogene) PTCHD3 PTR 9606 HGNC:24776
I0CMKO 374308 patched domain containing 3 (gene/pseudogene) PTCHD3 PTR 9606 HGNC:24776
AOA7POTADS 442213 patched domain containing 4 PTCHD4 C6orf138, PTCH53, dJ402H5.2 9606 HGNC:21345
HOY3Q6 442213 patched domain containing 4 PTCHD4 (C6orf138, PTCH53, dJ402H5.2 9606 HGNC:21345
Q6ZW05 442213 patched domain containing 4 PTCHD4 C6orf138, PTCH53, dJ402H5.2 9606 HGNC:21345
AOAOAOMTGE 22937 SREBF chaperone SCAP 9606 HGNC:30634
B7Z6HO 22937 SREBF chaperone SCAP 9606 HGNC:30634
F8WEHS8 22937 SREBF chaperone SCAP. 9606 HGNC:30634
Q12770 22937 SREBF chaperone SCAP 9606 HGNC:30634
ABK619 22937 SREBF chaperone SCAP 9606 HGNC:30634
QEPIX8 22937 SREBF chaperone SCAP 9606 HGNC:30634
(QBN966 283576 zinc finger DHHC-type palmitoyltransferase 22 ZDHHC22 (C140rf59 9606 HGNC:20106
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Table S2 — Detailed results of lipidomic analysis

Normalized
lipididomic data - by
intra- and inter-serie

factors P26-P28 {n=5) P6 {n=15-12}
MEAN WT SDWT MEAN KO SD KO MEAN WT SDWT MEAN KO SD KO

Total_CER 157265,927 7453,72324] 167652,102 6941,13714| 9857,66911 177,800179] 123477139 295,352618
Total_GlcCER 194690,864 7564,45422] 192304,412 7136,06932) 14079,6211 725,731587] 12547,7418 640,639791
Total_SM 79796,2891 3514,46086] 73571,9031 2083,25969] 8068,31638 169,518409] 11327,8442 496,093961
Tatal_PC 2700794,92 32076,68] 2556524,37 314829511] 3376848,69 21610,9964] 3374503,59 259258113
Total_PE 917789,539  15636,686] 973070,574 10096,0972] 950703,869 19862,7128] 974622,022 17468,7183
Total_PI 223777,76 5036,65854] 232310,205 4551,50816] 266580,368 3391,50401| 245985,12 5939,76246
Total_PS 645916,228 9047,64146] ©684597,964 20038,2996| 293892,996 3585,67678] 288697498 46455525
Total_CL 8075,80145 121,952618] 8133,1345 170,692999| 4282,71826 111,022178] 4054,51236 128,487479
Total_Sterols 107957,067 1364,3184] 119558,439 2223,41166] 114818,914 2499,16799] 110648,386 1365,46719
CER 101622,356 4978,36519] 108582,186 4851,111] 9361,27774 159,844375] 11726,3527 280,0715
DHCER 1187,08274 67,6120659] 1502,91152 60,8043205] 310,403333 23,2841778] 408,734079 29,3000164
CERP 21387,7337 1210,044) 222756561  1415,7116] 185988042 7,24971509) 212,627059 8,96195971
CER_OH 8535,60043 379,964117] 9608,95489 381,306118] 458,443762 18,5475783] 552,584832 19,5181601
GIeCER 190323,468 7422,76051] 187874,266 7021,89281] 13874,5628 725,949713] 12284,3377  638,34219
GlcDHCER 4367,39601 147,026731] 4430,14651 133,506305| 205,058234 7,43412395] 263,404091 5,94915186
GIcCER_OH 13391,386 622,096242] 12901,8245 457,718308] 516,525357 22,4344584| 653,128949 23,8704724
SM 76934,5389 3395,90195] 70984,6564 2008,52355] 7682,92566 163,569406 10823,611 479,015034
DHSM 2861,75024 124,25447) 2587,24665 75,1521048] 385,390728 6,99878579) 504,233179 18,5237751
SM_OH 336,442975 12,8272631] 320,578342 8,37428408] 267,211517 4,56639777] 302,260097 6,14875231
CER_10 9,9403976 0,59990314] 13,5572254  1,1786253] 1,92394285 0,25329169| 2,61476289  0,3030496
CER_12 342,729534 19,7721855] 407965053 4,74991993] 106,900248 7,10443684] 121,604047 9,23418729
CER_14 137968836  9,4568846] 185969486 4,29731707] 37,4145788 2,29812343] 39,5506918 3,04940789
CER_16 255973642 6,42863336] 301,680324 5,08995853| 1433,28895 24,8823632] 965594079 38,0266115
CER_18 32636,4947 1538,31384] 34341,9116 1592,05541) 610760754 107,357119] 8632,06544 256872297
CER_20 2110,35555 117,430825] 2307,72238 71,4984415| 410,72756 20,8206559] 518,758664 24,0487051
CER_22 92529,6811 4535,50469 98617,525 4575,80718 686,0536 24,914791) 8&77,438044 37,6441138
CER_24 29026,7824 1281,96466] 31201,9633 925,058489| 1050,02653 22,0768178] 1150,45419 36,5519235
CER_26 216,000974 5,7192408] 273,807605 581625719 23,726161 2,44259712] 39,6339349 3,36691971
GleCER_10 70,5319743 1,14465736] 70,5623404 2,74002604| 6,11557075 0,31060011] 6,47278411 0,46421556
GIcCER_12 326,84496 4,04281307| 337,964546 16,6196334] 118,420971 5,26713127] 10511114 3,84005275
GlcCER_14 173,163504 4,82481831] 184,323288 4,21515604] 82,5287026 2,31851673] 98,744986 4,88985362
GIcCER_16 4196,52173 167,0647] 4190,37052  131,99725] 3141,83285  207,14815] 1831,57011  194,98415
GleCER_18 11588,5583 440,690689] 12002,6989 333,110782] 6149,59658 329,538171] 5267,53608 389,905059
GIcCER_20 5436,00691 217,758611] 5231,80816 224,714643] 278,021036 10,0736531] 293,577621  13,676873
GleCER_22 144971,221 5581,89824] 140617,135 5632,60192) 2485,25028 127,997887] 2807,46656 98,5330225
GleCER_24 27439,1352 1247,88139] 29157,8876 893,042137] 1781,01125 92,7135864] 2087,11265 729580725
GleCER_26 487,12376 20,1539562 512,16884 15,1894388] 36,8438026 1,62129322] 50,1498775 1,83445607
SMI_10 9,33775845 0,19792835] 10,260627 0,23986567| 16,372105 0,55457447] 13,2968843 0,54695287
SMI_12 0 0 0 0 0 0 0 0
SM_14 573453908 0,22121629] 5,44906859 0,08379457| 14,8095322 0,25140202] 13,151425 0,35362272
SM_16 78,8694284 4,17451016] 91,3906593 3,79746484| 166,786007 2,95893933] 151,700548 2,80484151
SM_18 67118,7405 3117,78874] 61784,3656 1716,75915 5368,3228 127,846014] 5067,86299 461,747475
SM_20 2235,56492 96,1021535 2088,1569 51,4087988] 411,439255 14,7816707] 341,140532 11,3300654
SM_22 1352,31859 52,4199203] 114594417 42,1734537] 457,675444 13,0741587] 365,760194 17,3419689
SM_24 8979,17401 309,450815] 8431,81801  435,33829| 1629,90706 35,8916486] 1372,73969 52,4453963
SM_26 16,5494449 0,69008635] 14,5180526 0,66799902] 3,00418661 0,06044943] 2,19192518 0,07518373
GPL_short 449253,585 11680,7154] 438719,428 7584,02646] 138973574 12515,8714] 1312312,26 16217,1487
GPL_long 3978920,32 9590,38595] 3984317,05 15380,8925] 346549237 11883,5348] 3534617,07 16045,0156
GPL_very_long 60104,5436 856,702325] 63466,6332 1294,83313] 32797,8202 391,343144] 36878,9082 648,220682
PC_short 446168,136 11732,9714] 435289,096 7612,17878] 1379526,19 12623,53] 1303637,67 16217,2103
PC_long 2238492,17 20898,5352] 2144520,52 26315,4885| 1991272,63 16138,8884] 206524584 19864,1701
PC_very_long 16134,6165 180,326204] 16714,7518 173,942936] 6049,87418 87,8221064] 5620,08666 137668577
PE_short 1356,1316 16,9958518] 1771,17483 154,779215] 7583,0586 155,308738| 6085,29772 143,717732
PE_long 895155,038 15105,2044] 947611,481 9252,41589| 927552,796 19556,5794] 949492,016 17118,0839
PE_very_long 21278,3698 552966095 23687918 724,341792) 15568,0147 275,488039] 19044,7077 361,075461
PI_short 1555,77623 39,7538022] 1472,03234 35,8060338] 1049,1335 47,7456484] 1296,17633 65,2095722
Pl_long 22109589 5009,78305] 229716,348 4559,56251] 263505,184 3294 ,82675] 242602,248 5932,18196
PI_very_long 1126,09442 44,7631066] 1121,82473 72,7611452] 2026,05107 82,7444257] 2086,69604 106,362863
PS_short 173,541702 9,82680361] 187,124506 3,51894563] 1577,35766 39,0553174] 1293,11539 47,5366527
PS_long 624177,224 8763,10316 662468,7 19738,8753] 283161,758 3478,73903] 277276,965 4385,95062
PS_very_long 21565,4628 319,264604] 21942,1387 458,245669| 9153,88028 125,371142] 10127,4177  329,70019
PC_Lyso 866,786494 31,3297065] 1350,11142 109,952232] 1777,0099 25,8067457] 2555,85423  121,90344
PE_Lyso 1688,1287 101,856809| 2380,11224 200,175479] 1075,33802 67,5975027] 2102,31476 154,836578
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Normalized
lipididomic data - by
intra- and inter-serie

