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1. Introduction

1.1 Alzheimer’s disease.

In 1906, at the 37th Meeting of South-West German Psychiatrists, the German neurologist
Alois Alzheimer presented the case study of a “peculiar severe disease process of the
cerebral cortex” (Uber einen eigenartigen, schweren Erkrankungsprozef der Hirnrinde).
The respective patient was of a 51 years-old woman, Auguste Deter, today known as the
first Alzheimer’s disease (AD) patient.

As main clinical symptoms, Alzheimer described a severe cognitive disturbance,
disorientation, unpredictable behavior and aphasia. The post-mortem examination of the
brain revealed a diffuse severe atrophy with degeneration of cortical nerve-cells
characterized by presence of intracellular fibrils, deposition of aggregates disseminated
throughout the whole cortex and many glia cells with “adipose saccules”. While the
publication relative to this first case, in 1907, was only a short report (Alzheimer A., 1907a-
b; Stelzmann et al., 1995), more histopathological details, including figures and drawings
were published in 1911 together with a second case of Johann F. Hence. (Alzheimer A,
1911; (Alzheimer et al., 1991). Although in the absence of fibrils, presence of large and
diffuse aggregates was described also in Johann F. case together with accumulation of
“lipoid substances” in the ganglion cells, glial cells and the walls of the vessels of the
cerebral cortex and the whole central nervous system.

To date, AD is the most common progressive and irreversible neurodegenerative disorder
with high prevalence beyond the age of 65 and mean life expectancy of four to eight years
after diagnosis. Approximately 44 million people are affected worldwide and the
percentage of patients is expected to rise in the next years, owing to increasing life
expectancy. Because of his huge prevalence, mortality, and high economic impact, due
to the health care costs, AD became one of the most studied pathology (Alzheimer’s
Association, 2019; Serge Gauthier et al., 2021).

During the years researchers defined the intracellular fibrils and extracellular aggregates,
described by Alzheimer, as neurofibrillary tangles (NFTs) and senile plaques, respectively.
The tangles are the results of hyperphosphorylated tau aggregation, a microtubule
associated protein, while the plaques contain fibrillary forms of amyloid B-peptides (AB)
that derive from the proteolytic processing of the amyloid precursor protein (APP) (Walter
et al., 2001; Annaert and De Strooper, 2002). The concomitant presence of these two



phenomena is what define AD at the neuropathological level and distinguish it from other
forms of dementia. In fact, although NFTs are one of the hallmarks of AD, they have been
observed in several others diseases, defined as “primary tauopathies”, where tau
pathology is the main neuropathological landmark (Chung et al., 2021).

Tau is poorly expressed in astrocytes and oligodendrocytes where its role is still not fully
clarified (Gorath et al., 2001; Kovacs, 2015; Arendt et al., 2016). In neurons, tau is mainly
localized to the axon where it regulates the microtubule assembly and dynamics, essential
for maintaining neuronal integrity and axonal transport (Baas et al., 2016). In physiological
conditions, tau undergoes several post-translational modifications including,
phosphorylation, glycation, O-GlcNAcylation, methylation, SUMOylation, ubiquitylation,
oxidation and truncation. Phosphorylation is the most common tau modification described
and it is known that, through its regulation, tau promotes tubulin polymerization and
stabilizes microtubules (Kadavath et al., 2015). An increase in tau phosphorylation
reduces its affinity for microtubules, resulting in neuronal cytoskeleton destabilization, and
leads also to tau accumulation and self-aggregation in insoluble filaments (Lee et al.,
2001; Arendt et al., 2016). Hyperphosphorylation of tau occurs before the onset of NFTs
(Igbal and Grundke-Igbal, 1991; Braak and Braak, 1995). In fact, NFTs mature through
three defined levels known as pre-tangles, mature tangles and ghost tangles. While the
first two refers to the formations of tangles intracellularly, the ghost tangles are remnants
of mature tangles in the extracellular space once the neuron has died.

Tau aggregation is correlated to neurodegeneration (Noble et al., 2013; Igbal et al., 2016).
In fact, neuronal or glial deposition of tau characterizes an heterogenous group of
neurodegenerative disorders grouped as “spectrum of tauopathy”.

In AD, depending on the distribution patter of NFTs in the patient’s brains, six
neuropathological stages (Braak stages) have been described (Braak and Braak, 1991;
Braak et al., 2006).

Although functional magnetic resonance imaging (MRI) and positron emission
tomography (PET) in vivo brain imaging have been used in several studies to correlate
tau pathology with Braak stages, the examination of postmortem brains remains the
primary method to distinguish the spectrum of tauopathies and correlate it to different

neurological disorders.
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As mentioned above, the presence of AB plaques in the patient’s brain is another essential
hallmark of AD. AB sequence spans parts of the membrane domain and adjacent
ectodomain of APP, and it is released upon cleavage by B- and y-secretase in the
amyloidogenic pathway. Generation of the senile plaques can be due to a proteolytic
abnormal processing of APP, with generation of A species more prone to aggregate, or
a decreased clearance of AB that, once accumulating, tend to form deposits. The “amyloid
cascade hypothesis” supports the idea that AB plays a central and even causative role for
AD (Hardy and Higgins, 1992; Karran et al., 2011). In particular, the accumulation and
aggregation of AB into plaques is believed to be the most important factor leading to
neurotoxicity, dementia and AD development (Hensley et al., 1994). AB monomers, in
fact, can form several assemblies including oligomers, protofibrils and fibrils and among
the different AR forms, AB42 is the most prone to aggregate. AR42 species, indeed, is the
predominant A form that deposits into amyloid plaques in AD brain and it has been shown
to have a central role driving amyloid deposition in vivo (Younkin, 1998; McGowan et al.,
2005). In addition, the increasing AB42/AB40 ratio has been correlated with clinical onset
of disease in familial AD cases (FAD) (Tang and Kepp, 2018).

The characteristic senile plaques observed in AD brains are mainly generated by
deposition of amyloid fibrils, that are large and insoluble aggregates. A oligomers,
instead, are soluble and they have been shown to affect synaptic structure and function.
Increased level of AP oligomers, indeed, is strongly correlated with cognitive decline, due
to their synaptotoxic properties (Smith and Strittmatter, 2017). In addition, studies in
postmortem brains from either healthy or mild-demented subjects showed that, in a similar
plaques density condition, higher oligomers levels are correlating with dementia, indicating
a fundamental contribution of soluble AR oligomers to synaptotoxicity in AD (Esparza et
al., 2013). Interestingly, it has been shown that A oligomers can be sequestered from
brain interstitial fluid onto cell membranes where they associate with GM1 ganglioside
(Hong et al.,, 2014). This observation suggests that lipid membrane composition is
important for the AB oligomers-mediated effect on cellular function.

In an attempt to slow the progression of AD disease and/or improve its symptoms, during
the years, different therapeutic approaches have been suggested and many of them
focused on reducing levels of toxic forms of AB. An approach, aiming to decrease AB
levels by acting on the enzymes involved in its production, (3- and y-secretase, failed due
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to the lack of efficacy or detrimental side effects. More recent approaches focus on the
removal or prevention of the AB deposits using monoclonal antibodies against A
(Cummings et al., 2020).

On 7 June 2021, Aducanumab, a human monoclonal antibody against A was authorized
by the United States Food and Drug Administration (U.S. FDA), via an accelerated
approval pathway, as the first disease-modifying therapy for AD treatment (Cummings et
al., 2020; Bastrup et al., 2021). Nevertheless, this decision was cause of debate due to
the many controversies regarding aducanumab’s efficacy and performance in the two
Phase Il trials, namely EMERGE and ENGAGE (Haeberlein et al., 2020; Knopman et al.,
2021; Salloway et al., 2021; Haeberlein et al. 2022). Although administration of
Aducanumab reduced the AB content in the brain, this did not lead to a clinical
improvement in the case of ENGAGE. In addition, brain scan analysis revealed amyloid-
related imaging abnormalities (ARIA) in some of the patients from both studies, raising
questions about the security of the treatment.

For these reasons the European Medical Agency (EMA) decided, on 16 December 2021,
to refuse marketing authorization. Recently, on February 2022, the producing company,
Biogen, requested a re-examination of EMA’s decision. (https://www.ema.europa.eu/en/
medicines/human/withdrawn-applications/aduhelm).

To date, an effective and save cure for AD does not exist.

1.2 Presenilins
1.2.1 Presenilins and y-secretase

Presenilin 1 (PS1) and presenilin 2 (PS2) are two homologous transmembrane proteins
encoded by PSEN1 and PSEN2 genes, respectively. These proteins are synthetized as a
full-length (FL) protein of ~50 kDa with nine transmembrane domains (TMDs) (Laudon et
al., 2005; Spasic et al., 2006) and share 65% identity at the amino acid level, in human,
with most variability within the loop regions (Guner and Lichtenthaler, 2020).

Presenilins (PS) are mainly known to be the catalytic subunit of the y-secretase complex,
a hetero-tetrameric protein complex known to exclusively cleave type | transmembrane

proteins. In particular, this complex contains one proteolytically active subunit, presenilin
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(PS1 or PS2), and three non-proteolytic subunits: nicastrin (Nct), anterior pharynx
defective-1 (Aph1) and presenilin enhancer 2 (PEN-2) (Fig. 1.1).

Lumen/
Extracellular Space

Cytosol
APH-1alL, APH-1aS and APH-1b  Nicastrin

Fig. 1.1: y-Secretase complex. Schematic representation of the four subunits of y-
secretase. Asterisks indicate the catalytic aspartate residues of PS responsible for the
catalytic activity. These residues are located in TMD 6 and 7. Nicastrin subunit is
characterized by a large, glycosylated extracellular domain. Picture from (Guner and
Lichtenthaler, 2020).

During assembly of the complex, the PS subunit undergoes autoproteolytic cleavage
within the large loop between TMD 6 and 7, resulting in stable PS NH2- and COOH-
terminal fragment (-NTF, -CTF) heterodimers (Spasic and Annaert, 2008). Two aspartate
residues in TMD 6 and 7 of PS (D257/D385 in PS1 and D263/D366 in PS2, respectively)
are essential for the catalytic activity (Wolfe et al., 1999; Kimberly et al., 2000).

In human cells and tissues, y-secretase is present as up to six homologous complexes,
due to the different possible subunit combinations, containing either PS1 or PS2 and either
one of the three APH-1 homologs (APH-1aL, APH-1aS, and APH-1b) (Hébert et al., 2004;
Shirotani et al., 2004).

The y-secretase complexes differ in their subcellular localization, with PS1-containing
complexes found in different secretory pathway compartments as well as the plasma
membrane, whereas PS2-containing complexes localize more to endosomes and
lysosomes (Meckler and Checler, 2016; Sannerud et al., 2016). As a consequence, some
substrates, such as premelanosome protein (PMEL) and tyrosinase-related protein (TRP-
1), which localize to lysosome-related compartments, are mostly cleaved by PS2-, but
barely by PS1-containing y-secretase complexes. It is possible, then, that the six different
y-secretase complexes generally have a distinct, but probably overlapping substrate
spectrum (Sannerud et al., 2016). In addition, the relative abundance of the y-secretase
complexes may be different among cell types and tissues (Serneels et al., 2009). In fact,
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for example, it has been reported that microglia cells predominantly utilize PS2, but not
PS1 in the y-secretase complex (Jayadev et al., 2010).

To date a list of 149 substrates of y-secretase have been identified (Guner and
Lichtenthaler, 2020). Among them the most studied are Notch and APP due to their
implication in different pathologies. Impairment in y-secretase/presenilins activity, indeed,
is known to have an impact in developmental disorders, acting on Notch signals, and in
AD etiology, affecting APP cleavage (Medoro et al., 2018).

Regarding APP, physiologically, two major proteolytic processing pathways have been
identified and both involve cleavage by y-secretase. In the “non-amyloidogenic pathway”,
APP is cleaved first by a-secretases and then by y-secretase, resulting in release of
soluble sAPPa ectodomain, p3 fragment and APP intracellular domain (AICD).

The alternative “amyloidogenic pathway” gives rise to AB peptide formation and its
extracellular release. APP is first cleaved by beta-site APP-cleaving enzyme 1 (BACEA1,
or B-secretase) with formation of the soluble sAPP[ ectodomain, and then, by y-secretase
that cleaves the remaining B-CTF (C99) giving rise to AICD and AB peptide species
(Haass et al., 2012) (Fig. 1.2).

Anti-amyloidogenic pathway Amyloidogenic pathway

APPsa APPsf

APP APP

AB

p3
B
o Lumen
2 i
Cytosol

«APP CTF I BAPP CTF I

AICD AICD

Fig. 1.2: Proteolytic processing of APP. Schematic representation of the non-
amyloidogenic (left) and amyloidogenic (right) pathway acting on APP and resulting
fragments. Picture from Haass et al., 2012.
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The resulting monomeric A species can have slightly different lengths, from 37 to 43
amino acids. AP 40 is one of the most soluble species, while AB42 and AB43, particularly,
have the tendency to aggregate and form higher order structures including toxic soluble
AB dimers, trimers, oligomers and protofibrils.

Beside the role of presenilins in intramembrane proteolysis, associated with y-secretase
cleavage, other functions have been attributed to these proteins. For example, it has been
shown that PS1 is a negative regulator of the Wnt/B-catenin signaling pathway (Kang et
al., 2002); PS modulate intracellular Ca®* homeostasis (Leissring et al., 1999; Kasri et al.,
2006; Cheung et al., 2008; Green et al., 2008; Hayrapetyan et al., 2008) and trafficking of
proteins such as the receptor Tyrosine-related kinase B (TrkB) (Naruse et al., 1998), APP
(Kaether et al., 2002; Cai et al., 2003) and Nct (Herreman et al., 2003).