factors P26-P28 (n=5) P6 {n=15-12)
MEAN WT SDWT | MEAN KO SD KO MEAN WT SDWT | MEAN KO SD KO

Pl_Lyso 113,547018 7,98976466 369,70276 66,4539286] 245,488792 13,0181148] 230,849817 179099553
PS_Lyso 317,732587 19,7143628] 353,603638 10,5167763] 851,063124 29,6701646 828,52058 37,3960791
PC_Ether 96902,8974 446,168828] 97458,4131 447,367508] 107134,913 1023,40763] 99630,4558 1331,08134
PE_Ether §3828,4814 1928,53049] 89756,1528 1865,00949) 94493,3928 1751,2187] 94425,6381 1669,75777
PI_Ether 1610,7341 23,2407254] 1401,41814 31,0156039] 896,203661 61,0953712] 967.399455 66,8247985
PS_Ether 24114,3402 458,949946 24332,175 497,674464] 9160,75465 147,603425) 11377,8342 380,493677
PL_UI_D 616849,431 14421,7805] 602312,704 9866,75536] 1082435,34 11929,2365] 1035821,16 12261,1405
PL UI_1 1459613,43 19047,4483] 1385246,37 14841,8612] 1620058,07 11143,516] 1697998,32 13984,1643
PL UI_2 259117,801 1645,79324] 259070,597 1850,18188] 245731,198 1764,36453] 219920,323 1774,34777
PL UI_3 79978,7078 854,742372] 82527,4462 285986086] 124798,367 1004,50518] 120692,926 1527,61741
PL_UI_4 524096,405 7364,17275] 538733,004 3774,37947) 833302,685 6830,584] 815836,723 10180,8575
PL_ UI_5 193662,318 3008,069 200161,24 2327,73732 232063,36 2759,72282] 231655,934 3399,39056
PL U6 1145517,71 14376,8501] 1201050,06 13878,7882] 534002,733 7157,6553] 549763,983 6752,82682
PC_UI_O 636008,956 14188,5002] 621627,023 9986,41118] 1088634,72 12242,3514] 1043764,19 12466,2539
PC UI_1 1305167,01 19776,3537] 1228539,99 18761,141) 1519809,64 12554,1105] 1611293,73 14904,8209|
PC_UI_2 131062,656 949,047241) 127269,436 1365,09802] 189003,356 2011,49751 167253,13 1965,58832
PC_UI_3 36821,9878 286,871492] 37163,1396 388,466324] 65212,3599 411,567196) 61870,7471 1030,92165
PC_UI_4 165567,282 920,857133] 165643,804 2352,14788] 303883,775 3399,4375] 267011,736 3802,35209
PC_ULS 63925,508 674,526071) 64000,3853 494,038567] 72670,6425 687,440199] 79461,7758 1004,08325
PC_UlL& 362241,519 1615,65711] 352280,504 3894,68445] 137634,198 1681,04773] 143848,278 147492286
PE_UI_O 46854,7908 1087,06367] 49824,0338 876,40521) 54495,2867 1202,45314] 51977,8207 858,841986
PE_UI_1 61280,0884 683,091712] 62740,3818 1408,64685] 88926,5289 1412,3517] 82229,4236 1593,46406
PE_UI_2 64661,672 1019,85583] 65283,6073 1703,54337] 51606,1064 §35,176592 49006,202 1038,35376
PE_UI_3 31982,8424 572,647652 33448,932 422834147 41278,004 700,53697] 45363,9873 1046,64785
PE_UI_4 160451,306 2976,1767] 166979,579 1016,19462) 279150,687 6509,39653] 313925,079 6596,96707
PE_UI_S 88529,501 1913,68859] 93823,8682 1291,87462] 122751,899 2763,03348] 118081,425 3520,57914
PE_UI_6 464020,338 8570,07215] 500970,172 3633,12523] 312495,357 7200,01464] 314038,084 5189,39004)
PI_UI_O 1266,78295 22,2536081] 1420,65021 50,4198726] 494,743302 27,1161805] 531,345576 34,9305804
PILUI_1 3202,32693 61,2936101] 3144,48961 41,6343658] 1227,70829 50,5313575] 1263,99425 58,3932447
PI_UI_2 1389,73924 31,5027041] 1335,00147 18,622159) 979,707507 50,4755561] 900,970919 50,2221936|
PI_UI_3 12633,5347 258,164974] 13637,1496 305,096155 18549,678 249,841765] 14733,2792 297,102701
PILUI_4 176933,046 4119,12687] 183463,931 3788,65992] 220938,299 2766,4749] 206684,765 5663,11015
PI_UI_5 20673,6445 510,728509 21195,265 384,584285) 22191,4648 336,439057] 19770,3773 502,599858
PI_UI_E T678,68587 107,795959] 8113,71799 100,960945) 2198,76744 55,1102404] 2100,38821 85,4462301
PS_UIL_D 14545,8067 191,509987] 14361,2667 327,993599) 7245,12991 85,0325688] 7111,53568 130,391254
PS_UL1 121426,041 1551,64686] 122827,566 3932,68479] 42457,6016 749,932866] 36541,3803 839,471019
PS_UIL 2 75186,426 1007,09655] 79188,7233 2091,25529] 13609,8126 247,164701] 13026,9182 230,520816
PS_UI_3 12758,3526 161,723761] 13359,5635 286,699019] 11009,7196 165,096581) 11181,4095 250,771547
PS_UI_4 29488,978 382,676724) 31317,1396 774,213629 46793,614 685,647234) 44273,4402 752,696384
PS_UI_5 41017,3093 877,054036] 43165,2692 1216,65162 30331,661 652,148613] 28866,8632 585,629264]
PS_Ul_e 351493,314 6658,09479] 380378,435 12885,879] 142445,457 1518,03954] 1476595,951 2747,76146
PC_28 219,592397 6,67863037 443,6624 104,825633] 11089,4691 210,922748] 7096,48829 230,894266
PC_30 12104,0957 276,789478] 11914,1023 393,752179 212374,14 2637,58349] 176606,497 4614,28174
PC_32 433418,647 11637,3092] 422224,015 7278,13236] 1154890,06 11508,9524] 1118297,85 13785,014
PC_34 1251352,29 18497,6711] 1178475,49 18866,2345] 1304115,69 15248,6109] 1405120,17 18924,4415
PC_36 432467,165 4779,22763] 426374,272 5687,4389) 370280,544 3598,75652] 341365,426 4475,88209
PC_38 329375,057 1201,12181 320167,23 3062,02477) 264013,593 2680,7007] 263531,644 1394,13675
PC_40 224856,666 1556,61573] 218856,733 2265,22796) 52258,3098 715,393477] 54309,5697 1138,63535
PC_42 10992,2165 103,212014] 11291,1074 137,466645) 5028,67231 71,0669072] 4573,43425 113,096789
PC_44 5142,40002 106,906079) 5423,64438 69,040778] 1021,20187 21,0674422] 1046,65241 26,3802435
PE_28 9,64689512 1,03735117] 73,7480882 28,2979187] 43,1497621 5,16860628] 26,4416067 2,51815834
PE_30 28,5374688 1,33103462 161,27085 56,2741783) 485,174006 24,8196298] 301,011406 15,0763019
PE_32 1081,91965 9,0221288] 1215,10595 60,6540154) 6761,55363 119,282792] 5311,86026 127,076143
PE_34 33884,9881 238,776788] 34542,7814 484,753155] 72688,2433 1386,05333 66520,767 1497,20546
PE_36 96182,5748 1395,00059] 96847,3149 2002,33484] 107236,732 2114,09599] 96823,3623 1864,5391
PE_38 319793,298 6113,88111] 335689,888 2652,88657] 437340,028 8924,75743] 479291,035 10380,4235
PE_40 443842,076 7804,74688] 478472,435 4148,64226] 309505,636 7968,45862] 305200,522 4995,46137
PE_42 9208,29156 236,095999] 10725,6913 618,358377] 12382,4978 216,454054] 15105,8342 309,223109
PE_44 12070,0782 427,296302] 12962,2267 132,401559] 3185,51692 70,2240984] 3938,87347 105,847447
PI_28 64,2196209 4,05643047] 52,4332172 4,2445983) 40,2447305 3,69531123] 51,7660326 4,35290786
PI_30 708,902001 19,4224754] 625,920327 13,9088901] 684,625005 26,221087] 812,436293 37,0995594
PI_32 732,294521 15,6108404) 705,102822 22,4960139) 277,710755 17,8127918] 372,234918 22,1642263
PI_34 1916,6493 43,6099452] 1874,81447 16,3018992] 450,820454 18,0466834] 421,597138 20,742124
PI_36 15920,2303 490,813542] 16697,5278 505,135868] 18563,0982 317,350327] 16522,7178 359,3038
PI_38 196652,754 4441,76658] 204028,436 3929,08509 241265,06 2942,0045] 222924,508 5820,48955
PI_40 6543,06921 71,1517962] 6834,44336 121,542174] 3027,26916 96,6915457] 2562,31411 104,036485
PI_42 243,794197 5,05194144] 317,153693 29,2171529) 406,806579 25,7860405] 609,036146 55,5334178
Pl_44 8§82,300223 42,265904)] 804,671033 48,0419123] 1615,24449 65,6632471 1477,6599 72,3228127
PS_28 0,09313362 0,04165062 0 0 0,5081813 0,06009238] 0,36542681 0,04707787
PS_30 1,82767175 0,17704938] 1,70180667 0,18496075] 63,8075028 2,90406813] 38,0610702 3,47616352
PS_32 72,991434 3,09060705) 72,8624272 2,46401152] 1408,85989 32,175852] 1126,97614 33,4769773
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Normalized
lipididomic data - by
intra- and inter-serie
factors P26-P28 {n=5) P6 {n=15-12)

MEAN WT SDWT I MEAN KO SD KO MEAN WT SDWT I MEAN KO SD KO
PS_34 15285,2959 433,996693] 15279,7166 659,159416] 22488,5564 299,898553] 19879,1243 362,221915
PS_36 166902,929 1777,1715) 172663,175 5077,9598] 35423,8176 739,115626] 30610,8966 734,288305
PS_38 42106,4182 480,132238 44342,209 1055,31887) 32527,1692 569,73264] 30350,1282 684,314183
PS_40 399663,478 7385,54222) 429942,556 14318,6766] 191975,334 2145,05529] 195736,008 3367,09564
Ps_42 7677,39349 116,137597) 7653,07261 187,188975] 3966,51697 67,5938272] 324697182 91,8142502
PS_44 13888,0693 221,357134] 142895,0661 312,239234] 5187,36331 91,7368893] 6880,44592 271,352057
PC_Lysa_short 425,800158 15,2954976) 707,316603 75,0786509] 1172,52117 19,8566604] 1636,82895 74,0929462
PC_Lyso_long 440,986335 16,1329962] 642,794812 37,7914422) 604,488729 8,51462617] 919,025282 49,0905338
PE_Lyso_short 236,027584 14,2225261] 321,049942 18,0389697] 293,181202 20,7410176] 445,984446 30,2045972
PE_Lyso_long 1452,10112 88,4251822 2059,0623 185,405226] 782,156822 47,1733431] 1656,33031 126,690623
Pl_Lyso_short 50,3600887 3,05454755] 88,5759709 4,97924282 46,553007 4,07352767 59,739081 5,28732163
Pl_Lyso_long 63,1869293 5,02815104] 281,126789 62,9497096] 198,935785 9,68657658] 171,110736 12,8557792
PS_Lyso_short 98,6294629 7,12823214] 112,560272 3,58012242] 104,182088 8,17695904] 127,712754 14,6830683
PS_Lyso_long 219,103124 13,3183188] 241,043366 7,56481242] 746,881036 22,47992) 700,807827 24,3435842
PC_Lyso_UI_O 587,484829 20,286398] 920,962034 75,1678948] 1430,41428 19,8171052] 1882,58098 76,5039936
PC_Lyso_UI_1 271,099427 11,0933685 41592876 33,809095] 335,882643 6,77438229] 658,682988 46,3373601
PC_Lyso Ul_2 8,20223799 0,29542079) 13,2206212 1,11163252] 10,7129747 0,64700352] 14,5902626 0,94040044
PE_Lyso_UI_0O 766,022671 43,7541384) 1044,99833 60,1956206] 730,727811 43,0135656] 1113,34355 58,8054569
PE_Lyso_UI_1 880,875879 55,8079267) 1275,24266 133,236425] 331,121213 23,5317671] 956,356631 99,7253566
PE_Lyso_Ul_2 41,2301521 3,37954631) 59,8712476 7,71780546] 13,4890005 1,98846144 32,614575 3,76441143
Pl_Lyso_UI_0 61,183058 4,3582023] 283,581659 62,0788363 212,63362 10,3396654] 191,808133 13,7736879
Pl_Lyso_UI_1 52,36396 4,02541275] 86,1211012 5,56452864 30,986791 3,0874446] 34,6179371 4,51366431
Pl_Lyso_UI_2 0 Q 0 Q 1,8683814 0,34784035 4,4237474 0,9533857
PS_Lyso_UI_0O 129,749225 8,43194489) 139,515186 3,53402799] 660,145246 19,7490807] 629,235778 21,3898985
PS_Lyso_UI_1 187,983362 12,9069045] 214,088452 7,703533) 190,711246 10,9065415] 199,099171 17,513066
PS_Lyso_Ul_2 0 0 0 0] 0,20663161 0,03129703) 0,18563088 0,03072765
PC_Ether_short 6719,20776 204,641794) 6727,71122 92,693675) 21258,0742 282,719397] 20458,7283 520,322765
PC_Ether_long 80041,6498 400,64906] 79998,9197 390,36342) 82589,2037 937,517247) 75864,3771 1128,68168]
PC_Ether_very_long 10142,0399 209,422445) 10731,7821 126,61247) 3287,63526 50,6164559] 3307,35032 68,4385116]
PE_Ether_short 32,1920757 1,36899918] 138,963357 47,7889335] 63,1113695 6,47285952] 52,7622473 4,70652473
PE_Ether_long 64598,9133 1403,47855] 68319,5508 1197,23357] 84091,0625 1574,155] 81147,7891 1438,36966
PE_Ether_very_long 19197,376 535,3492) 21297,6386 621,410486] 10339,2189 191,039969] 132250867 256,407584
PI_Ether_short 103,905361 4,63624754] 100,503352 2,93725543) 107,853018 7,97301806] 187,040511 16,7580847
PI_Ether_long 1431,21984 20,8914483] 1247,10653 28,7418069) 728,568855 49,4238147] 706,176091 46,3241722
PI_Ether_very_long 75,6088982 1,37769675] 53,8082529 6,35086288] 59,7817886 5,78873412] 74,1828537 5,61699808
PS_Ether_short 0,34442658 0,12897184) 0,14978567 0,06698619] 5,85800405 0,48637109] 2,18571431 0,36775634
PS_Ether_long 7203,96934 163,305012] 7072,02402 155,174793 3140,1812 50,7855252] 3335,34854 78,2431986
PS_Ether_very_long 16910,0264 303,266435] 17260,0012 371,273843] 6014,71544 108,348971] 8040,29996 322,385308
PC_Ether_UI_0 38235,1917 487,894501] 38631,1442 130,897445] 24932,1762 262,271235] 24564,0133 353,880285
PC_Ether_UlI_1 19435,0644 232969701 18933,4193 165,670327] 24085,2374 268,225031] 22082,4235 347,039768)]
PC_Ether_Ul_2 3285,8371 28,8681775] 3222,44067 68,851525] 3328,50962 43,4901141) 2878,18035 62,0899679
PC_Ether_UI_3 2146,93628 53,0505358] 2500,91627 89,7945613) 2771,86353 56,7322471] 2693,40685 109,129635
PC_Ether_UI_4 1701,72818 20,6553425] 1896,09469 66,2767085] 4614,32221 63,1814124) 3580,28797 74,6164449
PC_Ether_UI_5 4418,51955 104,266486] 4757,63487 86,0618216] 3980,58564 47,1097882] 3342,46248 69,8262125
PC_Ether_Ul_6& 27679,6202 628,730557 27516,763 449,23409] 43422,2186 596,560772] 40489,6814 550,088991
PE_Ether_UI_O 35325,1854 1015,34559] 37324,7903 595,161553] 37381,4517 859,972767] 35815,8874 653,994177
PE_Ether_UI_1 8756,49221 99,3305876) 9292,69427 186,270967] 6849,71269 127,129074] 8627,00729 160,932815
PE_Ether_Ui_2 7434,64774 190,994689) 8345,73186 428,558692] 4762,97927 88,5091884] 5614,15528 112,282046
PE_Ether_UI_3 7789,61111 187,919873)] 8349,56536 188,716057] 4685,52481 87,0345817] 5159,89078 111,837558
PE_Ether UI_4 4355,21887 112,707153) 4504,92429 87,3077326] 12216,9075 254,297057] 11717,5893 255,142634
PE_Ether_UI_5 8501,51998 252,322936] 9343,96136 234,672899] 114258692 238,516154] 10279,5511 184,282932
PE_Ether_UI_6 11665,8061 268,779789) 12594,4854 201,536169] 17166,9476 331,106788) 17211,5569 401,081987
PI_Ether_UI_0 622,861436 13,7765309] 558,610327 9,34264569] 221,057793 14,1249342|] 265,727039 16,8481477
PI_Ether_UI_1 138,631994 6,63317603] 84,7994353 507608963 83,5053723 6,23664633) 123,207417 9,00415306
PI_Ether_UI_2 123,397371 4,53875971] 111,826967 4,32887576] 236,324449 23,0313354) 146,848543 10,9059462
PI_Ether_UI_3 69,1311296 3,80296273] 39,5986161 2,05700407] 26,0439713 2,52306195] 27,6964914 2,40169403
PI_Ether_UI_4 475,399731 11,6847164] 446,271985 14,8205425] 191,610897 12,2201292] 212,905552 15,9989955
PI_Ether_UI_5 87,0509472 1,50590142] 84,3929461 4,39807672] 109,620099 7,02780566] 132,264629 9,70198505
PI_Ether_UI_6 94,2614921 4,29681747] 75,9178589 1,63643772] 28,0410793 2,69618787] 58,7497834 6,12773916
PS_Ether_UI_O 6099,22704 172,668448] 6016,66791 123,252503 2865,9355 44,4345696] 3101,13724 749804472
PS_Ether_UI_1 1748,53133 13,5535564) 1703,76206 41,5508323 456,24463 14,334568] 648,819841 27,6778882
PS_Ether_Ui_2 2289,37867 47,2433872) 2253,07963 97,3057627] 1113,69385 20,2784125] 1575,89981 65,7948293
PS_Ether_Ui_3 4212,33108 60,4054557) 4191,25829 87,2184097] 3763,96171 73,29147) 4575,50347 170,75353
PS_Ether_Ui_4 1811,86073 29,4877317] 1824,24864 43,2680779] 440,848229 15,4424879] 547,514721 24,6161756
PS_Ether_Ui_5 7476,55451 149,798059) 783755826 175,182987] 366,232134 13,4058097] 770,228582 43,5341979
PS_Ether_Ui_& 476,456799 10,3530133] 505,600164 7,06086945] 153,838594 6,33366253] 158,730554 6,58768053
PC_FEther_28 0 a 0 a 0 a 0 a
PC_Ether_30 165,179432 2,05279953) 235982164 33,6950603] 1673,47148 26,5092044) 1486,71095 34,4367559
PC_Ether_32 6554,02833 204,829076] 6491,72906 68,7066164] 19584,6027 265,236224] 18972,0174 491,481373
PC_Ether_34 31888,4832 588,322274] 30989,1808 354,483164] 51631,9353 741,981931] 46149,5255 751,209547
PC_Ether_36 13763,8564 275,138618] 14124,2066 350,399958] 10108,2007 84,7387377] 8855,27454 113,429368
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Normalized

lipididomic data - by

intra- and inter-serie

factors P26-P28 (n=5) P& {n=15-12)

| MEAN WT SDWT | MEAN KO SD KO MEAN WT SDWT | MEAN KO SD KO
PC_Ether_38 4670,6614 27,7377144] 4925,35618 165,876891] 8481,91308 126,662086) 7183,13062 151,886638
PC_Ether_40 29718,6488 578,642323] 29960,1761 349,157463] 12367,1546 207,78995] 13676,4464 285,154016
PC_Ether_a2 5774,44434 102,728653] 6146,0877 67,4056343] 2427,72072 37,3358886| 2418,53004 49,3527092
PC_Ether_a4 4367,59552 110,618664] 4585,69443 70,2833459] 859,91454 17,0608695| 888,820282 20,7247835
PE_Ether_28 0 0 0 0 0 0 0 0
PE_Ether_30 9,77013103 1,07369415] 66,2739517 25,3527006] 32,9694611 4,03840067 27,741868 250173181
PE_Ether_32 22,4219447 0,88414325] 72689405 22,4421291] 30,1419084 2,55571049] 25,0203793 2,251189322
PE_Ether_34 3330,05022 29,4936893] 3647,3782 92,9257412] 3304,10011 80,3563955 3640,839 69,5825294
PE_Ether_36 6126,8946 63,6835612] 6134,13471 93,5968088] 4302,39462 102,887056] 4551,19726 75,6269378
PE_Ether_38 11216,1326 199,859175] 11698,6606 240,889527] 25497,6545 374,745628 24261,683 633,282866
PE_Ether_40 43925,8358 1186,61824] 46839,3774 864,222456] 50986,9133 1151,24116] 48694,0698 849,746543
PE_Ether_a2 7288,73957 228,410777] 8587,4829 541,442007] 7241,83484  140,19095] 9340,00353 198,542767
PE_Ether_a4 11908,6365 423,992056| 12710,1557 111,900681| 3097,38408 67,4190052| 3885,08321 103,788009
PI_Ether_28 0 0 0 0 0 0| 0 0
PI_Ether_30 28,5474674 2,34733562 27,359618 0,64055187] 61,2821833 4,52953299) 97,8202019 7,7945546
PI_Ether_32 75,3578937 2,48089784| 73,1437337 2,657705594) 46,5708348 4,60939735] 89,2203088 9,75337002
PI_Ether_34 51,2908033 3,30557412] 33,6920493 1,82668953] 7,50318311 0,89416785] 9,19316653 0,90804541
PI_Ether_36 54,9081102 2,61280499] 38,4708802 1,77446875| 46,6579847 4,17561922] 94,2639924 12,3047426
PI_Ether_38 623,134727  17,023146] 571,789695 18,8555082] 447,630018 33,5052919] 334,893323 24,0869422
PI_Ether_40 701,886201 16,5047554] 603,153907 11,2715056] 226,777669 14,2717201] 267,825609 14,5765935
PI_Ether_42 45,5776415 1,35039169] 23,2127551 1,58987217]| 19,103476 1,93508703] 22,3842378 1,82410484
PI_Ether_a4 30,0312567 2,51741872] 305954978 5,11424104] 406783126 3,96839697] 51,7986158 3,98859513
PS_Ether_28 0 4] 0 o] o] 0 0 0
PS_Ether_30 0,15008156 0,06711852)] 0,14978567 0,06698619] 3,93876002 0,34167162] 1,17841013 0,1861717
PS_Ether_32 0,19434502 0,06364315 0 o] 1,91924404 0,19843063] 1,00730418 0,20750638
PS_Ether_34 230,356981 7,67379644] 246262071 7,96978654] 217,125752 14,3368532 158,8865 7,26390212
PS_Ether_36 1092,59902 18,3618863| 1059,88107 32,8227371| 80,4539992 4,38502088| 102,373476 4,47332488
PS_Ether_38 385,629508 §,18187142 362,6992 9,68879619] 82,0232835 4,19432704) 84,3927785 4,81275401
PS_Ether_40 5495,38383 147,224761] 5403,18168 119,793742] 2760,57817 43,9866506] 2989,69579 69,3291201
PS_Ether_42 3264,30369 77,2164953] 3177,77048 115,491926] 838,472038 21,3377941] 1170,14712 57,4603256
PS_Ether_a4 13645,7227 226,306119] 14082,2307 305,242261] 5176,2434 91,7447515| 6870,15283 270,920287
CL_68 183,186229 7,71953791|] 152,323857 4,62918365] 675,390073 30,9084692] 695,716222 33,7926409
CL_70 972,671878 17,9911535] 943,123025 16,7548551) 2754,94505 113,699582] 2228,44104 980,764151
cL_72 3813,78928 60,7087064] 3764,96286 106,635345] 718,928164 28,2081543] 898,010027 52,1530681
cL_74 1606,9571 24,1657688] 1726,38467 26,2423304] 114,161016 8,61323743] 197,822542 14,2207877
CL_76 1129,05744 14,7013902| 1161,30504 20,0516575| 18,8097711 1,74785494| 33,0166468 2,89863182
CL_78 359,34967 3,6491666] 374,672395 12,8126909] 0,48418657 0,12501643 1,5058775 0,2724416
CcL_80 10,7898523 0,62844022| 10,362654 0,69433456 0 0 0 0
cLul_2 126,896901 9,70033336| 89,4668111  4,7508666| 1392,86409 116,704003| 1107,79652 111,222089
cL_uI_3 257,231575 504188989 264462076 56529017] 146,73522 8,65955841] 139588704 8.36767463
CL uUI_4 1917,47823 24,5544474) 1916,48492 63,7323895] 1511,76503 60,0408033] 1443,08279 70,0218203
cL U5 1557,13756 31,1116727| 1535,02507 35,8865225| 767,196618 20,0034368| 618,527073 34,5334008
CL U6 1095,88987 20,8736235| 1085,15575 20,5383752| 238,459081 11,4893748| 325,983727 19,9887924
cL_ui_7 872,84854 16,1649104] 939673959 11,6838784] 134663314 8,72255708] 252,038236  16,50938§
CL_ui_8 327,09544 6,47339703] 340,864521 6,85264487) 45,2789817 3,97706562] 85,6770571 5,67893708
CL_UI_9 ©89,215797 15,3735111)] 1005,16244 15,70922] 32,2100761 2,83119222 49,996133 4,08772716
CcL_UI_10 271,773465 6,256593] 278,251757 6,27521535] 9,78975854 1,02385281| 22,9197488 2,26511108
CcL_uI_11 204,710792 3,39527225] 205,639103 7,29624602] 2,64548691  0,3211303] 672782052 0,82184935
CcL_UI_12 325,914693 2,20978854] 344,517048 13,7973019] 090951618 0,15486484] 1,34623627  0,3505665
CL_UI_13 84,686973 0,74535051] 89,0864064 3,45197356] 0,20109361 0,05192215 0 0
cL_uI_14 44,9216182 1,49895463] 39,3446403 2,57021987 0 0 0 0
CL_UI_15 0 0 0 0 0 o] 082831211 0,23911311
CL_16_UI_O 274,118911 9,45507653] 233,145282 5,63575437] 936,59582  88,707977] 731,849231 78,4396067
CL_16_UI_1 141,312514 3,08624544] 120,550838 4,13850904] 630,653974 27,8289434) 771,981183 44,1597973
CL_18_VUI_0O 21,3583864 0,98138094|] 20,5558251 0,79830298) 1,88121467 0,24345392] 1,57356551 0,31411619
cL_18_UI_1 7728,03907 113,847073] 7800,28561 166,378734] 4259,52077 110,609922] 4022,12707 127,640629
CL_18_UI_2 2245,72743 48,2542999) 2270,77627 45,8200258] 284,203629 20,9488664] 347,019235 22,4192561
CL_18_UI_3 0 0 0 0 0 0| 0 0
cL_20 UI_1 0 0 0 0 0 0 0 0
CcL_20 UI_2 7,64633112 0,27656989] 4,80121735 0,55657359] 0,10442617 0,02696272] 0,16080784 0,04642123
CcL_20_UI_3 65,4088161 2,46733606] 64,3815668 2,42196267] 0,58326806 0,10396537] 0,10151621 0,02930521
CL_20_UI_4 146,00947 3,21197266] 129,509208 4,31808757] 16,2192744 1,76428471] 80,6182306 7.16880939
CL_22_Ul_5 0 i 0 0 0 0 0 0
CL_22 U6 26,8896726 1,44368517| 9,36069128 0,81076781] 368,584854 65,6272125] 127,949113 §99080818