A role of PS has been described also in relation with endo-lysosomal trafficking and
autophagy. Using different settings in vitro, in primary neuronal cultures and fibroblasts,
and in vivo, in mouse brain samples, it has been shown that PS deficiency causes endo-
lysosomal and autophagic abnormalities (Esselens et al., 2004; Wilson et al., 2004; Lee
et al., 2010; Neely et al., 2011; Dobrowolski et al., 2012). Ablation of either PS1 or PS2
appears to affect lysosomal function with an increase in the number and size of the
vesicles, suggesting an involvement of both proteins in this mechanism (Neely et al.,
2011). In addition, the influence on vesicular fusion and autophagy seems to be
independent from y-secretase activity, as demonstrated by lack of alteration of autophagy-
related protein upon y-secretase inhibition and /or depletion of Nicastrin (Lee et al., 2010;
Neely etal., 2011). An increase in autophagic vacuoles it has been shown also in neurons
from PS1cKO (PS1 conditional KO) mice at 2-3 months of age (Lee et al., 2010). Around
the same age, 2 months old, in PS-double knockout (PSDKO) mice it has been describe
the start of synaptic impairment and deterioration of memory ability that exacerbates with
age resulting in neurodegenerative alterations (Saura et al., 2004). These observations
suggested an important role of PS in the endo-lysosomal autophagic system as well as in
neuronal function and potential involvement of subcellular vesicular trafficking alterations
in the early stage of neurodegeneration.

Additional indications of a y-secretase-independent role of PS1 in endo-lysosomal /
autophagic system emerged from studies regarding ICAM-5 (also known as telencephalin)

(Annaert et al.,, 2001; Esselens et al., 2004), a neuronal intercellular cell adhesion
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molecule, forebrain-specific. In PS1 knockout (PS1KO) primary hippocampal neurons,
ICAM-5 accumulates in intracellular degradative organelles positive for autophagic
markers, but that are not acidified (Esselens et al., 2004; Raemaekers et al., 2012).
Accumulation of similar degradative organelles was also noted in another study, where
lack of PS1 in neurons led to a pronounced a- and -synuclein intracellular accumulation
(Wilson et al., 2004). Interestingly, PSDKO cells also showed, in addition to extensive
clustering of autophagic vacuoles, accumulation of late endosomal multivesicular bodies
(Dobrowolski et al., 2012).

Although these studies support the implication of PS in the turnover of endosomal /
autophagic cargo, the mechanism remains debated. In particular, it is unclear whether the
deletion of PS impairs lysosomal degradation per se or the fusion capacity of the
compartments involved. In order to explain these deficits, two major hypotheses have
been considered: defective lysosomal acidification and Ca?* homeostasis (Lee et al.,
2010; Coen et al., 2012).

A first model suggested that PS1 deficiency/ mutation would compromise the role of
endoplasmic reticulum (ER)- localized full-length PS1 as co-factor of the oligosaccharyl
transferase (OST) complex in N-glycosylation of the VOa1 subunit of the vacuolar ATPase
(v-ATPase; proton pump). As result, VOa1 loses its lysosomal targeting, compromising the
proton pump function and, consequently, the lysosomal acidification thereby impairing the
activity of lysosomal hydrolases (Lee et al., 2010). However, several other studies failed
to reproduce the lysosomal acidification and proteolysis defects as well as impaired N-
glycosylation of the V0a1 subunit in PS KO cells (Coen et al., 2012; Zhang et al., 2012).
Alternatively, implication of PS in calcium homeostasis has been proved by several
studies. It has been shown, indeed, that PS interacts with a number of calcium channels
and pumps including sarco-ER Ca?* ATPase (SERCA) (Green et al., 2008), the inositol
1,4,5-trisphosphate (IP3) receptor (Cheung et al., 2008), and the ryanodine receptor
(Payne et all., 2015). Through these interactions PS influence calcium homeostasis in
cells by affecting ER calcium stores, as well as capacitive calcium entry (Leissring et al.,
1999; Yoo et al., 2000). Moreover, an impairment of lysosomal calcium storage/release,
required for lysosomal function and fusion, was observed in PS KO cells and neurons
(Neely et al., 2011; Coen et al., 2012).
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Interestingly, a similar situation of endo-lysosomal dysfunction caused by significant
reduction in lysosomal calcium storage/release is observed in Niemann—Pick disease
type-C (NPC) cell model (Lloyd-Evans et al., 2008). NPC is a neurodegenerative
lysosomal storage disorder caused by mutations in NPC1 or NPC2 genes and
characterized by late endosomal/lysosomal accumulation, among other lipid species, of
unesterified cholesterol (Vanier and Millat, 2003).

Although the hallmark of this disease is an aberrant lipid transport and storage, an
alteration of the calcium homeostasis it has been proposed as an initial event leading then
to the lipid dyshomeostasis (LIoyd-Evans et al., 2008). In particular, an initial accumulation
of sphingosine in acidic compartments, due to NPC1 dysfunction, seems to cause a
depletion of calcium in lysosomes that impairs endocytic function and leads to lipid
storage. This hypothesis is supported by the evidence that a modulation of the cellular
calcium levels can induce the fusion of endosomes with lysosomes, rescue the cholesterol
accumulation and improve the phenotype of NPC1-/- mice.

Similarly to what was observed in NPC1 disease, a reduced lysosomal calcium level was
described in PSDKO MEFs and PS1KO hippocampal neurons. This calcium defect was
successfully rescued by re-introduction of WT human PS1 or catalytically inactive human
PS1, suggesting a y-secretase independent function of PS -mediated lysosomal Ca?*
regulation (Coen et al., 2012).

All together these observations suggest that PS can exert functions within the y-secretase
complexes, which do not depend on the catalytic activity, but have a fundamental role in
cellular homeostasis. Although many insights have been gained regarding the

involvement of PS in different cellular mechanisms, much remains to be elucidated.

1.2.2 PS and Alzheimer’s disease.

Because PS are carrying the catalytic activity of y-secretase complex, many studies have
been conducted regarding PS dysfunction, AB production and AD pathogenesis.

Regarding APP processing, several studies showed a lower activity of PS2 y-secretase
compared to PS1 y-secretase (Lai et al., 2003; Lee et al., 2011) meaning a predominant
implication of PS1 y-secretase in the APP cleavage (De Strooper et al., 1998; Yu et al.,
2001; Pintchovski A. et al., 2013; Xia et al., 2015). General genetic deletion of PS1 in mice

causes a phenotype highly similar to Notch KO characterized by skeletal abnormalities,
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midline closure defect and embryonic lethality (E17- P1) (Shen et al., 1997; Hartmann et
al., 1999; Handler et al., 2000; Takahashi et al., 2000). The double knockout of both PS
genes, as well, is apparently not distinguishable from the Notch KO phenotype (Donoviel
et al., 1999; Herreman et al., 2003). These observations indicate the essential role of PS
for Notch signaling which is, also, considered as a contributing factor in AD pathogenesis
(Costa et al., 2003, 2005; Wang et al., 2004; Woo et al., 2009; Kapoor and Nation, 2021).
Interestingly, tissue specific PS1KO in mice forebrain neurons causes mild impairment of
spatial memory and subtle changes in neurogenesis (Feng et al., 2001; Yu et al., 2001).
In the same mouse brain region deletion of both PS results, already at 2 months of age,
in severely impaired memory and synaptic plasticity with synaptic loss and
hyperphosphorylation of tau in the total absence of AR generation (Saura et al., 2004).
These observations suggest an important role of PS in AD development, not necessarily
associated with A production.

Beside these studies, that investigate the effect of PS deletions, many others are focusing
on specific PS mutations. In fact, mutations in PSEN genes are a major cause in early

onset autosomal-dominantly inherited forms of familial AD (FAD).

1.2.3 PS FAD-linked mutations.

The majority of AD cases occurs late in life and without a known cause (sporadic
Alzheimer’s disease, SAD). Nevertheless, it exists a rare but highly penetrant hereditary
form of AD defined as FAD. These FAD forms are inherited as an autosomal dominant
trait and, because the disease develops much earlier than sporadic cases, between age
of 20 and 65 years, they are also defined has early-onset AD (EOAD).

The first gene found in association with EOAD was APP, localized on chromosome 21,
and then the other two were identified: PSEN1 on chromosome 14q24.3 (Sherrington et
al., 1995) and PSENZ2 on chromosome 1942.2 (Levy-Lahad et al., 1995; Rogaev et al.,
1995). Almost 50% of FAD cases are due to mutations in one of these three genes
encoding for APP, PS1 and PS2 and currently, more than 400 FAD associated mutations
have been identified in PSEN1 or PSEN2 [ALZFORUM, https://www.alzforum.org/mutati

ons/search?genes%5B%5D=493&genes%5B%5D=494&diseases%5B%5D=145&keyw

ords-entry=&keywords=#results].
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The mechanisms by which mutations in these genes result in the EOAD phenotype are
still unclear. FAD cases, though with an onset in middle age and dominant genetic
inheritance, display essentially the same progression of symptoms and the same plaque
and tangle pathology as in SAD.

PS pathogenic mutations can significantly dysregulate y-secretase activity, affecting APP
processing and AB generation. The mutant presenilins assemble with other y-secretase
components into full complexes that may or not display a reduction of proteolytic activity.
Most of the analyzed PSEN1 mutations, indeed, affect the proteolytic processing of APP
increasing the relative amount of AB42 versus AB40 and promoting neuritic plaque
formation (Borchelt et al., 1996; Duff et al., 1996; Scheuner et al., 1996; Sun et al., 2017).
This was observed in fibroblasts derived from patients (Citron et al., 1997), in cell lines
overexpressing the mutant presenilins (Borchelt et al., 1996; Citron et al., 1997), and in
living mice overexpressing the mutant presenilin in brain (Borchelt et al., 1997; Shen and
Kelleher, 2007). PSEN1 mutants can also reduce Notch cleavage with consequent
inhibition of its signaling (Song et al., 1999).

Independently from the effect on y-secretase catalytic activity, FAD-related mutations
might also alter other PS functions that might contribute to AD pathogenesis. In fact, it has
been shown that depletion of PS1 or PS2, as well as some FAD-associated PS1
mutations, in HEK293 and Hela cells, induce multivesicular endosomes accumulation
resulting in increased Wnt signaling. The Wnt signal induction, following PS1 knockdown,
was rescued by overexpression of WT human PS1 (hPS1) or protease-inactive hPS1
mutants (D257A and D385A), but not by other FAD-associated PS1 mutations, suggesting
a y-secretase independent effect of PS on Wnt signal (Dobrowolski et al., 2012).

Loss of PS1 has been shown to increase also the level of the epidermal growth factor
receptor (EGFR) (Repetto et al., 2007; Zhang et al., 2007). Analysis of EGFR turnover
showed a delayed trafficking from endosomes to lysosomes in PS1 deficient cells
suggesting a defect in EGFR degradation in these cells. The increased EGFR level in PS
KO cells was not rescued by expression of catalytic inactive form of PS1, suggesting a
role of the y-secretase activity in this phenomenon. Nevertheless, pharmacological
inhibition of y-secretase in WT cells failed to mimic the EGFR increase observed in PSKO
cells (Repetto et al., 2007). Based on these observations, it can be hypothesized that PS1-
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mediated regulation of EGFR is not completely dependent on the catalytic activity of y-
secretase.

In addition to the effect on Wnt and EGFR expression, reduced function in other certain
signaling pathways, different from Notch and APP, may be a secondary contributing factor
in the EOAD. Evidences indicate that much like lack of PS, also certain FAD-linked
mutations can alter the intracellular signaling, leading to pathological tau phosphorylation
(Baki et al., 2004) and in vitro degeneration of primary neurons (Baki et al., 2008),
independently from their catalytic activity. PSEN1 and PSEN2 FAD-associated mutations
also correlate with pronounced lysosomal neuropathology in AD neurons (Cataldo et al.,
2004) and dysfunctions of multiple cellular processes, such as lipid metabolism (Foley,
2010; Cho et al., 2019a), Ca?* homeostasis (Neely et al., 2011; Coen et al., 2012) and
autophagy (Nixon et al., 2005; Lee et al., 2010; Neely et al., 2011; Nixon and Yang, 2011).
In numerous studies PS FAD-linked mutations have been showed to cause changes in
Ca?* levels (LaFerla, 2002; Zatti et al., 2006; Pendin et al., 2021). In particular, a defective
autophagosome-lysosome fusion causing autophagy dysfunction has been described in
SH-SYS5Y cells carrying a FAD-PSEN2 mutation. This phenomenon was due to a
decreased recruitment of the small GTPase RAB7 to the autophagosomes and appeared
to be unrelated to y-secretase activity, but dependent from the PS2 ability to partially
deplete ER Ca?* content (Zatti et al., 2004, 2006; Fedeli et al., 2019). Regarding the effects
on Ca?*, it was also proposed that PS holoproteins act as passive Ca?* channels in the
ER and that PS FAD mutations alter channel conductance (Tu et al., 2006).

Taken all together, these studies suggest that FAD-associated PSEN mutations, in
addition to altering the catalytic activity of y-secretase complex, may also contribute to
disease progression via additional impairment of other PS functions. Therefore, a better
knowledge of the different implications of PS in cellular homeostasis is fundamental to
have a comprehensive understanding of the mechanism underlying AD pathology.