Abbreviations are: Cer: ceramide; GlcCer: glucosylceramide; SM: sphingomyelin; PC:
phosphatidylcholine; PE: phosphatidylethanolamine; PI: phosphoinositol; PS:
phosphatidylserine; CL: cardiolipin. Acyl chain lengths are indicated in numbers (e.g. _10, _12),

Ul indicates the unsaturation index followed by the number of double bonds (e.g. Ul_2).
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2.3 Exploring Ptchd1 localization and potential interactors

Ptchd1 is a multi-spanning transmembrane protein of cellular membranes. Regardless of
whether Ptchd1 acts as a cholesterol sensor or transporter, knowledge of its sub-cellular
localization is important to understand its function. Previous studies (Tora et al., 2017), suggest
that Ptchd1 interacts with components of retromer (Vps35, Vps26B and Snx27), a protein
complex implicated in capturing transmembrane cargo proteins and directing their transport
between cellular organelles and the plasmamembrane. Currently no antibodies are available to
detect endogenous Ptchd1 in immunohistochemical applications. To nevertheless obtain
insights into the subcellular localization of Ptchd1, we inserted a triple HA tag into the carboxy-
terminal cytoplasmic tail of Ptchd1 and generated expression vectors for expression in
mammalian cells. We used biochemical experiments with recombinant protein to confirm that
the tag insertion did not impair binding to retromer and other Ptchd1 interacting proteins (data

not shown).

As Ptchd1 is expressed throughout the body and as its subcellular localization is likely to be
shared between cell types, we expressed Ptchd1-3xHA in cultured HEK293T cells. The
expression vector was titrated to low levels to minimize over-expression artefacts. We then
immunostained the cells with anti-HA antibodies and antibodies to antigens that serve as
markers for cellular compartments (endosomes, lysosomes, Golgi apparatus) to examine co-
localization profiles (Fig. 6A-B). Confocal images suggest that Ptchd1 is expressed at the
plasma membrane and but also in intracellular compartments. Notably, some signal might be
attributed to over-expression and may not reflect endogenous Ptchd1 localization. Images also
show that Ptchd1 partially co-localize with EEA1 endosomal marker and Vps35, the retromer
complex component. Some co-localization can be found between Ptchd? and the Golgi marker
GM130, which may be due to the fact that as a transmembrane protein, Ptchd1 matures
passing through the Golgi apparatus. However, Ptchd1 does not co-localize with the lysosomal

marker Lamp1.

These in vitro results suggests that upon maturation through the Golgi apparatus, Ptchd1
protein can be localized at the plasma membrane. Ptchd1 can then be endocytosed and
recycled by the retromer machinery from early endosomes back to the plasma membrane
through its interactions with Vps35, Vps26B and Snx27 at the carboxyterminal domain. Indeed,
the retromer machinery is responsible for endosome-to-plasma recycling of proteins (Wang et
al., 2018) and Snx27 has been implicated specifically for recycling of transmembrane proteins
with PDZ-binding motifs (Steinberg et al., 2013) such as Ptchd1. These findings need to be
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confirm in other cell population in vitro and in vivo as well as bio-chemically by immune-

precipitation, pull-down or proteomics experiments.

Figure 6
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Figure 6 : Ptchd1 sub-cellular localization in vitro

(A) Confocal images of HEK293T cells transfected with 80ng of Syn-Ptchd1-3xHA
plasmid. 24h post-transfected, cells were fixed and subsequently stained with
antibodies for cellular compartments (Eea?: early endosome, Vps35: retromer
machinery, Lamp1: lysosome, GM130: Golgi apparatus) and for Ptchd1-3xHA using
specific HA antibody. Scale bar: 2um. (B) Visualization of co-localization between
Ptchd1-3xHA and compartment markers signals using the ImagedJ histogram function.
Lines were drawn on a portion of the images displayed above. Peak overlap indicates

signal co-localization.

Ptchd1 is mutated in individuals with neurodevelopmental disorders but the functional impact of
most mutations is unknown. In order to uncover other protein interactions that are essential for
Ptchd1 biological function, we mapped pathogenic mutations found in the Ptchd1 gene from
human patients diagnosed with a neurodevelopmental disorder as reported in the SFARI
database. As depicted below in Fig. 7A, we found 8 point mutations and 5 premature stop
mutations in the Ptchd? gene. Interestingly, 2 point mutations were found in the cytoplasmic
loop (Gly422-Lys501) directly after the sterol-sensing domain (SSD). Ala470Asp and
Glu479Gly are maternally-inherited mutations reported in patients diagnosed with ID and ASD
respectively. When expressing Ptchd1-3XHA in HEK293T, the mutant variants (AA470D-
Ptchd1-3xHA and AE479G-Ptchd1-3xHA) did not show mis-expression or mis-localization
when compared to wild-type Ptchd1-3xHA, which was also reported by Halewa et al. Thus, it
suggests that the mutations pathogenicity does not stem from a mis-folded or mis-localized

protein but most likely through impairment of essential protein interactions.

To identify interacting partners, we designed a yeast two-hybrid (Y2H) with the aforementioned
cytoplasmic sequence as bait against a mouse adult brain library (performed by the
Hybrigenics company using the ULTImate Y2H™ protein interactions screening protocol). The
screen revealed only one potential interaction with a high confidence score between Ptchd1
and Uba3 (Fig. 7B). Uba3 (NEDD8-activating enzyme E1 catalytic subunit) is an enzyme
involved in the neddylation process. Neddylation is a post-translational protein modification
similar to ubiquitination, however neddylated proteins are not targeted for degradation but rely
on the neddylation/deneddylation process for proper functioning. Neddylation has gathered
interest as it has been implicated in several neurological disorders (Dil Kuazi et al., 2003) and
cancers (Zhou et al., 2019). The potential Ptchd1-Uba3 interaction at the cytoplasmic loop after

SSD is therefore very interesting as it could indicate that Ptchd1 itself is a target of neddylation
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or that Ptchd1 could regulate the neddylation of other protein targets. This result will be
confirmed by pull-down experiments using GST-conjugated Ptchd1 peptides with the
cytoplasmic loop sequence (wild-type, A470D or E479G variants) and brain lysate. The
hypothesis is that Uba3 will bound the wild-type GST-Ptchd1 peptide but that the mutants will
modify the Uba3 interaction. This confirmation experiment is currently ongoing. The other
potential interactors detected in the Y2H assay did not possess a confidence score warranting

further investigation, D being the lowest confidence score before non-specific interactions or
technical artefacts.
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Figure 7
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Figure 7 : Ptchd1 pathogenic mutations and potential protein interactors

(A) Schematic structure of Ptchd1 modified from Kuwabara and Labouesse, 2002, with
stars indicating the position of pathogenic mutations found in human patients (red:
point mutation, blue: premature stop mutation). Ptchd1 mutations were found in the
SFARI database. Below, the cytoplasmic loop structure (Gly422-Lys501) used for the
yeast two-hybrid assay is indicated with the few last amino acid from the previous TM
domain highlighted in pink. (B) Summary result table from the yeast two-hybrid assay,
with cytoplasmic loop sequence from Ptchd1 as bait (Gly422-Lys501) against a mouse

adult brain library as prey.
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3. Discussion and future directions
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3.1 Conclusions

The main goal of my PhD was to investigate the biological function of the Ptchd1 protein, a
neurodevelopmental risk gene. Due to its sequence similarity with Ptch1 and the presence of a
sterol-sensing domain, we hypothesized that Ptchd1 may be a cholesterol transporter or
sensor and potentially have a role in cholesterol homeostasis. Thus, we wanted to probe
potential cholesterol-related phenotypes that the absence of Ptchd1 may trigger. We also
sought to localize Ptchd1 sub-cellularly and uncover potential interacting partners to further

unravel the cellular pathways in which Ptchd1 may be involved.

To achieve the aforementioned goals, we used various techniques to assess cholesterol levels
and distribution in neuronal cell populations of interest, namely Ptchd1-expressing cells. As
conventional tools for cholesterol detection do not allow for cell-type-specific investigations, we
adapted the existing D4H cholesterol sensors for in vivo cell-type-specific use by viral delivery.
As the dentate granule cells express high levels of Ptchd1 protein and have shown an
electrophysiological phenotype in absence of Ptchd1, we delivered the D4H ratiometric probe
in those cells by stereotaxic injection in adolescent Ptchd7“° mice. We did not observe any
significant difference in probe distribution between Ptchd7 KO and WT counterparts, indicating
that absence of Ptchd1 does not significantly affect cholesterol homeostasis in this cell
population. We are confident in this finding as the D4H probe was able to recapitulate a well-

1KO

described cholesterol accumulation phenotypes in the NPC mice, another NDD disease

model, in the same cell population. We also used lipidomic analysis to assess global lipid levels

in the cerebellum of Ptchd1X°

mice. The cerebellum was chosen for this analysis as it
represents the site of highest Ptchd1 expression in the mouse brain. We examined two
developmental stages (pre- and post-myelination), and did not find significant changes in

1%° mice

cholesterol and other lipid species when compared to WT littermates. As our Ptchd
are a global KO and Ptchd1 is also expressed outside of the CNS, we used standard blood
sampling for detection of peripheral cholesterol and cholesterol-related metabolites in the
plasma of Ptchd1X° mice at the same developmental stages. This blood analysis is routinely
performed on patients and a subset of ASD patients exhibit abnormal blood cholesterol
profiles, speaking to the high translational value of this method. However, no significant

differences were observed between Ptchd1 WT and KO mice at both ages.

Taken together, these results suggest that Ptchd1 is unlikely to be a cholesterol transporter
such as NPC1 or Ptch1. Indeed, the lack of any differences in cholesterol distribution or overall

levels does not align with the expected consequences of ablation of a cholesterol transporter.
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Furthermore, the essential amino acids in the SSD sequence for cholesterol transport identified
in the Ptch1 protein and mainly conserved in NPC1 protein are not present in the Ptchd1 SSD,
thus, further suggesting that Ptchd1 is unlikely to act as a cholesterol transporter. The lack of
observable cholesterol-related phenotypes also seems to preclude any major involvement of
Ptchd1 in the cholesterol metabolism and homeostasis, as those pathways are tightly regulated

and any disruptions are likely to result in discernable phenotypes.

Although Ptchd1 does not seem to be involved in cholesterol homeostasis, uncovering its
biological function is essential to further understand the pathophysiology in the Ptchd14° NDD
model. From previous work, Ptchd1 was posited to interact with components of the retromer
machinery (Vps35, Vps26B and Snx27) (Tora et al., 2017). Co-localization studies in
HEK293T revealed that over-expressed Ptchd1-3xHA does seem to co-localize with the
retromer protein Vps35 in early endosomes (EEA1). Those findings indicate that Ptchd1 is
located at the plasma membrane, can be endocytosed and recycled by the retromer
machinery back to the plasma membrane. We also investigated other potential interactors by
yeast two-hybrid assay, which yielded one interesting result: the neddylation enzyme Uba3.
Notably, neddylation plays important roles in sub-cellular trafficking. Thus, further
investigations into the potential Ptchd1-Ubag3 interaction may help to understand the cellular
function of Ptchd1.
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3.2 Ptchd1 — cholesterol transporter or sensor?

Ptchd1 has been identified as a NDD risk gene and severe phenotypes resulting from Ptchd1
mutations were reported in human patients as well as in animal models. However, no biological
function was uncovered for this transmembrane protein. The presence of a sterol-sensing
domain in Ptchd1 is indicative of a cholesterol-related role, as other SSD-containing proteins
such as NPC1 or Hmgcr are involved in cholesterol transport and/or homeostasis. SSD-
containing proteins can be loosely categorized as cholesterol transporters or cholesterol
sensors. In the case of Ptchd1, the present evidence does not allow for a definitive
categorization of this SSD-containing protein (Fig. 1A).

Some evidence pointing to a cholesterol transport activity was found in a recent study by Maza
et al., which posited that Ptchd1 controls the internalization of the p-opoid receptor in
GABAergic thalamic neurons through local cholesterol transport. They demonstrated that
Ptchd1 overexpression can reduce the pool of D4H-accessible cholesterol using a BRET
assay. However, this experiment was performed in vitro using over-expressed Ptchd1 and, and
the reported cholesterol reduction appears minimal, thus requiring further validation before the
statement that Ptchd1 is a local PM cholesterol transporter similar to Ptch1 can be made.
Similarly, an in vitro cholesterol export assay performed in HEK293 cells by a collaborator in
the Spang lab seemed to indicate a low (if any) cholesterol transport activity of Ptchd1, inferior
to the known cholesterol transport of Ptch1 used as a control. Assessment of protein
expression and other controls are needed to validate a potential cholesterol transport activity
for the Ptchd1 protein.

Other evidence seems to exclude a cholesterol transport activity therefore leaving a sensor role
for Ptchd1. As mentioned above, Ptchd1 amino acid sequence does not contain the amino acid
motifs identified in Ptch1 as essential for cholesterol transport, similarly to other cholesterol
sensing SSD protein such as Scap and Hmgcr. Furthermore, no cholesterol differences were
observed in Ptchd1%° mice using the D4H probe, enzymatic or lipidomics analysis in various
cell populations, unlike in the case of NPC1X° mice where a clear phenotype can be observed.
Absence of differences in cholesterol distribution in Ptchd1“° mice tends to indicate that Ptchd1
is not a major cellular cholesterol transporter like NPC1. It would be interesting to observe if
there are cholesterol differences in Ptch1“° mice as Ptch1 is a local cholesterol transporter at
the PM, although it may be difficult given the impaired cellular proliferation caused by the
absence of Ptch1 in vivo. Lack of differences in cholesterol levels in Ptchd1%° mice also seems
to indicate that Ptchd1 is not essential for cholesterol homeostasis contrary to other cholesterol
sensing proteins. Indeed, absence of either Scap, Hmgcr or 7dhcr, cholesterol synthesis
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enzymes, would likely trigger detectable changes in cellular cholesterol levels. Conversely,
changes in cholesterol levels trigger up- or down-regulation of the aforementioned enzymes.
The most studied regulation is the up-regulation of the Hmgcr protein upon cholesterol
depletion. Cholesterol depletion by methyl B-cyclodextrin (MbCDX) induces up-regulation of
Hmgcr transcription and subsequent translation to replenish the cellular cholesterol pool and
maintain cholesterol homeostasis. We performed this experiment on cultured cerebellar
granule cells treated with MbCDX and quantified Ptchd1 and Hmgcr mRNA levels by RT-qPCR
(Fig. 1B). As expected, Hmgcr was significantly up-regulated 3h and 12h after MbCDX
treatment whereas Ptchd1 mRNA levels remained unchanged indicating that Ptchd1 is not
involved in cholesterol synthesis and homeostasis. Taken together, it remains unclear whether
Ptchd1 acts as a local cholesterol transporter similarly to Ptch1 or acts as a cholesterol-sensing
protein, which triggers a cellular response depending on membrane cholesterol levels (Fig.
1A). However, it seems likely that the cellular pathway down-stream of Ptchd1 is not part of the

cholesterol homeostasis/synthesis pathway.

The potential interaction between Ptchd1 and Uba3 could help unravel which signaling
pathway is connected to Ptchd1. The Uba3 protein is part of the heterodimeric Nedd8-
acitivating enzyme E1, which part of the neddylation machinery. Neddylation is a post-
translational modification similar to ubiquitination, and consists of the reversible covalent
binding of the neuronal precursor cell-expressed developmentally down-regulated protein 8
(Nedd8) to substrate proteins. In a similar fashion to ubiquitin, Nedd8 is binding to specific
protein substrates by an isopeptide chain between its carboxy-terminal glycine residue (Gly76)
and a lysine residue of the target protein (Kamitani et al., 1997). The most studied substrate of
neddylation is the cullin protein family and neddylated cullin proteins constitute the largest
ubiquitin E3 family (Zhao et al., 2014). Down-regulation of the cullin neddylation results in
decreased levels of active ubiquitin E3s leading to altered ubiquitination levels. Dysfunction of
ubiquitination will then results in the accumulation of several proteins contributing to
neurodegenerative diseases pathology such as Alzheimer’s and Parkinson’s disease (Chen et
al., 2012, Xiong et al., 2009). Other protein targets of neddylation are involved in cell cycle
progression such as p53, which is why neddylation was also studied in the context of cancer
(Xirodimas et al., 2004). More interestingly, neddylation was found to be involved in neuronal
developmental and dendritic maturation. Indeed, inhibition of neddylation pharmacologically or
genetically has major effects on neurons both in vitro and in vivo, including synaptic loss,
altered synaptic plasticity, and impaired neurotransmission (Vogl et al., 2015, Scudder and
Patrick, 2015, Brockmann et al., 2019). The effect of neddylation on spine maturation and
synaptic transmission is mediated by the neddylation of Psd95 on the lysine residue 202 which

is essential for the pro-active role of this synaptic scaffolding protein (Vogl et al., 2015). In a
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biochemical assay, Tora et al. showed that Ptchd1 can bind Psd95 through its carboxy-terminal
PDZ-binding motif. It would be interesting to study whether neddylation of Psd95 is regulated
by Ptchd1 as disruption of spine stability and/or synaptic transmission could potentially explain

the electrophysiological changes detected in Ptchd14°

mice. In a more global fashion, defining
the specific proteome of neddylated proteins in Ptchd1-expressing cells could reveal important
differences in Ptchd1° mice, which could help pinpoint Ptchd1 biological function and
underlying cellular pathways. Independently of neddylation, another interesting experiment
would be to use spatial proteomic methods such as LOPIT-DC (Geladaki et al., 2019) to
identify up- or down-regulated proteins in specific cellular compartments of Ptchd1° cells. Pilot
experiments were conducted on wild-type cerebellar samples using the LOPIT-DC differential
ultracentrifugation protocol, which results in 10 fractions representing different cellular
compartments. Although segregation of cellular compartments markers in their respective
fractions was not as clear-cut due to the heterogeneity of cerebellar cell populations, this
method could provide valuable insights into underlying cellular pathways and/or compensatory
mechanisms induced by the absence of Ptchd1. Identification of the biological role of Ptchd1

remains a primary goal to understand the pathophysiology of this NDD risk gene.
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Figure 1
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Figure 1 : Assessment of Ptchd1 biological function

(A) lllustration of the potential function of Ptchd1 protein as a cholesterol transporter or
sensor. Schematic structure Ptchd1 was modified from Kuwabara and Labouesse,
2002. (B) RT-gPCR results from MbCDX-treated cultured cerebellar granule cells.
Expression fold-change (FC) is compared between treated and non-treated conditions
for the Ptchd1 and Hmgcr genes at different time points (normalized to Hprt house-
keeping gene), Ordinary two-way ANOVA with Tukey’s multiple comparisons tests,
with individual variances computed for each comparison. Mean + SD, n=3 technical

replicates, N=3 independent culture experiments.
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3.3 Cell-type specific cholesterol differences

In this work, we relied on the D4H probe to visualize differences in cholesterol levels and
distribution in vivo. One striking observation was that the D4H probe pattern vastly differs
between neuronal cell populations, and with non-neuronal cells (Fig. 2A). Some of those
differences can be explained by varying amount of membrane structures between cells such as
between dentate granule cells and hilar interneurons, as was made evident by the
Myr_mCherry control probe. But others are due to actual cholesterol differences detected by
the D4H sensor. Notably, D4H signals do not directly report cholesterol concentration in the
cytoplasmic leaflets of membrane but pools of cholesterol accessible for probe binding.
Cholesterol accessibility is in part dependent on the lipid composition of the membrane, e.g.
the sphingomyelin content. Regardless, our experiments revealed that dentate granule cells
display high plasma membrane signals, in particular along the dendrites. Granule cells
exhibited only few presumptive intracellular puncta. By contrast, parvalbumin interneurons in
the same brain region primarily show cytoplasmic puncta and little plasma membrane signal.
Similarly, astrocytes in the dentate gyrus display intense and large D4H puncta that are rarely
seen in neuronal populations. The observed differences in cholesterol distribution between
neurons and astrocytes could be explained by the fundamentally different cholesterol handling
of these cells. Indeed, astrocytes are the main cholesterol supplier of mature neurons through
cholesterol-loaded ApoE vesicles which may be what is detected by the D4H probe. However,
the different D4H patterns between two neuronal populations such as the glutamatergic
dentate granule cells and GABAergic parvalbumin interneurons is very interesting and harder
to grasp. It has been shown that some synaptic receptors and channels need to be localized in
cholesterol-rich microdomains for correct functioning. As synaptic proteins differ between
excitatory and inhibitory cells, could the plasma membrane cholesterol differences detected by
the D4H be explained by a lesser need for cholesterol-rich membrane domains in inhibitory
cells? Alternatively, differing lipid composition may significantly limit D4H probe access to
plasma membrane cholesterol in these cell types. This question would be an interesting
avenue to pursue, looking at the cholesterol distribution of other excitatory and inhibitory cell
types in several brain regions and across development. It has been demonstrated that brain
regions can differ in the expression of cholesterol-synthesis enzymes such as Hmgcr
independently of astrocytes number where cholesterol synthesis mainly occurs in the brain
(Pfrieger and Ungerer, 2011). Indeed, Hmgcr levels are found to be low in the brain stem
region while higher levels were detected in the hippocampus, cortex and cerebellum of adult
male rats (Segatto et al., 2012), reflecting distinct cholesterol metabolism handling across cells

and brain regions. Furthermore, cholesterol homeostasis changes are age- and sex-dependent
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(Armstrong et al., 2019, Martin et al., 2010). Therefore, dissecting cholesterol distribution in
specific cell populations and regions is essential to further understanding into cholesterol

handling and its dysfunction in various diseases.

Our work was mainly focused on the hippocampal dentate region due to the expression pattern
of the Ptchd1 protein. It would however be valuable to map cholesterol differences between cell
types throughout the whole brain. Preliminary experiments were performed to deliver the D4H
probe globally using stereotaxic techniques optimized for whole-brain expression. Injections of
adeno-associated viruses in the retro-orbital or transverse sinus regions have been shown to
allow for whole-brain expression (Chan et al., 2017, Hamodi et al., 2020). The same methods
were used with the D4H probe virus (Fig. 2B) but some brain regions seem more prone to
infection than others such as the hippocampus. The PhP.eB capsid was shown to improve
expression across the brain but requires high titer virus preparation for successful injections
(Chan et al., 2017). Further optimization is required to achieve homogenous infection across
the brain, which would allow for comparison of cholesterol level and distribution between cell
types and brain regions. The individual cholesterol profile of various cell populations would
provide valuable insights into the etiology of several brain diseases where cholesterol

alterations have been implicated in disease pathology.