1.3 Cholesterol
1.3.1 Cellular cholesterol metabolism

In cells, cholesterol localizes mainly at the plasma membrane where it regulates fluidity,
but also interacts with proteins to control membrane trafficking and signal transduction
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(Luo et al., 2019). Because of its importance for the normal function of the cells,
cholesterol homeostasis is regulated by several mechanisms, at cellular level: control of
uptake and release of cholesterol in complex with lipoproteins, subcellular transport, de
novo synthesis, storage in and mobilization from cholesterol esters.

To facilitate dietary cholesterol transport to peripheral tissues, cholesterol is bound, mainly
in esterified form, to apolipoproteins (Apo) forming LDL particles. These particles are
recognized by LDL receptors on the cellular surface and internalized by receptor-mediated
endocytosis (Goldstein and Brown, 2009).

After internalization in late endosomes/lysosomes, the soluble luminal protein NPC2 is
able to bind the LDL-derived cholesterol and facilitate its transfer to the cholesterol-binding
pocket in the N-terminal domain of NPC1 (Liou et al., 2006; Infante et al., 2008; Gong et
al., 2016). The interaction between NPC2 and NPC1 is required for the successful egress
of cholesterol from the lysosomal compartment to the ER. Levels of cholesterol are sensed
in the ER by different proteins such as sterol regulatory element binding protein 2
(SREBP2) (Madison, 2016).

Reduced cholesterol level leads to transfer of the full-length SREBP2 (SREBP2-FL),
together with the escort protein SCAP, to the Golgi. Here, SREBP2-FL is cleaved resulting
in the release of the N-terminal domain (SREBP-NT) that acts as transcriptional factor
after translocation into the nucleus and induces expression of genes involved in
cholesterol synthesis and uptake, such as HMG-CoA reductase (HMGCR), HMG-CoA
synthase (HMGCS), mevalonate kinase (MVK) and LDLR (Sakai et al., 1997; Madison,
2016; Brown et al., 2018). Conversely, high cholesterol levels inhibit SREBP2 activation
and induce cholesterol esterification by acyl-coA: cholesterol acyltransferase (ACAT1) to
form cholesterol esters (CE) that are stored in lipid droplets (Chang et al., 1997; Zhang
and Liu, 2017). Another effect of high cellular cholesterol levels is the increased export
that is mediated through ATP-binding cassette (ABC) transporters, like ABC subfamily A
member 1 (ABCA1) and ABC subfamily G member 1 (ABCG1).

Due to the blood brain barrier (BBB), cholesterol metabolism in the brain appears to be
different compared to the peripheral tissues. In the central nervous system (CNS), in fact,
the BBB limits the exchange between brain and plasma, the majority of cholesterol in the
brain is derived from de novo biosynthesis, rather than plasma LDL (Dietschy and Turley,
2001; Vance et al., 2005).
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In particular, most of the cholesterol is present in an unesterified form, produced by
astrocytes and transported to neuron and microglia via ApoE-containing lipoprotein
particles. Neurons can take up astrocyte-derived lipoprotein through receptors of the LDL
family, of which LRP1 is highest expressed in neurons (Vance and Hayashi, 2010; Zhang
and Liu, 2015). Nevertheless, neurons can also activate biosynthesis and synthetize their
own cholesterol under certain conditions (Vance et al., 2005; Nieweg et al., 2009).

In microglial cells, astrocytes-derived ApoE particles interact with LDL receptors to be
internalized, but also with Triggering Receptor Expressed on Myeloid Cells 2 (TREM2),
Toll Like Receptor 4 (TLR-4) to mediate intracellular signaling pathways (Loving and
Bruce, 2020).

In neurons, particularly, maintenance on cholesterol homeostasis is essential for the
correct functionality. Cholesterol, in fact, is involved in important processes like neuronal
integrity, function, differentiation and neurosteroid hormone production. In order to control
cholesterol metabolism, neurons contain an additional cholesterol-metabolizing enzyme,
cholesterol 24-hydroxylase (CYP46A1), which is CNS and neuron specific (Brown et al.,
2004; Ramirez et al.,, 2008). CYP46A1 converts excess cholesterol to 24S-
hydroxycholesterol (24S-OHC) (Lund et al., 2003; Ramirez et al., 2008; Zhang and Liu,
2015; van der Kant et al., 2019), which can be released from cells and cross the BBB
through diffusion (Lutjohann et al., 1996; Lund et al., 1999; Xie et al., 2003). Considering
that it is specifically produced in neurons, 24S-OHC levels in the blood provide a direct
measure of cholesterol turnover in the brain (Sodero, 2021).

Impairment of neuronal cholesterol homeostasis can induce neurodegeneration, as
observed in the case of NPC disease, where cholesterol accumulation in late
endosomes/lysosomes leads to progressive neurodegeneration (Dulac et al., 2013)

characterized by cerebellar dysfunction, mental retardation, and dementia.

1.3.2 Cholesterol metabolism in Alzheimer’s disease.

As mentioned before, Alois Alzheimer originally described a third pathological hallmark in
AD brains, “adipose saccules” or “lipoid substances”, suggesting an aberrant lipid
metabolism (Foley, 2010). However, a link between lipid metabolism and AD was
established with the identification of the €4 allele of the lipoprotein APOE gene (ApoE4)
as the biggest risk factor for SAD (Corder et al., 1993; Saunders et al., 1993; Strittmatter
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et al., 1993). Conversely, presence of €2 allele (ApoE2) is associated with milder AD
pathology (Serrano-Pozo et al., 2015), lower cholesterol level in synapses (Oikawa et al.,
2014) and reduced amyloid deposition brains (Grothe et al., 2017; Li et al., 2020). Since
then, several studies confirmed the implication of cholesterol in different aspects of AD
pathogenesis.

In AD patients, in fact, higher cholesterol level has been reported in synapses (Gylys et
al., 2007) and cholesterol levels in the brain positively correlated with the severity of
dementia (Cutler et al., 2004). Moreover, increased plasma and cerebral spinal fluid (CSF)
levels of 24S-OHC, the neuronal specific cholesterol metabolite, have been linked to early
AD development (Lutjohann et al., 2000; Papassotiropoulos et al., 2002; Schonknecht et
al., 2002; Li et al., 2018). On the contrary, reduction of cholesterol, due to statin use, was
associated with lower AD incidence in retrospective studies (Jick et al., 2000; Lin et al.,
2015; Zissimopoulos et al., 2017; Zhang et al., 2018).

Studies in APP transgenic mouse models showed that a high cholesterol diet increased
AB-plaque load, while in WT mice induced Tau hyperphosphorylation (Refolo et al., 2000;
Rahman et al., 2005; Glockner et al., 2011). In addition, a hypercholesterolemic diet in
young (4-months old) versus aged (14-months old) rats negatively affected memory
performance, at both ages, and increased hippocampal phospho-Tau levels at old age
(Ledreux et al., 2016).

A more specific link between cholesterol and AB has been observed from different
research groups. On one hand, increase of membrane cholesterol facilitates assembly
and aggregation of A, since its formation on cell membranes is promoted via interaction
with gangliosides, tightly associated with cholesterol (Matsuzaki et al., 2010; Yanagisawa,
2015). In addition, work from Vendruscolo's lab showed a direct effect of cholesterol on
AR aggregation (Habchi et al.,2018). On the other side, cholesterol is also able to affect
APP processing directly promoting BACE1 and y-secretase activity. This was observed in
human brain tissue lysates after exogenous cholesterol was added (Xiong et al., 2008),
but also in primary mouse neuronal cultures, where treatment with excess cholesterol
increased AB42 secretion (Marquer et al., 2014). In line, lower cholesterol levels have
been shown to decrease AB generation via stimulation of the non-amyloidogenic pathway
(Simons et al., 1998; Schneider et al., 2006; Grimm et al., 2008).
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These phenomena could depend on the fact that increased cholesterol levels promote
APP and BACE1 colocalization in lipid rafts, membrane microdomains enriched in
cholesterol and sphingolipids, resulting in clathrin-mediated endocytosis and
amyloidogenic processing of APP (Cossec et al., 2010; Marquer et al., 2011; Cho et al.,
2020). This idea is supported by a recent study in human iPSC-derived neurons, where
lowering cholesterol levels reduced the interaction between full-length APP and BACE1
in lipid rafts (Langness et al., 2021). y-Secretase distribution in microdomain was also
reported in mouse cells as well as human brain (Vetrivel et al., 2004; Hur et al., 2008) and
appears to be important for its cleavage function on APP (Vetrivel et al., 2005). Enriched
cholesterol content in lipid rafts, indeed, has been shown to increase y-secretase activity
in vitro (Osenkowski et al., 2008).

An increased APP localization in lipid rafts has been observed also in CHO cells carrying
the FAD-associated PS1AE9 mutation, where cellular cholesterol content was significantly
increased (Cho et al., 2019a). In this model, treatment with y-secretase inhibitor did not
increase the APP localization to lipid raft, suggesting that this phenomenon may be
independent from the PS1 catalytic activity. Interestingly, in PS1AE9 cells, inhibition of
Lanosterol 14a-demethylase (CYP51), enzyme involved in cholesterol de novo
production, reduced cellular cholesterol levels and APP localization in lipid rafts.
Additional evidence for the implication of cholesterol metabolism in regulation of phospho-
Tau levels was obtained in iPSC-derived neurons from FAD patients, where administration
of drugs that decreased cholesterol ester levels, also reduced phospho-Tau due to its
increased proteasomal degradation (van der Kant et al., 2019). In mice, genetic inhibition
of ApoE-mediated cholesterol transport from astrocytes to neurons also reduced neuronal
phospho-Tau levels (Wang et al., 2021a) suggesting that an exogenous source of
cholesterol can contribute to formation of neuronal tangles.

All these studies proved the important role of cholesterol homeostasis in AD and how an
increased level of cholesterol can contribute to the pathogenesis of the disease.

Beside this, a relationship between the clinical presenilin mutations and cellular
cholesterol metabolism is also suggested by several studies. For example, in mouse
embryonic fibroblasts (MEFs) it was reported that pharmacological or genetic inhibition of
y-secretase or expression of PS1 FAD mutation increases cholesterol levels (Grimm et
al., 2005; Tamboli et al., 2008; Area-Gomez et al., 2012).
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Furthermore, in MEFs lacking PS expression as well as fibroblasts from patients harboring
clinical PS mutations, an upregulation of cholesterol biosynthesis and increased level of
cholesteryl ester and lipid droplet were found (Grimm et al., 2005; Tamboli et al., 2008;
Gutierrez et al., 2020).

Although these studies proved a correlation between presenilin dysfunction, due to
mutations or genetic depletion, and alteration of cholesterol levels, the possible
mechanisms through which the PSs can influence cellular cholesterol level are still
unclear.

Increased cellular cholesterol levels are also able to facilitate the cleavage of the C-
terminal domain of APP (C99) by y-secretase. The C99 fragment, indeed, contains a
cholesterol binding motif (Beel et al., 2008; Barrett et al., 2012; Song et al., 2013) and the
C99-cholesterol complex seems to be sensitive to pH levels with an increased stability at
a low pH condition (Panahi et al., 2016). It has been hypothesized that dimerization of
C99 protect the fragment from y-secretase cleavage and high cholesterol levels,
destabilizing the interaction between the C99 monomers, facilitates instead the cleavage
process (Stange et al., 2021). As mentioned before, y-secretase localizes in cholesterol
rich microdomains and its activity is influenced by cholesterol concentration, therefore,
binding to cholesterol may recruit C99 to lipid rafts domains and facilitate its cleavage.

1.4 Protein N-glycosylation.

The term “glycosylation” refers to the process through which carbohydrate chains, called
glycans, are covalently linked to lipid or protein molecules. The biological functions of
glycosylation differ based on the glycan type and glycan-binding protein or lipid involved.
However, it is possible to classify the biological roles of glycans in categories such as
structural/modulatory roles, including protein folding and functional switching; extrinsic
recognition of glycans, involved in immune response; intrinsic recognition of glycan, as for
example intracellular glycoprotein and lipid degradation and trafficking or intracellular
signaling (Varki, 2017).

Due to these broad functions, it is not surprising that glycosylation has a critical role in
several cellular mechanisms and its disruption leads to different pathologies. In the past
twenty years there has been a rapid progression in the discovery of human glycosylation
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disorders. The majority of them are related to genetic defects in pathways of protein
glycosylation (congenital disorders of glycosylation, CDG).

Deficiency in enzymes or proteins involved in glycolipid degradation is also known to
cause several pathologies with many of them (e.g. Tay-Sachs, Sandhoff, Metachromatic
leukodystrophy, GM1/2 gangliosidosis) showing, amongst other clinical symptoms,
impairment of the nervous system (Varki, 2017).

Protein glycosylation is divided into N-linked glycosylation, where the carbohydrate is
attached to the nitrogen atom of an asparagine residue of the protein, and O-linked
glycosylation, where the sugar is attached to the oxygen atom of a serine or threonine
residue of the protein. N-glycosylation, in particular, is known to be one of the most
common co- and post-translational modifications of secretory proteins in eukaryotes.
N-glycan synthesis starts in the endoplasmic reticulum (ER) where assembly of initial
sugar residues on the lipid, the dolichol pyrophosphate (Dol-PP), takes place on the
cytosolic side (Bieberich, 2014). The oligosaccharide synthesis is carried by
glycosyltransferases encoded by asparagine-linked glycosylation (ALG) pathway genes
(Breitling and Aebi, 2013). Assembly of the lipid-linked olisaccharide (LLO) starts with
addition of GIcNAc-P to the Dol-P lipid carrier by Alg7. This initial step of the glycosylation
process is targeted by tunicamycin, an antibiotic able to inhibit Alg7 and, consequently,
block N-glycosylation (Elbein and Heath, 1984). Following Alg7, other five
glycosyltransferases, on the cytosolic side of the ER, act on the glycan precursor to obtain
MansGIcNAc.. To be further elongated, the LLO is then translocated across the ER
membrane to the luminal side by a flippase (Rush, 2015). Into the ER lumen, other four
mannose residues are added by specific mannosyltransferases (Aebi et al., 1996; Frank
and Aebi, 2005). Mutations in glycosyltransferases and flippase lead to a spectrum of
diseases called congenital disorders of glycosylation type | (CDG type |) which often
display symptoms in the nervous system (Aebi, 2001; Leroy, 2006).