90



Figure 2
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Figure 2 : Cell-type specific cholesterol distribution in the mouse brain

(A) Confocal images of 50um coronal brain sections of P27-32 wild-type C57B6/J or
Balb/C mice (pAAV9-eGFP-2A-mCherryD4H 1,6.10"" GC/mL). 63X magnification of
granule cells (GC), astrocyte or Parvalbumin (PV) interneuron, scale bar: 5um. (B)
Wide-field images of 50um sagittal brain sections of P14 wild-type C57B6/J mice,
control or injected retro-orbitally or in the transverse sinus at P2 (pAAV-Syn-eGFP-2A-
mCherryD4H 2,4.10" GC/mL). 5X magnification, scale bar: 1000um.
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3.4 Cholesterol alterations in neurodevelopmental

disorders

In the central nervous system, cholesterol has essential roles as a major component of myelin
sheaths and neuronal membranes. As such, cholesterol levels can greatly affect synaptic
transmission. At the pre-synapse, synaptic vesicle formation and release properties are
dependent on cholesterol levels (Linetti et al., 2010) whereas post-synaptically cholesterol
controls the organization and optimal positioning of neurotransmitter receptors, ion channels
and downstream effectors (Segatto et al., 2014. Korade and Kenworthy, 2008). Reduction in
post-synaptic cholesterol levels has been shown to impair neurotransmission and induce
synaptic loss (Sebastiao et al., 2012). The link between cholesterol abnormalities and
neurodevelopmental disorders was clearly identified in the context of SLOS and NPC1
diseases (Elias and Irons, 1995, Pfrieger, 2003). Indeed, both NDDs are caused by non-
functional proteins involved in cholesterol homeostasis, respectively the cholesterol synthesis
enzyme 7dhcr and the lysosomal cholesterol transporter NPC1. Abnormalities in cholesterol
metabolism were also detected in non-syndromic ASD patients (Tierney et al., 2006) including
Asperger syndrome subset (Dziobek et al., 2007), although the cellular mechanisms
connecting cholesterol alterations and ASD dysfunctions remain largely unknown. One
converging link between ASD and cholesterol are lipid rafts, which are cholesterol-rich
membrane micro-domains enriched at synaptic sites (Pristera and Okuse, 2011). Numerous
synaptic proteins are thought to cluster in lipid rafts for correct functioning, and interestingly
amongst those proteins many are found to be implicated in ASD pathology such as NMDA
receptors and metabotropic glutamate receptors (mGIluRs) (Delorme et al., 2013). Therefore,
lipid rafts could be the convergence point where cholesterol alterations trigger the synaptic

deficits observed in ASD pathology (Lee and Tierney, 2011).

Manipulation of cholesterol metabolism by genetic or pharmacological means was reported to
alleviate ASD behaviors in mouse models. Indeed, statin treatment or mutation of a cholesterol
synthesis rate-limiting enzyme were found to rescue some phenotypes in the Mecp2 mouse
model of Rhett syndrome (Buchovecky et al., 2013). Statin treatments were also used in other
ASD models such as Fragile X syndrome and neurofibromatosis type 1 (Li et al., 2005,
Osterweil et al.,, 2013). These results support the notion that cholesterol metabolism may
participate to ASD phenotypes and may be a therapeutic avenue for a subset of ASD
individuals. As ASD shares overlapping symptoms and etiology with other NDDs, it is
reasonable to assume that cholesterol metabolism could also play a role in the pathology of ID,
ADHD or other NDDs. Alterations in cholesterol metabolism have also been associated with
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several neurodegenerative diseases such as Alzheimer's, Parkinson’s and Huntington
diseases), mood disorders and depression (Jeong et al., 2019, Hu et al., 2008, Leoni et al.,
2011, Troisi, 2011, Ruljancic et al., 2011), highlighting a critical role of cholesterol metabolism
in neuronal function in a wide-array of brain disorders. Therefore, studying cellular cholesterol
metabolism becomes essential to further define the pathological effects of cholesterol
alterations in specific cell types in many neurological diseases, which would help in finding
potential therapeutic avenues with high translational value. Indeed, lipophilic statin treatments
have been used in Fragile X individuals and Alzheimer’s patients to alleviate symptoms with no
or moderate success (Hoglund and Blennowm, 2007). Dietary cholesterol supplementation is a
therapy used for SLOS patients which has controversial effects reported with some
improvements in ASD-like behaviors (Aneja and Tierney, 2008) while developmental progress
was not ameliorated in children and adolescents (Sikora et al., 2004). However, it remains
unclear how peripheral cholesterol addition can significantly modulate brain cholesterol
homeostasis. A more targeted and individualized approach to regulate cholesterol homeostasis
in affected neuronal populations may prove beneficial compared to global cholesterol reduction
or dietary supplementation. Therefore, the D4H cholesterol probes used in this work will be a

helpful tool for achieving this goal.
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4. Materials and methods
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4.1 Materials and methods from the manuscript

Mice and animal experimentation

All animal experiments were approved by the Cantonal Veterinary Office of Basel-Stadt
(Switzerland), and performed in accordance with Swiss laws. The following transgenic mouse
lines were used in this study: Npc1° (BALB/cNctr-Npc1<m1N>/J, The Jackson Laboratory,
strain #003092), Ptchd1X® (Tora et al., 2017) (B6.Cg-Ptchd1tm1d(KOMP)lcsOrl/Mmucd,
MMRRC, stock n° 043797-UCD), PV-cre (B6;129P2-Pvalbtm1(cre)Arbr/J, The Jackson
Laboratory, strain #008069). For all experiments, mice were strain-matched, age-matched, and
wild-type littermates were used as controls. For the Ptchd1XC line, only males were used in

experiments.

Viral and plasmid vectors

cDNAs for genetically-encoded mCherry-D4H/YDA cholesterol probes were kindly provided by
Dr. Sophie Martin (UNIL, Lausanne, Switzerland) (pSM2056_Pact_mCherry_D4H-Tdh2). The
mCherry-D4H/YDA coding sequence was fused to a eGFP and T2A sequence and inserted in
a adenoviral backbone under control of the human Synapsin promoter (hSyn). As cholesterol-
independent membrane probe, a myristoylated/palmitoylated-mCherry was used. For
astrocyte-specific expression, the hSyn promoter was replaced by the minimal GFAP-promoter
(GfaABC1D) (Lee et al., 2008). Viruses were generated in HEK293T cells using standard
protocols with AAV9 capsid. Viral preparations were concentrated in 100K Millipore Amicon
columns at 4°C. Samples were then suspended in PBS, aliquoted and stored at -80°C. Viral

titers were determined by gPCR and were >10" particles/mL.

GeneTrek analysis

A curated list of sterol-sensing domain (SSD) proteins and sterol metabolism genes was
created using KEGG pathways and HGNC nomenclature (Supplementary table 1), and entered
in the GeneTrek search tool. GeneTrek is used to explore association of human genes with
several neurodevelopmental disorders (NDD) including autism-spectrum disorders (ASD),
intellectual disability (ID) and others (Leblond et al., 2021).

Cell culture experiments

HEK293T cells were grown on 10mm glass coverslips in 24-well plates in DMEM medium
(Thermo Fisher, cat n°10566016) supplemented with fetal bovine serum 10% and
penicillin/streptomycin 1%. 24h after plating, cells were transfected with 800ng of plasmid

vectors (50ng/750ng or 200ng/600ng of pAAV-Syn-eGFP-2A-mCherry_D4H/YDA or pAAV-
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Syn-Myr_mCherry-2A-eGFP and pAAV-iCre control respectively) using the FuGene6
transfection protocol (Roche, cat n°11 844 443 001) with 3:1 DNA:FuGene ratio. 24h post-
transfection, cells were fixed with PFA 4% in PBS 1X (Electron Microscopy Sciences, cat
n°15700) for 10min, washed twice with PBS 1X, stained with DAPI 1/10 000 and finally washed
with PBS 1X. Coverslips were subsequently mounted on glass microscopy slides using
Fluoromount G (Thermo Fisher, cat n°00-4958-02).

Surgeries and stereotaxic injections

Mice (postnatal day 27 - P32) were placed in a stereotaxic frame (Kopf Instrument) under
isoflurane anesthesia (Baxter AG). Stereotaxic injections in the Dentate Gyrus (DG) region (ML
1.25mm, AP -1.9mm, DV -1.9mm in C57BI6/J background and ML 1.5mm, AP -2.0mm, DV -
2.0mm in BALB/C background) were performed using a Picospritzer Ill pressure injection
system (Parker) with borosilicate glass capillaries (Hilgenberg, length 100mm, OD 1mm, ID
0.25mm, wall thickness 0.375mm). Each mouse was injected bilaterally and for each injection,
200nL total volume was delivered through multiple spaced bursts over several minutes
(1,6.10"" GC/mL viral titer). After 7-9 days of incubation, mice were deeply anesthetized with
ketamine/xylazine and transcardially perfused with PBS followed by 4% PFA in PBS (Electron
Microscopy Sciences, cat n°15700). Extracted brains were incubated in PFA 4% overnight for
post-fixation at 4°C and stored in PBS at 4°C. Coronal brain slices were cut at 50um thickness
with a vibratome (Leica Microsystems VT1000) and kept in PBS before staining with DAPI 1/10
000 for 5min and washed with PBS. Slices were subsequently mounted on glass microscopy
slides with Fluoromount G (Thermo Fisher, cat n°00-4958-02).

Immunohistochemistry

For brain slices coming from the PV-cre injected animals, further staining was performed to
confirm virus cell-specificity. After vibratome cutting, the 50um coronal sections were
permeated in PBS 1X + Triton X 0,05% for 5 min at RT with gentle shaking and washed with
PBS 1X. Blocking was performed 1h at RT in 10% Neutral Donkey Serum (Jackson
ImmunoResearch, 017-000-121) and Triton-X 0,05% with gentle horizontal shaking. Primary
anti-parvalbumin (PV, Columbia University) antibody was added onto the slices and incubated
overnight at 4°C with gentle shaking. Slices were washed with PBS 1X and incubated in Cy5-
conjugated donkey anti-chicken secondary antibody (Jackson ImmunoResearch, 703-175-155)
for 1h at RT. Slices were again washed with PBS 1X, stained with DAPI 1/10 000 for 5 min and
washed with PBS 1X. Slices were subsequently mounted on glass microscopy slides with

Fluoromount G (Thermo Fisher, 00-4958-02) and imaged within one week.
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Image analysis and quantification

Confocal snapshot images and stacks were also taken from fixed HEK293T cells and brain
slices with a Zeiss point scanning LSM700 confocal microscope (10X NA 0.45, 20X NA 0.80,
63X NA 1.3). For the analysis of mCherry_D4H/YDA or M/P_mCherry signal enrichment at the
plasma membrane, lines (10 pixels width) were drawn across cells from single planes of 63X
image stacks in Fiji. Histograms of GFP and mCherry signals were derived from the lines and
transferred to an Excel file. Further analysis and quantification was performed in GraphPad
Prism software. To determine puncta aggregation of mCherry signal in cells, single planes of
63X image stacks were inputed in Fiji where cells were manually drawn and added to the ROI
manager using the eGFP cytoplasmic filler as template. Images were then thresholded to
generate binary mask images and particles for each cell were defined using the analyze
particles function. The calculated particles were added to the ROl manager. Area and intensity
of cell and particles region were calculated for the eGFP and mCherry channels respectively
and the data transferred to an Excel file. A post-hoc size cut-off of 0,04um2 (=2 pixels) was
applied to filter particles. Further analysis and quantification was performed in GraphPad Prism
software. For global qualitative assessment of in vivo injection success, full coronal slices

images were obtained from the Zeiss AxioScan Z1 microscope (5X NA 0.25).

Image analysis and quantification

For plasma metabolites analysis, P6 or P30 Ptchd1 KO or wild-type male mice were deeply
anesthetized using isoflurane (Baxter AG) and decapitated with scissors. Decapitation blood
from the body was collected in 300uL Li-Heparin microvette (Sarstedt) on ice and centrifugated
at 200g for 5min at 4°C. The supernatant (plasma) was transferred to an Eppendorf tube and
stored at -20°C. Samples were diluted 1:3 in ddH20 on ice in a 45uL total volume before
analysis in the Cobas c111 Analyzer (Roche). The Cobas ¢c111 Analyzer is a platform for
clinical chemistry testing of human samples but can also be used to analyze mouse samples.
In this study, the following metabolites were measured: cholesterol (CHOL2), cholesterol HDL
(HDLC3), cholesterol LDL (LDL-C) and triglycerides (TRIGL).