The resulting MangGIcNAc: oligosaccharide is then completed by the action of three highly
specific glucosyltransferases Alg6, Alg8 and Alg10 (Stagljar et al., 1994; Reiss et al.,
1996). Once complete, the oligosaccharide is transferred from the DoL-PP to the selected
asparagine residues on the protein by the oligosaccharyltransferase complex (OST).
Addition of the terminal glucose residues to the oligosaccharide bound to Dol-PP is a key

factor for substrate recognition by oligosaccharyltransferase (Aebi, 2013). A defect in this
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step results in accumulation of biosynthetic intermediates and a hypoglycosylation of
proteins. The protein hypoglycosylation, due to the reduced number of glycostructures
attached to the protein and reduced number of glycosylated proteins, and not the transfer
of incomplete oligosaccharides, is the primary cause for the severe symptoms observed
in patients with CDG (Freeze and Aebi, 2005). OST complex consists of eight subunits
that in mammals are encoded by DAD1, TUSC3, ribophorin | and Il (RPN1, RPN2),
OST48, STT3A and STT3B (Mohorko et al., 2011). Although the OST complex has a high
substrate specificity for the lipid linked oligosaccharide, it is able to modify numerous
proteins by recognizing the consensus sequence NxS/T (where x can be any amino acid
except proline) (Bause, 1983). The composition of the OST complex, including STT3A or
STT3B isoform, has been suggested to influence OST activity. In particular, in mammalian
cells, STT3A OST isoform appears to glycosylate substrate proteins co-translationally,
while STT3B isoforms can glycosylate post-translationally sites that were skipped by
STT3A complexes (Ruiz-Canada et al., 2009).

Once attached to the nascent protein, the N-linked GlcsMangGlcNac: oligosaccharides are
further trimmed by ER a-glucosidase | and II, encoded by MOGS and GANAB genes,
respectively. This cleavage of the terminal glucose residues is crucial for the chaperone
function of calnexin and calreticulin. These chaperones, in fact, are able to recognize and
bind monoglucosylated, GlcMangGlcNac2, N-glycoproteins and mediate their folding
(Hammond and Helenius, 1994; Deprez et al., 2005; D’Alessio et al., 2010). If the protein
cannot reach the proper conformation in a given period of time, it is degraded by the ER-
associated protein degradation (ERAD) machinery, which first shuttles the protein into the
cytosol, where it is ubiquitinated and then degraded by the proteasome (Banerjee et al.,
2007). Deoxinojimimycin (DNJ) is one of the inhibitors of a-glucosidase | and Il thereby it
interferes with the correct N-linked glycan synthesis and cause aberrant protein
glycosylation (Hughes and Rudge, 1994; Wang et al., 2021b).

If the N-glycosylated protein is correctly folded, the a-glucosidase Il removes the last
glucose forming the MangGlcNac2 N-glycan which is then released from the
calnexin/calreticulin cycle. Sequentially, a series of mannosidases in the ER, encoded by
MAN1A and MAN1B genes, start the removal of mannose residues. This process is also
tightly associated with ERAD that is able to recognize misfolded MansGlcNac: bearing N-
glycoproteins. One of the most known glycosylation inhibitors acting on MAN1A and
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MAN1B is kifunensine (Elbein and Heath, 1984; Zhou et al., 2021). Once the process of
the N-glycan and the folding is complete, the N-glycoproteins can be transported to the
Golgi compartment. Here, Golgi mannosidases |, encoded by MAN2 gene, removes other
residues to form Man5GIcNac2 (Dunphy et al., 1981; Helenius and Aebi, 2004; Stanley,
2011) that can be further modified by addition of N-acetylglucosamine and other
structures, such as sialic acid, galactose and fucose residues, with formation of complex
N-glycoproteins (Moremen and Robbins, 1991; Moremen, 2002).

As already mentioned, N-linked protein glycosylation is an essential process in eukaryotic
cells, in fact, its complete absence is lethal (Marek et al., 1999). Over 130 types of CDG
have been reported (Freeze et al., 2014; Jaeken and Péanne, 2017) and although these
diseases are indeed different in their pathogenesis, most of them are due to glycosylation
defects in the ER or Golgi compartment. Among the N-linked protein glycosylation defects
PMM2-CDG is the most frequent cause of CDG worldwide (Matthijs et al., 1997). It is
caused by mutations in phosphomannomutase 2 (PMM2) gene leading to a shortage of
GDP-Man, indispensable for the synthesis of the oligosaccharide core. Consequences of
this pathology include seizures, hypotonia, ataxia, dysmetria, dysarthria, peripheral
neuropathy, cerebral and cerebellar atrophy and myasthenia (Chang et al., 2018).
Mutation of another N-glycosylation related gene, ALGG, also leads to several neurological
clinical effects such as hypotonia, psychomotor retardation, epilepsy, hypokinesia and
cortical atrophy (Dercksen et al., 2012).

These observations prove that primary alteration of the protein N-glycosylation have a
huge impact on the general brain functionality and it has been also observed that
glycosylation alterations are involved in neurological diseases such as AD.

In fact, many proteins affected in AD are glycosylated themselves, APP, BACE1,
Nicastrin, APOE and TREM2. Different studies, indeed, showed an altered protein
glycosylation pattern in AD patients. In particular, increased level of N-glycans with more
than two branches (bisecting GIcNAc), generated in the Golgi, as well as the responsible
enzyme N-acetylglucosaminyltransferase-Ill (GnT-lll), encoded by Mgat3, have been
found increased in AD patients (Akasaka-Manya et al., 2010; Wang et al., 2019). In mice,
lack of GnT-IIl (Mgat3) results in drastic reduction of AR deposition and improvement of
short-term memory due to the low APP cleavage by BACE1 (Kizuka et al., 2015). In fact,
in GnT-1ll KO cells BACE1 is relocated from the early endosomes, where it efficiently
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cleaves APP (Tan and Evin, 2012; Toh and Gleeson, 2016), to the late
endosomes/lysosomes where BACE1 can be eventually degraded.

Also sialylation, the terminal attachment of sialic acid to glycans, appears to be decreased
in AD patients serum, CSF and brains (Maguire and Breen, 1995; Fodero et al., 2008).
Several studies focused on understanding how aberrant glycosylation of the most
common AD-related proteins could contribute to AD pathogenesis (for comprehensive
reviews refer to Kizuka et al., 2015; Haukedal and Freude, 2021).

Regarding y-secretase, nicastrin is the only subunits known to be N-glycosylated with an
immature form containing oligomannose N-glycans and a mature form carrying complex
N-glycans (Yang et al., 2002; Herreman et al., 2003). In order to achieve the complete
maturation, nicastrin has to reach the Golgi compartment where complex N-glycan
synthesis occurs. Absence of both PSs in cells leads to the complete loss of mature form
of nicastrin mainly due to impaired trafficking of the protein to the Golgi.

This observation implicates that PSs are required for correct nicastrin maturation
(Herreman et al., 2003). Treatment with the mannosidase inhibitor kifunensine also blocks
nicastrin maturation, but does not affect its cell surface expression or interaction with PS1
and y-secretase assembly suggesting that the complete glycan maturation of nicastrin is
not required for its function (Shirotani et al., 2003).

Although PSs are not glycosylated themselves, their regulatory role in glycosylation of
other proteins directly or by affecting their cellular localization was proved by several
studies (Schedin-Weiss et al., 2014). PS1 and PS2, in fact, affect the glycosylation and
sialylation of the neural cell adhesion molecule (NCAM) (Farquhar et al., 2003), as well
as glycosylation, maturation and subcellular localization of the receptor TrkB (Naruse et
al., 1998). The effect of PS1 deletions or mutations on N-glycosylation of VOa1 was also
observed in study examining lysosomal proteolysis and autophagy (Lee et al., 2010)
although this could not be confirmed in other studies (Coen et al., 2012; Zhang et al.,
2012).

Considering that glycan alterations was observed in patients with mild cognitive
impairment that progressed to AD, it is plausible that glycan alterations precede the clinical
onset of AD. This consideration highlights how glycan alteration in humans can be a
potential biomarker for early AD diagnosis (Palmigiano et al., 2016). Furthermore, the
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restoration of the glycosylation homeostasis could be a possible interesting therapeutic
strategy (Wang et al., 2019).
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2.Aims

For many years AD research field has been focused on studying the role of AB and Tau
in relation to the pathology. Although presence of senile plaques and tangles are the
hallmarks that define AD pathology, insight of the relevance of cholesterol were already
described by Alzheimer himself at the time of his discovery. In the last thirty years many
studies supported the important role of cholesterol in AD pathogenesis. Observations
regarding increased cellular cholesterol level upon PS dysfunction suggest a link between
these events. Alteration of PS functions leading to increased cellular cholesterol,
therefore, might have an important contribution in accelerating and/ or aggravating the
course of the disease.

In this contest, the purpose of this project is to try to acquire new knowledge about the
connecting mechanism between PS function and cellular cholesterol homeostasis.
Observation of altered cholesterol metabolism in models with depletion of both PS (double
knockout, PSDKO) have been previously reported. In this study we aim to dissect the
contribution of the single PS using specific knockout for PS1 and PS2. The comparison
between these models can give interesting hints regarding common pathways as well as
highlight potential differences between the two homologous proteins.

An initial purpose is to characterize the cholesterol phenotype in vivo using mouse brains
from either single or both PS KO mice. These experiments can provide information
regarding the cholesterol levels in different brain regions and cell types.

For further analysis of molecular mechanisms, mouse fibroblasts from single knockout
mice are here used as in vitro model. In these cells, the aim is to characterize the
cholesterol phenotype by analysis of the cholesterol levels, its subcellular distribution and
expression of proteins involved in cholesterol metabolism. These experiments can provide
information regarding potential altered step in the cholesterol metabolism.

PS functions are involved in several cellular processes; therefore, their deletion can affect
cholesterol homeostasis through different mechanisms. Perturbation of potentially
involved pathways and/or rescue of their alteration might help to discern among the
different possibilities.
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3. Materials and methods
3.1 Cell lines.

Mouse Embryonic Fibroblasts (MEFs).

MEF WT, MEF PS1KO, MEF PS2KO and MEF PSDKO were cultivated in Dulbecco’s
Modified Eagle’s Medium (DMEM) / Glutamax Medium (Thermo Fisher: 3196621)
supplemented with 10 % inactivated FCS, 1 % Penicillin / Streptomycin (50 U/ml Penicillin,
50 g/ml Streptomycin). Cells were maintained at 37 °C and 5 % CO.. MEFs transfected
with NPC1His-EGFP construct were cultivated with the same medium supplemented with
200 pg/ml G418.

Chinese hamster ovary cell (CHO).

CHO WT and CHO NPC1null cells were cultivated in Ham’s F-12 (Sigma: N6658)
supplemented with 10% FCS, 1% Penicillin/Streptomycin and 2 mM L-Glutamine at 37 °C
and 5 % CO:..

3.2 Mouse brain samples.

A total number of eighteen hemibrains from 2 months old (62, 64, 66 or 69 days of age)
female and male mice were obtained from Dr. Kang Jongkyun and Dr. Jie Shen, Harvard
Medical School:

e 6 WT (fPS1/fPS1; PS2+/+); 4 males and 2 females

e 6 PS1cKO (fPS1/fPS1; PS2+/+; CamK2a-Cre); 4 males and 2 females

e 3 PS2KO (fPS1/fPS1; PS2-/-); 3 males

e 3 PSDKO (fPS1/fPS1; PS2-/-; CamK2a-Cre); 2 females and 1 male.

Additional six hemibrains (3 WT and 3 PS2KO) from 6 months old female mice were
provided by Dr. Lutgarde Serneels from Dr. Bart De Strooper Lab in Leuven.

After extraction, the brain hemispheres were separated and one hemibrain was
immersion-fixed in 4 % PFA. After shipping, the brains were cryoprotected in 30 % sucrose
for 48 hours and snap frozen in isopentane (2-methylbutane) precooled at - 80 °C. 16-20
MM sections were obtained by cryostat, collected in PBS and maintained at 4 °C until the

moment of use.
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3.3 Immunofluorescence staining.

Cells.

Cells were seeded on coverslips and fixed with 4 % PFA, 20 min at RT. Then coverslips
were washed three times with 1x PBS and maintained at 4 °C until the moment of use.
For staining, the coverslips were incubated with the Blocking solution (10 % BSA in PBS)
with addition of Filipin 100 pg/ml, freshly dissolved in DMSO, for 1 hour at RT. This step
was followed by three washings with PBS and incubation with primary antibodies (Tab. 1)
dissolved in 5 % BSA in PBS overnight at 4 °C. Secondary fluorophore-conjugated
antibodies (Tab. 2), dissolved in 5 % BSA in PBS, were added to the coverslips after three
washing steps with PBS and incubated for 1 hour at RT in the dark. Coverslips were then
washed three times with PBS, two times with dH2O and mounted with Immunomount
solution (Immu-Mount, Shandon, Thermo Scientific). All the incubation steps were
performed in a humid chamber.

Mouse brains.

Brain sections were transferred to the coverslip and surrounded with a hydrophobic pen
(ImmEdge Pen, Vector laboratories). For R-Tubulin staining, the sections have been
subjected to heat-induced antigen retrieval, using a microwave, in Sodium citrate buffer
(10 mM sodium citrate, 0.05 % Tween-20, pH 6.0) 90 °C for 30 min. Stainings were
performed following the same protocol described above. Filipin concentration was
increased to 200 pg/ml.

3.4 Imaging and analysis

Images were acquired using AxioVert 200 fluorescence microscope and ZEN microscopy
software (Zeiss) or VisiScope CSU-W1 spinning disk confocal microscope and VisiView
Software (Visitron Systems GmbH). Lasers and exposure time settings were maintained
constant through all the acquisitions and images were obtained using a 63x immersion
objective with z-step size on 0.25 uym. For each experiment, at least six images per
coverslip were randomly taken and used for quantification. Image processing was
performed using the free software Imaged Fiji and analysis of Pearson’s coefficient was

performed using Squassh, a tool of the MosaicSuite macro (Rizk et al., 2014).
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3.5 Mass spectrometry analysis

Sterol mass spectrometry analysis

WT, PS1KO and PS2KO MEFs were cultivated in 10 cm dishes to be confluent. After
remotion of the medium, the cells were washed once using cold PBS and collected with
1.5 ml cold HBSS by scraping. This step was followed by centrifugation at 4 °C for 3
minutes at 1,000 g. Supernatant was then removed and the pellet snap frozen at — 80 °C.
Mass spectrometry analysis for sterols was performed by our collaborator prof. Dr. Dieter

Lutjohann, Institute of clinical Chemistry and clinical Pharmacology, University of Bonn.

Glycostructures mass spectrometry analysis
Mass spectrometry analysis for glycostructures was performed by our collaborator Dr.

Hirokazu Yagi, Gratuate School of Pharmaceutical Science, University of Nagoya.

3.6 Protein expression analysis
3.6.1 Cell lysis, subcellular fractionation and protein estimation

Cells from 6 or 10 cm dishes were washed with 1x PBS and collected in 600 pl or 1 ml
cold Hypotonic Buffer (TrisHCI pH 7.4 10 mM, 1x Complete® protease inhibitor [ROCHE]
in dH20, 1x PhosphoStop [ROCHE]) by scraping and maintained on ice. To separate the

nuclear fraction, the cell lysate was resuspended through a 0.6 mm cannula and
centrifuged at 1,000 g for 5 min at 4 °C. The supernatant was then collected in a separate
tube and further centrifugated at 16,000 g for 60 min at 4 °C to separate the membrane
and cytoplasmic fractions. The membrane fractions obtained, after addition of an
appropriate volume of Hypotonic Buffer (100 - 150 pl), were homogenized by sonication
(3 sec, minimum power).

The protein estimation was performed following the Pierce BCA Protein Assay Kit (ltem No.
23225, Thermo Fisher Scientific) protocol. The standard curve was calculated based on
sequential dilution of 2.0, 1.0, 0.5, 0.25 and 0.125 pg/pl BSA while, for the blank, only
hypotonic buffer was used at the following concentrations: 2.0, 1.0, 0.5, 0.25, 0.125, and 0.0
Mg/l BSA. 10 pl of each standard or sample were added into 200 ul pre-mixed solution A
and B (ratio 1:50) from the kit. Standard and samples were incubated at 65 °C for 3 minutes,
then pelleted and transferred onto 96 wells plate. The absorbance was measured at 562 nm
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on the Tecan plate reader. Protein concentration was calculated by the standard curve
formula. The working dilution was prepared mixing the amount of sample required to obtain
the desired concentration of protein (ug/pl) with 4x Laemmli buffer (62.5 mM Tris pH 6.8, 2
% SDS, 10 % glycerol, 5 % 2-mercaptoethanol, 0.001 % bromophenol blue, 40 mM DTT).
The samples were stored at -20 °C if not used immediately.

3.6.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS Page)

In order to separate the proteins accordingly to their size, the samples dissolved in Laemmli
Buffer were subject to SDS page. This technique allows to separate proteins depending on
the individual mobility in a polyacrylamide gel. The presence of SDS and DTT in the sample
buffer remove the effect of different shapes and charges of proteins on the migration. The
same amount of samples was loaded into 4 % - 12 % gradient Bis-Tris NuPage gels using
MOPS or MES SDS running buffer, under 140 mA for ~ 1.5 hours.

3.6.3 Western immunoblotting

After electrophoresis, the gel was rinsed in Transfer Buffer (Tris Base, Glycin, pH 11, 10 %
methanol) with Whatman paper and 0.2 pm nitrocellulose membrane. The transfer was
obtained using a wet system, in a tank containing Transfer Buffer, under 400 mA for 3 - 4
hours. The membrane was then washed once in dH20 and incubated with Ponceau S (for
protocol see below). Incubation in blocking solution (5 % milk powder in TBS containing 0.05
% Tween 20) for 1 hour at RT, was followed by three washing steps with TBST (TBS
containing 0.05 % Tween) and incubation with diluted primary antibody solution (Tab. 1)
overnight at 4 °C in permanently agitation. On the following day, the membrane was washed
three times with TBST and incubated with secondary antibody solution (Tab. 2) for 1 hour
at RT shaking. Protein detection was performed using ECL solutions.
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Antibodies Target Dilution Species Company

ABL-93-c Lamp?2 1:1000 Rat lowa hybridoma bank

B-3 Rab7 1:200 Mouse  Santa Cruz

PM062 EEA1 1:300 Rabbit  MBL

234003 Iba1/AIF1 1:300 Rabbit  Synaptic Systems

Mab377 NeuN 1:500 Mouse  Sigma-Aldrich

Ab15568 Beta tubulin  1:1000 Rabbit  Abcam

GFAP (D1F4Q) GFAP 1:300 Rabbit  Cell Signaling

NB400-148SS NPCA1 1:1000 Rabbit Novus Biologicals

HPA000835 NPC2 1:250 Rabbit  Merk

ERP3724 LRP1 1:1000 Rabbit  Abcam

(ab92544)

NB400-105 ABCA1 1:1000 Rabbit  Novusbio

EP1553Y LDLR 1:1000 Rabbit  Abcam

Ab30682 SREBP2 1:1000 Rabbit  Abcam

BD557037 SREBP2 1:1000 Mouse  BDbiosciences

13431-1-AP Cyp51A1 1:1000 Rabbit  Proteintech

BD610920 N-Cadherin  1:1000 Mouse  BDbiosciences

924301 Giantin 1:1000 Rabbit  Biolegend

PA5-30048 Golgin 97 1:200 Rabbit  Invitrogen

Tab. 2: Secondary Antibody list.

Fluorophore-conjugated Antibodies Dilution Catalog Company
number

Donkey anti-Rabbit Alexa Fluor 546 1:1000 A10040 Invitrogen

Goat anti-Rabbit Alexa Fluor 546 1:1000 A11010 Invitrogen

Donkey anti-Mouse Alexa Fluor 488 1:1000 A21202 Invitrogen

Goat anti-Mouse Alexa Fluor 488 1:1000 A11001 Invitrogen

Goat anti-Rat Alexa Fluor 546 1:1000 A11081 Invitrogen

Goat anti-Mouse Alexa Fluor 546 1:1000 A11003 Invitrogen

Goat anti-Rabbit Alexa 647 1:500 A21244 Invitrogen

Peroxidase-conjugated Antibodies Dilution Catalog Company
number

Anti-Rabbit IgG 1:10000 A9169 Sigma-Aldrich

Anti-Mouse IgG 1:10000 A9044 Sigma-Aldrich

Anti-Rat IgG 1:10000 612-103-120 Rockland

3.6.4 Normalization of Western Immunoblotting.

Although protein amount was quantified using BSA Protein Assay Kit and each sample
was diluted in order to apply the same protein amount for western blot, we also normalized
the protein signal, obtained from detection with ECL, on Ponceau S staining. Before
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selecting this method, we compared its reliability against normalization based on
commonly used standards, such as Calnexin and Actin.

Because some of our proteins of interest can be detected at low amounts (for example
NPC1, LRP1 and CYP51), we prepared a standard curve using membrane fraction
samples from WT MEFs at the following amounts: 1, 2 and 4 ug.

The experiment was performed twice with three technical replicates for each amount of
protein. Quantification of NPC1 protein signals correlated well with the loaded protein in a
linear relationship (Fig. 3.1C). Amongst the three normalization methods analyzed,
Ponceau S staining showed the best linear correlation, while the Actin signal appeared
not to be reliable for amounts of protein below 2 ug. The correlation of Calnexin was similar
to Ponceau staining. However, Calnexin co-migrates with LRP1 and varies with the PS
genotype. For these reasons we proceeded using Ponceau S staining to normalize the
protein bands for quantification.

3.6.5 Ponceau S staining.

Nitrocellulose membranes were placed in a plastic box and submerged with Ponceau S
solution (0.5 g Ponceau S, 25 ml acetic acid, dH20 up to 500 ml), 1 min at RT in agitation.
The membranes were then washed three times with dH20 and imaged. The staining was
removed washing the membranes with TBST thrice for 10 min at RT with shaking.
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Fig. 3.1: Comparison of different methods of Western Inmunoblotting normalization
A) Representative western immunoblotting of NPC1, Calnexin and Actin proteins

detected on the same membrane and relative B) Ponceau image. C) Graphs showing

the variation from the linear regression for each quantified protein or ponceau staining.
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3.7 Deglycosylation assay.

Deglycosylation of membrane proteins was obtained using PNGase F (New England
Biolabs, #P0704), according to the suggestion of the manufacturer.

In particular, 1 - 20 uyg of membrane fraction samples were combined with 1 pl of 10x
Glycoprotein Denaturing Buffer and H2O (if necessary) to make a 10 pl total reaction
volume. Denaturation of glycoprotein was obtained by heating the samples at 45 °C for
10 min. Then, a reaction volume of 20 pl was obtained by adding 2 ul 10X GlycoBuffer 2,
2 ul 10 % NP-40, 6 pl H20. After addition of 1 pl of PNGase F enzyme or H2O (for the
controls), the reactions were incubated at 37°C for 1 hour. Samples were, then, pelleted
and mixed with 7 pl of sample buffer (4x Laemmli buffer) and either stored at -20 °C or

immediately used for western blotting analysis to assess mobility shifts.

3.8 Pharmacological treatments

3.8.1 Treatments with glycosylation inhibitors

To perform the treatments with the different inhibitors, starting from a confluent 10cm dish,
cells were first detached, pelleted and resuspended in cultivation medium. 10ul of cell
suspension was applied to a Neubauer counting chamber to estimate the number of cells
per ml (cells/ml). An appropriate number of cells (1 x 10* cells/cm?) were then seeded on
10 cm dishes, 6 cm dishes or on coverslip in 24 wells plate using normal cultivation
medium. The day after, the medium was removed and replaced with fresh medium
supplemented with an appropriate concentration of each component:

e Tunicamycin, 6 ng/ml (T7765-5MG, Sigma-Aldrich, stock solution 5 mg/ml in DMSO);
e 1-Deoxynojirimycin, 1 mM (ltem No. 21500, Cayman, stock solution 61 yM in DMSO);
e Kifunensin, 0.1 uM (Item No. 109944-15-2, Cayman, stock solution 61 uM in dH20);

e Swainsonine, 0.01 uM (Item No.16860, Cayman, stock solution 58.8 yM in DMSO).
Cells were cultivated for 6 days and the supplemented medium was changed every other
day. In control cells, normal medium was used and changed every other day. At the end
of the experiments, cells were washed once with PBS and collected in Hypotonic Buffer
or fixed using 4 % PFA (as previously described).

To perform the short time Tunicamycin treatments, the day after seeding, medium was
supplemented or not (for control cells) with 2 yM of Tunicamycin and the cells were
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collected at different time point (30min, 1h, 3h, 6h, 9h, 16h, 18, 24h). Treatment for 24
hours resulted in apparent toxicity.

3.8.2 Treatments with DAPT

WT MEFs were counted and seeded on 10 cm dishes or coverslips on 24 wells plate using
normal cultivation medium. The day after, the medium was removed and replaced with
fresh medium supplemented with 5 or 10 yM of DAPT (tert-Butyl (S)-{(2S)-2-[2-(3,5-
difluorophenyl) acetamido] propanamido} phenylacetate), D5942, Sigma-Aldrich, stock
solution 10 mM in DMSO). Cells were cultivated for 6 days and the medium was changed
every other day with or without (for control cells) addition of DAPT. At day 7 cells were
washed once with PBS and collected in Hypotonic Buffer or fixed using 4 % PFA (as
previously described).