Lipidomics analysis

For lipid extraction, P6 or P26-28 Ptchd1 KO and wild-type male mice were deeply
anesthetized using isoflurane (Baxter AG), the cerebellum was dissected out, flash frozen in
liquid nitrogen and stored at -80°C. Cerebellums were subsequently crushed into a fine powder
using a custom-made metal mortar on dry ice to keep the tissue frozen. Samples were then
analyzed by the Riezman lab (UNIGE, Geneva, Switzerland) using the following methyl-ter-
buthyl ether (MTBE) modified protocol for extraction. In summary, 5-10mg of dry tissue was

resuspended on ice in 100pL H>O where 50uL 1.4mm Zirconium oxide glass beads (Bertin
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Technologies), 360uL methanol and internal standard mix were added. The tissue was broken
with 3 bursts of 45s at 6200rpm with 45s interruptions in a pre-cooled Cryolysis System (Bertin
Technologies) at 4°C. 1.2mL MTBE was added before a 1h incubation in room temperature
(RT) with shaking at 750rpm. 200puL ddH.O was added to the mixture to induce phase
separation. After 10min of incubation at RT, the samples were centrifuged at 1000g for 10min.
The upper organic phase was transferred to a 13mm glass tube. The lower phase was
extracted using 400uL of artificial upper phase (MBTE/methanol/water, 10:3:1.5, v/v) with the
same incubation/centrifugation parameters. Both upper phases were combined and total lipid
extract was divided in 3 equal aliquots: one for phospholipid analysis (TL), one for sphingolipid
analysis (SL) and one for sterol analysis (S). Aliquots were dried in a Centrivap at 50°C or
under a nitrogen flow. The TL aliquots were ready for mass-spectrometry analysis and stored
at -80°C. SL aliquot underwent further deacylation to eliminate phospholipids by methylamine
treatment (Clarke  method). 0.5mL  monomethylamine reagent (MeOH/H>O/n-
butanol/Methylamine, 4:3:1:5, v/v) was added to the dried lipid. Samples were then sonicated
and incubated for 1h at 53°C and dried as described above. The monomethylamine treated
lipids were desalted by n-butanol extraction where 300uL H2O saturated n-butanol was added
to the dried lipids. The samples were vortexed, sonicated and 150uL MS grade water was
added. The mixture was vortexed and centrifuged at 3200g for 10min. The upper phase was
collected and the lower phase was extracted twice more with 300uL H>O saturated n-butanol.

The upper phases were combined and dried as described above.

For phospholipid and sphingolipid detection, samples were pipetted into a 96-well plate with a
final volume of 100uL and LC-MS or HPLC grade solvent were used (positive mode solvent:
Chloroform/Methanol/H20 2:7:1 v/iv . + 5mM Ammonium Acetate, negative mode solvent:
Chloroform/Methanol 1:2 v/iv + 5mM Ammonium Acetate. The TL and SL aliquots were
resuspended in 500uL Chloroform/Methanol (1:1 v/v) solution and sonicated. The TL and SL
fractions were diluted 1:10 and 1:5 respectively in a negative and positive mode solvents. For
the identification and quantification of phospho- and sphingolipid molecular species, all diluted
fractions were infused onto the mass spectrometer where tandem mass spectrometry was
performed using multiple reaction monitoring (MRM) with a TSQ Vantage Triple Stage
Quadrupole Mass Spectrometer (Thermo Fisher) equipped with a robotic nanoflow ion source
(Nanomate HD, Advion Biosciences). Ceramide species were also quantified with a loss of
water. Lipid concentrations were calculated according to the standard curves with the internal
standards and normalized to the total lipid extract content. Data were also normalized between

experiments. The data were not corrected for isotope distribution.
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For sterol detection, the S aliquots were resuspended in 500uL Chloroform/Methanol
(HPLC/CHROMASOLYV LC-MS grade 1:1) and sonicated. 5uL of samples were loaded onto a
VARIAN CP-3800 Gas Chromatograph equipped with a Factor Four Capillary Column VF-5ms
and analyzed by a VARIAN 320 mass spectrometer triple quadrupole with electron energy set
to -70eV at 250°C and the transfer line at 280°C. Temperature was held for 4min at 45°C and
ramped successively to 195°C (20°C/min), 230°C (4°C/min), 325°C (20°C/min) and 350°C
(6°C/min) before colling back to 45°C. Free sterols were eluted during the linear gradient from
195°C to 230°C. For each sterol, specific ions (m/z) were extracted: Ergosterol (396.4, 363.3
and 337.3), Cholesterol (386.4, 368 and 275.2) and Cholesterol esters (368.4, 353.4 and
147.1). The area under the peak was integrated and the values were transferred into Excel.
The sterol concentrations were determined using the standard curves of ergosterol, cholesterol

and cholesterol esters.

Statistical methods and data availability

Sample sizes were determined based on the 3R principles, past experience with the
experiments and literature surveys. Pre-established exclusion criteria were defined to ensure
success and reliability of the experiments: for stereotaxic injection, all mice with mistargeted
injections were excluded from analysis (e.g. if no eGFP signal was detected in the granule cell
layer of the DG). Furthermore, all mice exhibiting visible behavioral abnormalities or disease
symptoms, in the case of the NPC1 -/- mice, were excluded. Investigators performing image
analysis and quantification were blinded to genotype. The applied statistical tests were chosen
based on sample size, normality of data distribution and number of groups compared.
Appropriate correction for variance differences was applied when necessary. Details on n
numbers, pvalues and specific tests are found in figure legends. All raw data files, excel
analysis tables and additional data supporting the findings of this study could not be included in
the manuscript due to space constraints but are available from the corresponding author upon

reasonable request.

4.2 Additional materials and methods

Mice and reagents

All animal experiments were approved by the Cantonal Veterinary Office of Basel-Stadt

(Switzerland), and performed in accordance with Swiss laws. The following mouse lines were

used in stereotaxic injections: C57B6/JRj, Npc1“® (BALB/cNctr-Npc1<m1N>/J, The Jackson

Laboratory, strain #003092), Ptchd1¥® (B6.Cg-Ptchd1tm1d(KOMP)lcsOrl/Mmucd, MMRRC,

stock n° 043797-UCD). For stereotaxic injections, mice were strain-matched, age-matched and
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the pAAV9-Syn-eGFP-2A-mCherryD4H was used for cholesterol distribution assessment.

For HEK293T cells experiments, the pAAV9-Syn-PTCHD1-3xHA plasmid was used. The triple
HA tag was inserted in the Cter domain of PTCHD1 without disruption to previously identified
interacting partners. The following commercial primary antibodies were used: anti-HA (Cell
signaling, 3724), anti-HA (Roche, 11867431001), anti-EEA1 (BD, E41120), anti-VPS35
(Abcam, ab10099), anti-LAMP1 (Abcam, ab24170), anti-GM130 (BD, 610822). The following
commercial secondary antibodies were used: A488-conjugated donkey anti-mouse (Thermo
Fisher, A-21202) and anti-rabbit (Thermo Fisher, A-21206), Cy3-conjugated donkey anti-rabbit
(Jackson ImmunoResearch, 711-165-152) and anti-rat (Jackson ImmunoResearch, 711-165-

153), Cy5-conjugated donkey anti-goat (Jackson ImmunoResearch, 705-715-147).

Cell culture experiments and immunocytochemistry

HEK293T cells were grown on 10mm glass coverslips in 24-well plates in DMEM media
(Thermo Fisher, 10566016) supplemented with fetal bovine serum 10% and
penicillin/streptomycin 1%. 24h after plating, cells were transfected with 80ng of plasmid
pAAV9-Syn-Ptchd1-3xHA using the FuGene6 transfection protocol (Roche, 11 844 443 001)
with 3:1 DNA:FuGene ratio. 24h post-transfection, cells were fixed with PFA 4% in PBS 1X
(Electron Microscopy Sciences, 15700) for 10min, washed with PBS 1X, permeated in PBS 1X
+ Triton X 0,01% for 5 min and washed again with PBS 1X. Blocking was performed by
incubation 1h at RT in 10% Neutral Donkey Serum (Jackson ImmunoResearch, 017-000-121)
with gentle horizontal shaking. Coverslips were transferred to a humidified chamber and
primaries antibodies were added for overnight incubation at 4°C. Coverslips were washed 3x
with PBS 1X and incubated 1h at RT in secondary antibodies. Coverslips were washed with
PBS 1X, stained with DAPI 1/10 000 for 5min and finally washed with PBS 1X. Coverslips were
subsequently mounted on glass microscopy slides using Fluoromount G (Thermo Fisher, 00-
4958-02), left overnight at RT to dry and stored at -20°C until imaging.

Yeast-two hybrid assay

Yeast two-hybrid screening was performed by Hybrigenics Services, S.A.S., Evry, France. The
coding sequence for Mus musculus - Ptchd1 (NM_001093750.1) cytoplasmic loop sequence
(Gly422-Lys501) was PCR-amplified and cloned into pB27 and pB66 as a C-terminal fusion to
LexA (LexA-Ptchd1) and the Gal4 DNA-binding domain (Gal4-Ptchd1), respectively. The
constructs were checked by sequencing and used as a bait to screen a random-primed Mouse
Adult Brain cDNA library constructed into pP6. pB27 derives from the original pPBTM116 vector
(Vojtek and Hollenberg, 1995; Béranger et al., 1997), pB66 derives from the original pAS2AA
vector (Fromont-Racine et al., 1997) and pP6 is based on the pGADGH plasmid (Bartel et al.,
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1993).

For the N-LexA-Ptchd1-C bait construct, 109 million (10-fold the complexity of the library)
clones were screened using a mating approach with YHGX13 (Y187 ade2-101::loxP-kanMX-
loxP, mata) and L40AGal4 (mata) yeast strains as previously described (Fromont-Racine et al.,
1997). Only one His+ colony, was selected on a medium lacking tryptophan, leucine and
histidine. For the N-Gal4-Ptchd1-C bait construct, 90 million (9 -fold the complexity of the
library) clones were screened using the same mating approach with YHGX13 (Y187 ade2-
101::loxP-kanMX-loxP, mata) and CG1945 (mata) yeast strains 36 His+ colonies were
selected on a medium lacking tryptophan, leucine and histidine and supplemented with 0.5 mM
3-aminotriazole to handle bait autoactivation. The prey fragments of the positive clones were
amplified by PCR and sequenced at their 5° and 3’ junctions. The resulting sequences were
used to identify the corresponding interacting proteins in the GenBank database (NCBI) using a
fully automated procedure. A confidence score (PBS, for Predicted Biological Score) was

attributed to each interaction as previously described (Formstecher et al., 2005).

The PBS relies on two different levels of analysis. Firstly, a local score takes into account the
redundancy and independency of prey fragments, as well as the distribution of reading frames
and stop codons in overlapping fragments. Secondly, a global score takes into account the
interactions found in all the screens performed at Hybrigenics using the same library. This
global score represents the probability of an interaction being nonspecific. For practical use,
the scores were divided into four categories, from A (highest confidence) to D (lowest
confidence). A fifth category (E) specifically flags interactions involving highly connected prey
domains previously found several times in screens performed on libraries derived from the
same organism. Finally, several of these highly connected domains have been confirmed as
false-positives of the technique and are now tagged as F. The PBS scores have been shown to
positively correlate with the biological significance of interactions (Rain et al., 2001; Wojcik et
al., 2002).

Primary cell culture experiments and pharmacological treatment

Dissociated cultures of cerebellar granule cells were prepared from P5-P6 C57B6/J wild-type
mice. The mouse pups were decapitated with scissors and the cerebellum was isolated. Cells
were dissociated by addition of 0,05% trypsin-EDTA and 1mg/mL DNase and incubation for 10-
15min at 37°C with intermittent swirling. The trypsin-EDTA was then neutralized by adding
5mg/mL soy bean trypsin inhibitor and incubation for 1min at 37°C. Mechanical dissociation
was then performed before centrifugation at 290 rpm for 10min at 4°C on a 4% BSA cushion to

isolate granule cells from other cell population. Granule cells (60-80,000 cells/cm2) were
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maintained in neurobasal medium (Gibco, 21103-049) containing 2% B27 supplement (Gibco,
17504-044), 1% Glutamax (Gibco, 35050-61), and 1% penicillin/streptomycin (Bioconcept, 4-
01F00-H) for 5 days. Cells were depleted in cholesterol by addition of 0,5mM methyl-§-
cyclodextin (MbCDX, Sigma, C4555) for 30 minutes. Following the treatment, the culture
medium was replaced and cells were processed for mRNA extraction and qPCR analysis.