3.8.3 Treatments with calcium modulators

To perform the treatments the cells were counted and seeded on 10 cm dishes or on

coverslip in 24 wells plate using normal cultivation medium. The day after, the medium

was removed and replaced with fresh medium supplemented with an appropriate

concentration on each component:

e Thapsigargin, 0.01 and 0.03 uM (T9033, Sigma-Aldrich, stock solution 10 mg/ml);

e DHBP (1,1'-diheptyl-4,4-bipyridinium dibromide), 1 uM (ltem No. HY-101237,
MedChemExpress, stock solution 10 mM in DMSO);

e Dantrolene, 30 and 100 uM (ltem No. 14326, Cayman, stock solution 2 mg/ml in
DMSO);

e Xestospongin C, 0.3 and 1 pM (ltem No. 64950, Cayman, stock solution 30 mM in
EtOH);

e Concanamycin A, 0.01 and 0.001 pM (ltem No. C9705, Sigma-Aldrich, stock solution
10 mM in DMSO)

e ML-SA1, 10 and 30 uM (Item No. HY-108462, MedChemEXxpress, stock solution 6 mM
in DMSO)
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e TransNed19, 0.3, 1, 3 and 10 pM (ltem No. 17527, Cayman, stock solution 4 mM in
DMSO)

Cells were cultivated for 6 days and the supplemented medium was changed every other

day. In control cells, normal medium was used and changed every other day. At the end

of the experiments, cells were washed once with PBS and collected in Hypotonic Buffer

or fixed using 4 % PFA (as previously described).

3.8.4 Treatments with U18666A

WT MEFs was seeded on 10 cm dishes or on coverslips in 24 wells plate using normal
cultivation medium. The day after, the medium was removed and replaced with fresh
medium supplemented or not (for control cells) with U18666A at 1 or 2 yM concentration.
Cells were cultivated for 6 days and the supplemented medium was changed every other
day. At day 7, cells were washed once with PBS and collected in Hypotonic Buffer or fixed
using 4 % PFA (as previously described).

3.8.5 Treatments with Arimoclomol maleate

WT, PS1KO and PS2KO MEFs were counted and seeded on 10 cm dishes or coverslips
on 24 wells plate using normal cultivation medium. The day after, the medium was
removed and replaced with fresh medium supplemented or not (for control cells) with 300
or 400 uyM of Arimoclomol maleate (ltem No. HY-106443A, MedChemExpress, stock
solution 50 mM in DMSO). Cells were cultivated for 6 days and the medium was changed
every other day with or without addition of Arimoclomol maleate. At day 7 cells were
washed once with PBS and collected in Hypotonic Buffer or fixed using 4 % PFA (as

previously described).

3.9 Cell transfection.
3.9.1 Vector characterization

NPC1 His6 EGFP was a gift from Matthew Scott (Addgene plasmid #53521) (Fig. 3.2).
The plasmid was sent in bacteria as agar stab and, after arrival, bacteria were plated in

agar plates containing Kanamycin (50 pg/pl). The day after several colonies were picked
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and each of them was inoculated in 5 ml LB broth supplemented with Kanamycin for 24
hours. The plasmid was then extracted using the Miniprep kit, (QIAprep Spin Miniprep Kit,
Qiagen) following the suggested protocol and the DNA concentration was determined
using the Nanodrop device (NanoDrop, Thermo Scientific). The accuracy of the plasmid
was confirmed by sequencing and, in addition, by obtaining the expected fragments size
after cleavage of the plasmid with restriction enzymes (Nhel, Kpnl).
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CMV-F (459 ..479
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Fig.3.2. Map of the NPC1 His6 EGFP plasmid: Full sequence map of NPC1 His6 EGFP
(plasmid #53521). Picture downloaded from addgene website.

3.9.2 Transfection with lipofectamine

One day before transfection with NPC1His-EGFP plasmid, WT and PS KO MEFs were
counted and 2*10° cells were seeded in 6 wells plate cell culture dishes in normal medium

without antibiotics. The next day, the transfection was performed using Lipofectamine
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2000 Transfection Reagent (Item No. 11668019, ThermoFisher Scientific), according to

the suggestion of the manufacturer.

In particular, for each transfection sample:

a) 3.75 pl of Lipofectamine was diluted in 100 uyl Opti-MEM, mixed by tapping and
incubated 5 min at RT = Solution A;

b) 3.5 ug of DNA plasmid was mixed in 100 pl Opti-MEM Reduced Serum medium (ltem
No. 31985070, ThermoFisher Scientific) = Solution B;

c) solutions A and B were combined, gently mixed by pipetting and incubated for 20 min
at RT.

Meanwhile, cells were washed twice with pre-heated PBS and 2 ml of Opti-MEM medium

was added in each well. 200 yl of Lipofectamine-plasmid complexes were, then, added

dropwise to each well. Cells were incubated at cell culture conditions for 24 hours. After

this time, the cells where splitted and seeded on 10 cm dishes or on coverslips, in 24 wells

plate, using normal medium supplemented with 200 ug/ml G418 for selection of cells

expressing the gene of interest. After 48 hours the cells were washed once with PBS and

collected in Hypotonic Buffer or fixed using 4 % PFA (as previously described).

3.10 3’'mRNA sequencing
3.10.1 RNA extraction

RNA from WT and PS KO MEFs samples from two different preparations was extracted

using Trizol (Invitrogen) following the manufacturer’s instructions.

3.10.2 3" mRNA sequencing

3" mRNA sequencing was performed by Dr. André Heimbach in the Next Generation
Sequencing (NGS) Core Facility of the Medical Faculty, University of Bonn. Libraries were
prepared using the QuantSeq 3'-mRNA-Seq Fw. Library Prep Kit (Lexogen, New
Hampshire, United States). The data was preprocessed using the options recommended
by the manufacturer: quality control was performed using fastqc v0.11.8 (Babraham
Bioinformatics Institute, Cambridge, UK)) followed by trimming using bbduk. Alignment
was done with STAR aligner 2.6.0a (using the options recommended by the manufacturer)
against the GRCm38 mouse (Ensembl release 102) genome (Dobin et al. 2013). The R-
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package DESeq2 was used for statistical analysis with settings as recommended by the
provider (normalization of raw counts, dispersion estimation and negative binomial Wald
test with Benjamini-Hochberg multiple test correction) (Love at al. 2014). Adjusted p-
values < 0.05 were defined as significant. Raw reads processing and differential

expression analysis was performed by Dr. Simon Bohleber.

3.11 Statistical analysis

Ordinary one-way ANOVA followed by Dunnett’s correction was used for statistical
analysis using GraphPad Prism. The data are represented as mean * standard error of
the mean (SEM).
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4. Results

4.1 Cholesterol accumulation in PS KO mouse brain
4.1.1 Increased Filipin intensity in neurons from PS KO mouse brains

Brain samples of mice with conditional deletion of PS1 in excitatory forebrain a-calcium-
calmodulin-dependent kinase |l (CaMK2a) positive neurons (PS1cKO), constitutive
deletion of PS2 (PS2KO), conditional ablation of PS1 using the Cre/loxP system in PS2KO
mice (PSDKO) and controls (WT) were provided by Dr. Kang Jongkyun and Dr. Jie Shen
(Dhaliwal et al., 2018).

Mouse brains were used to study if the lack of presenilins can affect the cholesterol level
in neurons in vivo. Therefore, the intensity of the Filipin staining, a compound able to bind
the free cholesterol, was examined in TUJ1/NeuN double positive cells. Cells from several
brain regions were analyzed: cortex, striatum, dentate gyrus (DG), CA1, CA2, CAS.
Neurons from PS1cKO mice showed a significant increase in cholesterol in cortex, DG
and CA1 as compared to WT mice (Fig. 4.1). In the striatum area, instead, filipin intensity
was similar between PS1cKO and WT. Considering that CamK2a neurons, in the striatum,
are less than 1% (Erondu and Kennedy, 1985), an overall similarity of the Filipin signal in
this region, between PS1cKO and WT, was expected.

In mice lacking PS2 expression, the significant increase in free cholesterol level is
observed in all the examined brain regions except the DG.

Deletion of both presenilins, in PSDKO mice, led to an increased cholesterol level in
cortex, striatum, CA1 and CA3 but not in DG and CA2. These results suggest that, in a
PS2KO background, deletion of PS1 in CamKZ2a positive neurons does not significantly
affect the cholesterol levels in the DG. Apart from this interesting brain region dependent
phenotype in hippocampal areas, these data show that lack of presenilins in brain affects
cholesterol levels in neurons. Single or combined deletion of PS1 and PS2, indeed, led to
a significant cholesterol accumulation in cortex and CA1 regions.
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Fig. 4.1: Neuronal cholesterol accumulation in PS KO mouse brains. Representative
co-immunostaining of Filipin (green) with RTubulin (TUJ1, red) and NeuN (blue) in different
brain regions from WT, PS1cKO, PS2KO and PSDKO mice. Three (PS2KO and PSDKO)
or six (WT and PS1cKO) brains per genotype were analyzed. At least four images per
brain region were taken from each sample. The graphs show the Filipin intensity quantified
in double positive TUJ1/NeuN cells; each point correspond to a single cell. A.U., arbitrary
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units, one-way ANOVA with Dunnett’s correction; *, P<0.05; **, P<0.005; ***, P<0.0005;
**** P<0.0001.

4.1.2 Decreased Filipin intensity in Iba1-positive cells from PS2KO mouse brains

Considering the previous results obtained in mouse brain neurons, the next step was to
analyze the possibility that presenilin deletion affects cholesterol levels also in other cell
types, different from neurons.

For this purpose, brains from mice with constitutive deletion of PS2 (PS2KO) gene and
relative controls (WT) provided by Bart De Strooper’s lab were analyzed.

The different cell types were identified performing a co-staining with Filipin and specific
cellular markers: lonized calcium-binding adapter molecule 1 (IBA1) for microglia,
BTubulin/NeuN for neurons and Glial fibrillary acidic protein (GFAP) for astrocytes.
Different brain regions were analyzed and the results, displayed in the graphs, show the
intensity of the Filipin signal colocalizing with each specific cellular marker.

The filipin intensity in IBA1 positive cells was significantly decreased in PS2KO mice
brains compared with the WT mice in all the analyzed brain regions (Fig. 4.2 A).

An opposite result was observed regarding the pTubulin/NeuN positive cells, were the
Filipin signal is significantly increased in all the brain region, except for the dentate gyrus
(Fig. 4.2 B). These results are in line with the previous observation in PS2KO mouse
brains from Dr. Shen’s lab.

Regarding astrocytes, no significant changes in the free cholesterol content was observed
between WT and PS2KO mice in the different brain regions investigated (Fig. 4.2 C).
These data suggest that lack of PS2 can affect cellular cholesterol metabolism, in mouse
brain, in a cell type-dependent manner with increased levels of cholesterol in neurons and
reduced levels in microglia cells. However, the underlying mechanisms are unclear and
there may be other possibility to explain this phenomenon.

Overall, our results confirmed that in PS2KO mice cholesterol accumulates in neurons
from several brain regions in vivo, consistently with what observed in the previous

experiment.
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Fig. 4.2: Cholesterol accumulation in PS2KO mouse brains. Representative co-
immunostaining of Filipin (blue) with IBA1 (green; A), BTub/NeuN (green/red; B) and
GFAP (green; C) in different brain regions from WT and PS2KO mice. Three brains per
genotype were analyzed. At least four images per brain region were taken from each
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sample. Scale bar 10 um. Graphs show the Filipin intensity; each point correspond to a
single cell. A.U., arbitrary units; one-way ANOVA with Dunnett’s correction; *, P<0.05; **,
P<0.005; ***, P<0.0005; ****, P<0.0001.

4.2 Cholesterol accumulation in PS KO MEFs

4.2.1 Endo-lysosomal accumulation of cholesterol in PS KO MEFs

To further investigate the molecular mechanism behind the increase of cholesterol level
following presenilins deletion, mouse embryonic fibroblast (MEFs) derived from PS KO
and WT mice were selected as the in vitro model.

First of all, level of cholesterol and its precursors were analyzed performing mass
spectrometry (MS). The results show significantly increased levels of desmosterol,
lathosterol and cholesterol itself in PS1- and PS2- KO MEFs as compared with WT (Fig.
4.3 A) indicating an increased cholesterol production in PS1 and PS2 deficient cells.

In these cells, immunofluorescence staining was performed to further characterize the
cholesterol content and its subcellular distribution. Free cholesterol was visualized by
Filipin while cellular compartments were stained with specific antibodies. The Filipin signal
is evidently increased in both PS1- and PS2KO MEFs compared with WT, in line with
results from the MS analysis. Moreover, while in the WT MEFs the Filipin signal appears
mainly in the plasma membrane, in both PS KO cells the Filipin signal is predominant in
cytoplasmic vesicular compartments.

Co-staining with antibodies against different cellular compartments, Early Endosome
Antigen 1 (EEA1) for early endosomes, Ras-related protein Rab-7a (Rab7) for late
endosomes and Lysosome-associated membrane protein 2 (LAMP2) for lysosomes,
revealed the subcellular distribution of free cholesterol in PS1- and PS2KO MEFs.

In particular, the colocalization analysis shows an increased overlap of Filipin with LAMP2-
and Rab7-positive compartments in PS KO compared to WT MEFs, while no significant
differences were observed regarding the cholesterol distribution in early endosomal
compartments (Fig. 4.3 B).

The obtained data proved that also in our in vitro model deletion of presenilins induces an
increased cellular cholesterol level recapitulating what was observed in neurons from PS
KO mouse brains. Therefore, PS KO MEFs can be used as a model to investigate the

molecular mechanism connecting presenilins to cholesterol metabolism. In addition, the
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cholesterol distribution in PS KO MEFs provides evidences of a specific accumulation in

endo-lysosomal compartments.
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Fig. 4.3: Cholesterol accumulation in PS1- and PS2KO MEFs. A) Cholesterol and its
precursors, desmosterol and lathosterol, measured by mass-spectrometry in MEFs WT,
PS1- and PS2KO. Brown-Forsythe and Welch ANOVA multiple comparison test, Dunnett



50

correction; ***, P<0.0005; ****, P<0,0001. B) Representative co-immunostaining of Filipin
(green) with Lamp2, Rab7 or EEA1 (red). Scale bar 20 ym. Six pictures per each sample
were taken. Graphs show the Pearson’s Correlation Coefficient obtained from 3
independent preparations (n=3). A.U., arbitrary units; ordinary one-way ANOVA with
Dunnett’s correction; ***, P<0.0005; ****, P<0,0001.