RNA isolation and qPCR

Cells were lysed using Trizol reagent (Sigma, T9424) followed by addition of chloroform. After
vigorous shaking, samples were centrifuged at 16,000g for 10min at 4°C. Total RNAs were
isolated from the supernatant and DNase treated on columns (RNeasy micro kit, Qiagen,
74004) following the manufacturer’s instructions. cDNAs were generated using 500ng total
RNA reverse transcribed with ImProm-Il reverse transcriptase (Promega, A3800) in
corresponding reaction buffer, ANTP mix (Promega, C1141), MgCl. (Promega, A3511), RNasin
ribonuclease inhibitor (Promega, N2511), random primers (Promega, C1181) and oligo(dT)1s

primer (Promega, C1101).

Real-time quantitative PCRs were performed with FastStart Universal SYBR GreenMaster
(Roche, 04-913-850-001). PCRs were carried out in a StepOnePlus gPCR system (Applied
Biosystems) with the following thermal profile: 10 min at 95°C, 40 cycles of 15s at 95°C and 1
min at 60°C. Real-time quantitative PCR assays were analyzed with the StepOne software with
the comparative Cr method and normalization to the HPRT house-keeping gene. Primer
sequences used were as follows: PTCHD1: 5-CAAGATCGAGCGCAACCTAG-3' and 5-
ATGTTGGCTTTCTGGTAGGAG-3'; HMGCR: 5-CTCATGAACGTGGTGTGTCTAT-3" and 5'-
GCTCCCATCACCAAGGAATAA-3"; HPRT: 5-GATGAACCAGGTATGACCTAGATTTG-3' and
5'-ATGGCCTCCCATCTCCTTCAT-3;

Surgeries and stereotaxic injections

Wild-type mice (postnatal day 27 - P32) were placed in a stereotaxic frame (Kopf Instrument)
under isoflurane anesthesia (Baxter AG). Injections in the Dentate Gyrus (DG) region (ML
1.25mm, AP -1.9mm, DV -1.9mm in C57BI6/J background and ML 1.5mm, AP -2.0mm, DV -
2.0mm in BALB/C background) were performed using a Picospritzer Ill pressure injection
system (Parker) with borosilicate glass capillaries (Hilgenberg, length 100mm, OD 1mm, ID
0.25mm, wall thickness 0.375mm). Each mouse was injected bilaterally and for each injection,
200nL total volume was delivered through multiple spaced bursts over several minutes
(1,6.10"" GC/mL viral titer). After 7-9 days of incubation, mice were deeply anesthetized with
ketamine/xylazine and transcardially perfused with PBS 1X followed by 4% PFA in PBS 1X
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(Electron Microscopy Sciences, 15700). Extracted brains were then incubated in PFA 4%
overnight for post-fixation at 4°C followed by storage in PBS 1X at 4°C. Coronal brain slices
were cut at 50pm with a vibratome (Leica Microsystems VT1000) and kept in PBS 1X before
staining with DAPI 1/10 000 for 5min and washed with PBS 1X. Slices were subsequently
mounted on glass microscopy slides with Fluoromount G (Thermo Fisher, 00-4958-02) and

imaged within one week.

For retro-orbital injections, wild-type P2 mice were placed on a heating pad under isoflurane
anesthesia (Baxter AG) and 5pL of virus diluted in PBS 1X was injected behind the eye using a
BD micro-fine + 0,3mL (BD). For transverse sinus injections, wild-type P2 mice were placed in
a stereotaxic frame (Kopf Instrument) under isoflurane anesthesia (Baxter AG). Injections in the
transverse sinuses was performed using a Picospritzer Il pressus injection system (Parker)
with borosilicate glass capillaries (Hilgenberg, length 100mm, OD 1mm, ID 0.25mm, wall
thickness 0.375mm). Transverse sinus localization was done visually and at DV -0.4mm as
described in Hamodi et al., 2019. Each mice was injected bilaterally and for each injection,
200nL total volume was delivered through multiple spaced bursts over several minutes
(2,4.10"2 GC/mL viral titer). At P14, mice were deeply anesthetized with ketamine/xylazine and
transcardially perfused with PBS 1X followed by 4% PFA in PBS 1X (Electron Microscopy
Sciences, 15700). Extracted brains were then incubated in PFA 4% overnight for post-fixation
at 4°C followed by storage in PBS 1X at 4°C. Sagittal brain slices were cut at 50um with a
vibratome (Leica Microsystems VT1000) and kept in PBS 1X before staining with DAPI 1/10
000 for 5min and washed with PBS 1X. Slices were subsequently mounted on glass
microscopy slides with Fluoromount G (Thermo Fisher, 00-4958-02) and imaged within one

week.
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AAV = Adeno-associated virus

Abca1 = ATP-binding cassette transporter

AchR = Acetylcholine receptor

ADHD = Attention deficit/hyperactivity disorder

AIMS2-TRIALS = Autism Innovative Medicine Studies-2-Trials
Akt = RAC-alpha serine/threonine-protein kinase

AMPA = a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
ApoE = Apolipoprotein E

AS = Asperger’s Syndrome

ASD = Autism spectrum disorders

AU = Arbitrary unit

audTRN = auditory TRN

BBB = Blood-brain barrier

BRET = Bioluminescence resonance energy transfer

Bsn = Bassoon presynaptic cytomatrix protein

C = Cytosine

CANDY = Comorbid Analysis of Neurodevelopmental Disorders and Epilepsy
CamK2a = Calcium/calmodulin-dependent protein kinase type Il subunit alpha
CAT = CIiff avoidance test

CAv = voltage-gated P-type calcium channel

CER = Ceramide

CL = Cardiolipin

CNS = Central nervous system

CNV = Copy number variation

CTEP = 2-chloro-4-((2,5-dimethyl-1-(4-(trifluoromethoxy)phenyl)-1H-imidazol-4-
ylhethynyl)pyridine, mGIuRS5 inhibitor
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D4 = PFO-derived domain 4

D4H = D4 with higher affinity
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Disp1 = Dispatched-1 protein

DNA = Deoxyribonucleic acid

DSM-5 = Diagnostic and statistical manual of mental disorders

DTI = Diffusion tensor imaging

E = Glutamic acid

1-EBIO = 1-ethyl-2-benzimidazolinone, activator of calcium-activated potassium channels
EEA1 = Early endosome antigen 1
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EEG = Electroencephalogram

eGFP = enhanced GFP

Egr1 = Early growth response protein 1

E/I = Excitation/Inhibition

EPSC = Excitatory post-synaptic current

ER = Endoplasmic reticulum

FC = Fold-change

FCA = Fluorescent cholesterol analog

Fmrp = Fragile X mental retardation protein

FXS = Fragile X Syndrome

G = Guanine (for nucleotides) or Glycine (for amino acids)
GABA = y-aminobutyric acid

GC = Granule cell

GCL = Granule cell layer

GfaABC1D = truncated GFAP promoter

GFAP = Gilial fibrillary acidic protein

GFP = Green fluorescent protein

Gl = Gastro-intestinal

GIcCER = Glucosylceramide

GLI = Glioma-associated oncogene

GM130 = 130 kDa cis-Golgi matrix protein

HA = Hemagglutinin

HEK293T = Human embryonic kidney 293T cells
HDL = High-density lipoprotein

Hh = Hedgehog

Hmgcr = 3-hydroxy-3-methylglutaryl-coenzyme A reductase
Hprt = Hypoxanthine Phosphoribosyltransferase
hSyn = human Synapsin promoter

| = Isoleucine

ID = Intellectual disability

Insig = Insuline-induced gene protein

iPSC = induced Pluripotent stem cell

IPSC = Inhibitory post-synaptic current

KEGG = Kyoto Encyclopedia of Genes and Genomes
KO = Knock-Out

Lamp1 = Lysosome-associated membrane glycoprotein 1
LE/LY= Late endosome/Lysosome

LDL = Low-density lipoprotein

LOPIT-DC = Localisation of organelle proteins by isotope tagging after differential
ultracentrifugation

Lrp1 = Low-density lipoprotein receptor-related protein 1
LTD = Long-term depression

LTP = Long-term potentiation

March6 = E3 ubiquitin-protein ligase MARCHG6
MbCDX = methyl 3-cyclodextrin
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Mecp2 = methyl CpG binding protein 2

mGIuR = metabotropic Glutamatergic receptor

mMiRNA = micro RNA

MPEP = 2-Methyl-6-(phenylethynyl)pyridine, mGIuR5 inhibitor
MRI = Magnetic resonance imaging

MRNA = messenger RNA

mTOR = mammalian Target of rapamycin (Serine/threonine-protein kinase)
Myr/P = Myristoylated/Palmitoylated

Na* = sodium

NAD = Nicotinamide adenine dinucleotide

NncRNA = non-coding RNA

NDD = Neurodevelopmental disorders

NEDDS8 = Neuronal precursor cell-expressed developmentally down-regulated protein 8
NMDA = N-methyl-D-aspartate

Npas4 = Neuronal PAS domain protein 4

NPC = Niemann-Pick disease type C

NPC1 = NPC intracellular cholesterol transporter 1

NPC1L1 = NPC1-like 1 protein

NPC2 = NPC intracellular cholesterol transporter 2

24-OHC = 24-hydroxycholesterol

OFT = Open-field test

P = Proline

p53 = Cellular tumor antigen p53

pA = Polyadenylation sequence

PC = Phosphatidylcholine

PDD-NOS = Pervasine developmental disorder — not otherwise specified
PDZbm = PDZ-binding motif
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PFC = Prefrontal cortex

PFO = Perfringolysin O

Pl = Phosphatidylinositol

PI3K = Phosphoinositide 3-Kinase

PM = Plasma membrane

PS = Phosphatidylserine

Psd95 = Post-synaptic density 95 protein

Ptch1 = Protein patched homolog 1

Ptchd1 = Patched-domain containing 1

Ptchd1-AS = Ptchd1 anti-sense ncRNA

Pten = Phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and dual-specificity protein
phosphatase

PV = Parvalbumin

Q = Glutamine

Rab9 = Ras-related protein Rab-9A
RNA = Ribonucleic acid

RND = Resistance/nodulation/division
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Rnf145 = RING finger protein 145

RS = Rett Syndrome

RT-gPCR = Reverse transcription quantitative real-time polymerase chain reaction
S = Serine

Scap = Sterol regulatory element-binding protein cleavage-activating protein
SCD = Social communication disorder

SD = Standard deviation

SEM = Standard deviation of error of measurement

SFARI = Simons Foundation Autism Research Initiative
SHANK = SH3 and multiple ankyrin repeat domain

SK = Small conduction calcium-activated potassium channel
SLOS = Smith-Lemli-Opitz Syndrome

SM = Sphingomyelin

Smo = Smoothened

SNARE = Soluble N-ethylmaleimide-sensitive-factor attachment protein receptor
SNP = Single nucleotide polymorphism

SNV = Single nucleotide variant

Snx27 = Sortin nexin-27 protein

Sqle = Squalene epoxidase

SRE = Sterol regulatory elements

SREBP = Sterol regulatory elements-binding protein

SSD = Sterol-sensing domain

SSDL = Sterol-sensing domain-like

SV = Synaptic vesicle

Syn = Synapsin promoter

Syngap1 = Ras/Rap GTPase-activating protein SynGAP
Syt1 = Synaptotagmin-1 protein

T = Threonine

T2A = self-cleaving 2A peptide

TF = Transcription factor

TM = Transmembrane

Trem2 = Triggering receptor expressed on myeloid cells 2
TRN = Thalamic reticular nucleus

Uba3 = NEDD8-activating enzyme E1 catalytic subunit

Ul = Unsaturation index

3'UTR = 3' untranslated region

Vamp3 = Vesicle-associated membrane protein 3

Vps26 = Vacuolar protein sorting-associated 26 protein
Vps35 = Vacuolar protein sorting-associated 35 protein

W = Tryptophan

WPRE = Woodchuck hepatitis virus post-transcriptional regulatory element
Y = Tyrosine

YDA = D4 with Y415A/D434W/A463W mutations

YQDA = D4 with Y415A/Q433W/D434W/A463W mutations
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