4.2.2 Altered expression level of cholesterol related proteins in PS KO MEFs

To further dissect the processes that lead to the observed cholesterol accumulation in PS
KO MEFs, the expression level of cholesterol metabolism related proteins was analyzed
in these cells by western immunoblot analysis (WB; Fig. 4.4 A). Although the general aim
was to study the effect of deletion of individual PSs on cholesterol homeostasis, in this
experiment, PSDKO MEFs were included. Here, the PSDKO are used as an additional
control considering that previous studies from our lab already reported the level of some
cholesterol metabolism related proteins in these cells (Tamboli et al., 2008).

The results show an opposite effect regarding the level of Low-Density Lipoprotein
receptor (LDLR) between PS1- and PS2KO compared with WT MEFs (Fig. 4.4 B). In
particular, lack of PS1, as well as both PSs, increases the level of LDLR, while its
expression is decreased in PS2KO cells. Upon deletion of PS1 or both PS, an increase in
the expression level of the ATP-binding cassette transporter ABCA1 is also observed. The
expression level of the Low-density lipoprotein receptor-related protein 1 (LRP1) is
significantly decreased in PS2KO and PSDKO MEFs.

Interestingly, the expression level of Niemann-Pick C1 (NPC1), an intracellular cholesterol
transporter that when mutated leads to a lysosomal cholesterol accumulation in neurons,
is significantly decreased in PS KO MEFs. Conversely, Niemann-Pick C2 (NPC2) protein,
a transporter which acts in concert with NPC1, is increased in PS KO cells compared with
WT.

Regarding the Sterol regulatory element-binding protein (SREBP), the precursor protein
(Full Length, FL) is anchored in the endoplasmic reticulum and, when the sterol levels in
the cell are low, it is cleaved. The resulting amino terminal fragment (NT, N-terminal)
migrates into the nucleus where it acts as a transcriptional factor (Sakai et al., 1997;
Madison, 2016). The results show that the level of both SREBP-2 forms, FL and NT are
increased in the PS KO compared with the WT MEFs. Lanosterol 14a-demethylase
(CYP51), that catalyses the demethylation of lanosterol, an essential step of the
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cholesterol synthesis (scheme in Fig. 4.18 A), is also significantly increased in PS KO
cells. Lanosterol 14a-demethylase (CYP51), that catalyses the demethylation of
lanosterol, an essential step of the cholesterol synthesis (scheme in Fig. 4.18 A), is also
significantly increased in PS KO cells.
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Fig. 4.4: Abnormal expression of proteins related to cholesterol metabolism in PS1-
and PS2KO MEFs. A) Representative western immunoblotting of proteins involved in
cellular cholesterol metabolism and B) relative quantification. Arrowhead indicates the
band relative to NPC2. Signal intensities were normalized to Ponceau. Values were
obtained from three independent experiments with two biological replicates (n=3). A.U.,
arbitrary units; Ordinary one-way ANOVA with Dunnett’s correction; *, P<0.05; **,
P<0.005; ***, P<0.0005; ****, P<0,0001.

All together these results suggest that the lipid uptake via LDLR, as well as the cholesterol
and phospholipids efflux via ABCA1, is affected by lack of PSs. Moreover, the increased
levels of SREBP-2 and CYP 51 indicate an enhanced cholesterol synthesis in all the PS
KO cells. In addition, the decreased NPC1 expression level in PS KO MEFs suggests an

impairment of cholesterol transport, in particular in the lysosomes, in these cells.
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4.3 Protein glycosylation is affected in PS KO MEFs

4.3.1 Altered N-glycosylation underlies differential migration of select membrane proteins
from PS KO cells

An interesting aspect that emerged from the previous experiments is that NPC1 band
showed a faster migration in SDS gels in PS KO MEFs compared with the WT bands (Fig.
4.4 A). This different migration is more evident in PS1KO MEFs and is observed also in
regard to the LRP1 band. NPC1 and LRP1 are N-glycosylated proteins containing in their
sequence numerous glycosylation sites (16 for NPC1, 51 for LRP1).

In order to understand if the observed shift of the bands is specific for these proteins or it
is a general effect on membrane glycoproteins, the expression of other two glycosylated
membrane proteins, N-cadherin and Lamp 2, was analyzed. As shown in figure 5A, an
evident difference in the mobility of these proteins was detected in samples from PS KO
compared with samples from WT MEFs (Fig. 4.5 A).

The altered migration might be caused by different structures of the glycol moieties and/or
differential usage of glycosylation sites. To test this hypothesis, the samples were treated
with PNGase F, an enzyme cleaving all the N-linked oligosaccharides from glycoproteins.
After treatment, it is possible to observe by WB analysis a faster migration of all the protein
bands, as expected, similar among the different genotypes (Fig. 4.5 B).

These results indicate that the altered migration of the protein bands observed in the PS
KO MEFs could involve abnormal protein glycosylation and, the fact that different
membrane proteins are affected, suggest a general impairment of the N-glycosylation
machinery in these cells.
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Fig. 4.5: Membrane protein glycosylation is impaired in PS1- and PS2KO MEFs.

A) Western immunoblotting of glycosylated membrane proteins N-cadherin and Lamp2
that shows the shift down of the relative bands in PS KO MEFs compared to WT. B)
Membrane fraction samples from MEFs WT and PS KO were exposed to PNGase or
water (controls, - PNGase) and applied for western blot to evaluate the migration of the
bands after complete cleavage of the glycans.

4.3.2 Mass spectrometry analysis reveals that low mannose glycostructures are
decreased in PS KO MEFs compared with WT

Considering the previous observation regarding the general impairment of protein
glycosylation in PS KO MEFs, we sought to analyze if the formation of a specific
glycostructure is impaired in these KO models. Samples of cellular membranes from WT
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and PS KO MEFs were sent to Dr Hirokazu Yagi, Nagoya city University, for mass
spectrometry.

The results of Dr. Yagi showed a statistically significant decrease in low mannose
glycostructures in PS KO MEFs when compared to WT (Fig 4.6). In particular, the species
affected in both PS KO cells, MansGIcNAc2 (M5), is the glycostructures with the lower
mannose content.

High mannose N-glycans, MangGIcNAc. (M9), are synthetized in the ER and modified by
addition of glucose molecules to obtain specific oligosaccharide, (GlcsMansGIcNAc:) that
is recognized and transferred by the OST complex to the nascent protein. Once attached
to the protein, the ER Mannosidase, MAN1B1, trims the central branch of the mannose
residue to produce MangGIcNAc. (M8), and allow the protein to be transported to the Golgi
apparatus for further processing of the N-glycan. In the Golgi the MAN1A1, MAN1A2, and
MAN1C1 mannosidases trim the mannose residues of M8 to MansGIcNAc2 (M5). This last
specie is then processed by specific enzymes in the medial and trans-Golgi compartments
to obtain oligosaccharide complexes.

The decreased level of M5 N-glycan suggests a defect in the trimming process in PS KO
MEFs, but it could have different reason.

Although the mechanism behind this change of glycostructure in PS deficient cells is not
clear, these findings support the previous observations of an altered protein glycosylation
in PS KO MEFs.
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Fig. 4.6: Decreased amount of M5 glycostructure in PS1- and PS2KO MEFs. Graph
showing the amount of specific N-glycan structure measured by mass spectrometry. The
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results are from 3 independent sample preparations. Ordinary two-way ANOVA with
Dunnett’s correction. ****, P< 0.0001

4.3.3 Glycosylation inhibitors treatments in WT MEFs partially mimic the glycoprotein
migrational shift observed in PS KO MEFs

Considering that in the previous experiments the mobility shift of the bands is observed in

NPC1, LRP1, Lamp2 and N-cadherin, proteins that undergo to N-glycosylation, we

focused on this process. At the beginning, a precursor oligosaccharide is transferred to

the nascent protein in the ER lumen; then the N-glycan is processed by several enzymes
located in ER and Golgi apparatus.

Using different inhibitors, known to be specific for certain enzymatic step of the process,

it was aimed to mimic in the WT the mobility shift observed in the PS KO MEFs.

Four compounds were selected:

e Tunicamycin (TUN); an antibiotic that inhibits the first step in the biosynthesis of N-
linked glycans managed by a glycosyltransferase, ALG7, with a possible impairment
of the protein folding and transport of the protein through the ER.

e 1-Deoxynojirimycin (DNJ); inhibitor of a-glycosidase | and a-glycosidase Il in ER.

e Kifunensine (KIF); inhibitor of endoplasmic reticulum a-1,2-mannosidase | and
members of the Golgi subfamily of the class | mannosidases (Golgi a-mannosidase
IA, 1B, and IC), that prevents the trimming of mannose residues from high mannose N-
glycans interfering with the synthesis of complex N-glycans.

e Swainsonine (SW); inhibitor of lysosomal a-mannosidase and Golgi a-mannosidase II.

Tunicamycin treatment is usually limited to 24 hours using high concentration. In order to

verify the effect of this treatment in our cell model, the WT cells were treated and collected

at different time points using the highest non-toxic drug concentration (2ug/ml). The results
show that NPC1 and Lamp2 expression starts to decrease already after 6h treatment with
tunicamycin, but no evident changes in the migration of the bands are observed.

Regarding N-cadherin, after 6h of treatments it is possible to detect only the signal of the

immature, un-glycosylated protein (Fig. 4.7 A).

Because the aim of using glycosylation inhibitors was to mimic in WT MEFs the potential

chronic glycosylation impairment observed in PS KO cells and analyze its effect on

cholesterol metabolism, a time frame of 6 days treatment was established. To prolong the
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Tunicamycin treatment for 6 days, lower concentration of this compound was used. Under
these conditions, Tunicamycin treatment leads to a decreased expression and faster
migration of the bands representing NPC1, LRP1 and LAMPZ2. In the case of Nicastrin,
the treatment seams to increase the lower band, corresponding to the immature form of
the protein. Inhibition of a-glycosidase | and Il in ER, by DNJ treatment, induces also a
shift of all the protein bands, but effect on the expression level is observed only for LRP1
(Fig 4.7B). Interference with later ER and early Golgi glycosylation by Kifunensine
treatment, as well as inhibition of lysosomal and Golgi a-mannosidase by Swainsonine,
induced also a downward shift of the bands relative to the examined glycosylated proteins,
similarly to what observed in PS KO MEFs, with no decrease in the protein levels except
for LRP1 (Fig. 4.7 C).
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Fig. 4.7: Treatment with glycosylation inhibitors induces a mobility shift of the
protein bands in WT MEFs. A) Western immunoblotting of the time dependent effect of
TUN (Tunicamycin) treatment at high concentration (2 ug/ml) on glycosylated membrane
proteins. B) Representative western immunoblotting of WT MEFs treated for 6 days with
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TUN and DNJ (Deoxynojirimycin) at 6 ng/ml and 1 mM respectively or C) with KIF
(Kifunensin) and SW (Swainsonine) at 0.1 yM and 0.01 pM. The blots show the mobility
shift of the bands as consequential effect of the glycosylation inhibition.

Altogether, treatment of WT MEFs with glycosylation inhibitors partially mimicked altered
migration of glycoproteins from PS KO cells, suggesting that PS deficiency impairs
glycosylation of membrane proteins and offering a model to investigate the potential

consequences of this impairment on cellular cholesterol levels.

4.3.4 Disruption of the initial phase of protein glycosylation in WT MEFs induces the

accumulation of cholesterol

In order to understand if impaired protein glycosylation state can alter cholesterol
metabolism in MEFs, the effect of glycosylation inhibitors on cholesterol metabolism
related proteins was analyzed by WB.

For the treatments, the same experimental design applied previously was followed.
Significant changes in the protein levels similarly to that observed in PS KO MEFs were
detectable only upon Tunicamycin treatment. In particular, the decrease in NPC1 and the
increase of ABCA1, as well as CYP 51 protein levels indicates the importance of protein
glycosylation in the expression of key proteins involved in cholesterol trafficking and
metabolism (Fig. 4.8 A, B).

Alteration of some of the cholesterol metabolism related proteins expression and/or
migration was detectable also upon DNJ treatment, while affection of glycosylation at the
Golgi stage, by KIF and SW, had almost no effect on the expression of the tested proteins
(Fig. 4.8 C, D). These results indicate that, despite all the compounds used were able to
decrease the glycosylation state of the proteins, only interference with the early
glycosylation stages occurring in the ER can partially mimic the altered expression of
cholesterol metabolism related proteins and their migration in SDS gels as observed in
PS KO MEFs.

The next step was to analyze if affection of protein glycosylation can induce accumulation
of cholesterol in MEFs. For this purpose, immunostaining analysis using Filipin and
markers for subcellular compartments was performed on WT MEFs treated with

glycosylation inhibitors.
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Analysis of the colocalization between Filipin signal and intracellular vesicles showed that
the free cholesterol is accumulating in Lamp2 positive and Rab7 positive compartments
only after treatment with Tunicamycin. The other three compounds don’t significantly
affect cholesterol distribution in these compartments (Fig 4.9 A, B). These results show
that, in WT MEFs, blocking protein glycosylation at the early ER stages can induce
cholesterol accumulation in endo-lysosomal compartments, thereby phenocopying
alterations observed similarly to what was observed in PS KO MEFs.

CTR TUN DNJ NPC1 NPC2
* _a
kDa 5® S| .
250 — <51 - 4. T .
SRS S0 0 s e INPCL g4 T g% E
170 —_— ‘_é 3 .:;5.. . : _é 2 . ..0 %
B d » .
Qo
»- NPC2 8
» -w - - 9] 0 , , , ] 0 : : :
Ctr Tun DNJ Ctr Tun DNJ
100 —
. . ' . . . LRP1 LRP1 ABCA1 LDLR
Fokk *k
70 — 6 " 5 2.0 = 4 *
p > 2 * < *
25 < .o <
[ W SR SN e ABCAl e . %1.5 _&r;_.} §3 .
250 —| B g % 4 -%?- . i>> M e oo 3
53 * 510 Gl 52 5‘&_
5 5 o
ﬁ 2 + é g1 o ‘i.
a * 0. e
S s e — LDLR %1 * % s é . -~
130 — s, 4 2,
K Ctr Tun DNJ ’ Cltr Tuln DlldJ Cltr TL:n DlIJJ
B
130 —
SREBP FL SREBP2 FL SREBP2 NT CYP51
100 — ~25 ~25 6o
2 . 3 5
70 — < 20 et . <20 . ?5 5 3
° ° . « *
PR - e . SREBP NT 2.5 ° '?' TI_ g1sd = 2 &7 *
] ® ** § x % _} 534 °
55 = % 1.0 . § 1.0 . . g )
= o o
£ o5 €os : g
@ 8 51
55_——-~—-CYP51 T'30_0 T T T @o.o T T T @o
Ctr Tun DNJ Ctr Tun DNJ Ctr Tun DNJ



59

CTR KIF SW NPC1 NPC2
6
kDa 5-\6 3 s
<5 <
250 — < S
mo—| T B g B M NPC1 24 24
53 53
25 — .gz @2
a8 <
NPC2 31 31
- - 7 2, E 0
Ctr KIF SW ctr KIF SW
100 —
.' '. '. .. . . ’ LRP1 LRP1 ABCA1 LDLR
70 — 4 ~3
~57 . = 35
S | = : 2 <
S I 23 s
ABCA1 1T 3 P
ol 33 . 2 <
250 — - < H S2 5
2 2 2 @
T l Llan™®T ¥ T4
a o ~ __|DR : s
130—| ¥ Wew BG i S W z, z, ER
: Cr KIF SW Ctr KIF SW Ctr KIF SW
130 — c
% s g = o0 o (SREBP FL SREBP2 FL SREBP2 NT YP51
100 — ] ~ 34 —~ 37 sk
- — 2 2 =
< < 2
70— @ o <
[ - [ -
SREBP NT 82 S e I E
55 — s |a . ¥ RN
» e L] ° 7] 2
61' oo =% o 61_ A . {E %
. s s s s s (CYP51 ° ° 8
55 — 2, 2, ?
T T T T T T
Ctr KIF SwW Ctr KIF sSw Ctr KIF SW

Fig. 4.8: Impairment of protein glycosylation using inhibitors affects cholesterol
metabolism in WT MEFs. A) Representative western immunoblotting of the effect of TUN
(Tunicamycin) and DNJ (Deoxynojirimycin) treatments on protein related to cholesterol
metabolism and B) relative quantification. C) Representative western blotting showing the
effect of KIF (Kifunensin) and SW (Swainsonine) treatments on protein related to
cholesterol metabolism and D) relative quantification. Arrowhead indicates the band
relative to NPC2. Signal intensities were normalized to Ponceau. Values were obtained
from three independent experiments with two biological replicates (n=3). AU, arbitrary
units; Ordinary one-way ANOVA with Dunnett’s correction; *, P<0.05; **, P<0.005; ***,
P<0.0005; ****, P<0,0001.
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Fig. 4.9: Cholesterol subcellular distribution upon treatments with glycosylation
inhibitors in WT MEFs. Representative co-immunostaining of Filipin (green) with Lamp2,
Rab7 or EEA1 (red) in WT MEFs untreated (Ctr) or treated with TUN and DNJ (A) or KIF
and SW (B) and relative co-localization analysis. Scale bar 20 um. Six pictures per each
sample were taken. Graphs show the Pearson’s Correlation Coefficient obtained from 3
independent preparations (n=3); Ordinary one-way ANOVA with Dunnett’s correction; *,
P<0.05.***, P<0.0005.
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4.3.5 Inhibition of y-secretase activity by DAPT does not affect protein glycosylation in
MEFs

Presenilins are mostly known for being the catalytic subunit of the y—secretase complex

(De Strooper and Annaert, 2010). Therefore, the absence of one of these proteins, as in
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our PS KO models, highly decreases the enzymatic activity of the complex causing an
accumulation of the protein substrates.

In order to examine if the reduction of y-secretase activity can affect protein glycosylation
in MEFs, we inhibited the enzymatic complex using DAPT. Although the accumulation of
APP C-terminal fragments confirmed the effective inhibition of y-secretase activity upon
treatment, no effects are observed regarding the glycosylation state and the expression
level of the examined glycoproteins, NPC1, LRP1 and Lamp2, or expression levels of
CYP51 (Fig. 4.10).

These observations suggest that the impairment of protein glycosylation in absence of
PS1 or PS2 may be independent from the catalytic activity of the y -secretase complex

and rather related to additional functions of these proteins.
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Fig. 4.10 Effect of y-secretase inhibition on protein glycosylation: Representative
western immunoblotting of WT MEFs treated with 10 or 5 yM DAPT for 6 days. Two
independent experiments with two biological replicates (n=2) were performed.
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4.3.6 Calcium modulators treatments do not affect protein glycosylation in MEFs

Beside the catalytic function in the y-secretase complex, presenilins are known to be

involved in several cellular processes such as calcium homeostasis. It has been

demonstrated by several groups, indeed, that mutations or lack of presenilins can alter

cellular calcium level, independently from the catalytic activity of the y-secretase complex,

although the specific mechanism is still debated (Yoo et al., 2000; Cheung et al., 2008;

Green et al., 2008; Payne et all., 2015).

The results shown above demonstrate that lack of presenilin affects protein glycosylation

in MEFs. A perturbation of the cellular calcium levels due to lack of presenilin could be the

cause of the observed glycosylation impairment in PS KO MEFs.

To examine this hypothesis, treatments with different compounds, able to perturb the

calcium concentration in ER and cytosol or lysosomes, were performed on WT MEFs and

the mobility shift of NPC1 was evaluated.

Compounds acting at ER level:

e Thapsigargin (TAPSG); an inhibitor of sarco/endoplasmatic reticulum Ca?* ATPase
(SERCA) that impairs the influx of Ca?* into ER;

e 1,1'-diheptyl-4,4'-bipyridinium dibromide (DHBP); an antagonist of ryanodine receptors
(RyRs) that inhibits the release of Ca?* from sarcoplasmic reticulum;

e Dantrolene (DANTR); another inhibitor of ryanodine receptors (RyRs)

o Xestospongin C (XEST); an antagonist of IP3 receptor inhibiting the calcium release
from ER.

Compounds acting at lysosomal level:

e Concanamycin A (ConcA); an inhibitor of vacuolar type H+ ATPase activity (v-ATPase)
that impairs lysosomal acidification;

e ML-SA1; a lysosomal TRPMLs agonist that inhibits Ca?* release from lysosomes;

e TransNED19 (TNED); an antagonist of NAADP activation of endo-lysosomal TPC2
that inhibits Ca®* release from lysosomes.

Only Concanamycin treatments seams to decrease NPC1 expression level without

affecting the migration of the band, but more experiments would be required to support

this notion. Alteration of calcium levels in ER or lysosomes, induced by administration of
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all the other substances, do not affect NPC1 expression or its glycosylation state (Fig.
4.11).

These observations suggests that the impaired protein N-glycosylation detectable in the
absence of presenilins in MEFs may not be related to a perturbation of intracellular calcium
homeostasis in these cells.
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Fig. 4.11: Calcium modulators do not affect NPC1 glycosylation in WT MEFs.
Western immunoblotting of WT MEFs treated for 6 days with lysosomal calcium modulator
ConcA (Concamycin A), ML-SA, TNED (TransNED) or ER calcium modulator DANTR
(Dantrolene), TAPSG (Tapsigargin), XEST (Xestospongin C) and DHBP at different
concentrations.

4.3.7 Induced lysosomal cholesterol accumulation by UA18666A does not affect protein

glycosylation in MEFs

The present data indicate that lack of presenilins in MEFs is associated with cholesterol
accumulation in endo-lysosomal compartments and reduces protein glycosylation. The
next step, then, was to investigate the functional relationship between these two events.
The results obtained using glycosylation inhibitors, suggest that the altered protein
glycosylation observed in PS deficient cells could underlie cholesterol accumulation in
these cells. Nevertheless, the possibility of a reverse sequence of events, where a
cholesterol dysregulation could affect protein glycosylation, was not excluded. For this
reason, lysosomal cholesterol accumulation was induced in WT MEFs to analyze the
effect on membrane protein glycosylation. Cells were administered with UA18666A, a
compound commonly used to block NPC1 activity and induce lysosomal cholesterol
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storage (Elgner et al., 2016). As expected, the treatment on WT cells with UA18666A
causes a dramatic cholesterol accumulation in lysosomes (Fig. 4.12 A). In spite of this, no
effects are observed regarding the protein level or migration state (Fig. 4.12 B).

These results indicate that cholesterol accumulation in lysosomes, induced by
pharmacological inhibition of cholesterol transport, does not lead to altered protein

glycosylation in MEFs.
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Fig. 4.12: Lysosomal cholesterol accumulation does not affect protein
glycosylation in WT MEFs. A) Co-immunostaining of Filipin (green) with Lamp2 (red) in
WT MEFs untreated (Ctr) or treated with 2 yM U18666A. Scale bar 20 uym. B)
Representative western immunoblotting of the effect of the treatments on glycosylated
membrane proteins. Two independent experiments with two biological replicates (n=2)
were performed.

4.4 Chaperone inducer Arimoclomol maleate increases NPC1 level and rescues
lysosomal cholesterol accumulation in PS-KO MEFs

In PS KO cells, NPC1 level is significantly decreased and its glycosylation state reduced.
As mentioned before, NPC1 is a cholesterol transporter and mutations in this protein are
known to cause the lysosomal cholesterol storage disorder Niemann-Pick’'s type C,
associated with neurodegeneration. The significantly decreased level of NPC1 could be,
then, the cause of the endo-lysosomal accumulation of cholesterol observed in PS KO
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MEFs. To test this hypothesis, the chaperone inducer Arimoclomol maleate was used to
increase the NPC1 protein level in PS KO MEFs and then analyze the subcellular
cholesterol distribution. As shown in figure 4.13, the treatment increases NPC1 expression
and reduces the CYP51 level in both PS KO MEF (Fig. 4.13 A). Moreover, staining of free
cholesterol and lysosomes with Filipin and anti-Lamp2 antibodies, respectively, revealed
that cell treatment with Arimoclomol maleate, reduced the lysosomal cholesterol
accumulation in PS KO cells, and the size of lysosomes (Fig. 4.13 B).

These results show that lysosomal cholesterol accumulation resulting from lack of PSs
can be partially normalized by increasing NPC1 protein level and stabilization even if the
protein glycosylation state is not rescued. To exclude the possibility that reduction of
cholesterol in lysosomes upon Arimoclomol maleate treatment is due to effects on proteins
different from NPC1, we used CHO-NPC1 null cells. In this model the chaperone induction
treatment failed to reduce the cholesterol storage in lysosomes (Fig. 4.14 A). Interestingly,
we found that in absence on NPC1 the level of CYP51 is significantly increased in CHO
cells, similar to observations in PS KO MEFs (Fig. 4.14 B).

These data support the assumption that NPC1 impaired glycosylation and folding is
involved in the cholesterol phenotype observed in MEFs lacking PS. Considering that
NPC1 is responsible for the egress of cholesterol from the lysosomes to the ER, an
impairment of this function can affect the ER sensing of cholesterol level and be implicated

in the induction of the de novo cholesterol production.
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Fig. 4.13: Chaperon inducer treatment increases NPC1 expression and reduces
lysosomal cholesterol sequestration in PS KO MEFs. A) Representative western
blotting showing the effect of Arimoclomol maleate (AriM) treatments on protein
expression in WT, PS1 and PS2 KO MEFs. Two independent experiments (n=2) were
performed. B) Co-immunostaining of Filipin (green) with LAMP2, RAB7 or EEA1 (red) in
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PS KO MEFs untreated (Ctr) or treated with AriM. Two independent experiments (n=2)
were performed. Scale bar 20 ym.
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66—
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Fig. 4.14: Chaperon inducer treatment failed to reduce cholesterol accumulation in
NPC1KO CHO cells. A) Immunostaining of Filipin (green) in CHO NPC1KO untreated
(Ctr) or treated with Arimoclomol maleate. B) Quantification of WB relative to CYP51
expression level in CHO WT and NPC1KO. Three independent experiments (n=3) were
performed. Signal intensities were normalized to Ponceau. Unpaired t test; *, P <0.05.

4.4.1 Overexpression of NPC1 in PS KO MEFs rescues the lysosomal cholesterol
accumulation in PS-KO MEFs

The previous results show an involvement of NPC1 transporter in endo-lysosomal
cholesterol accumulation upon PS deletion. In order to further test whether reduced level
of NPC1 is the cause of the abnormal cholesterol distribution in PS KO MEFs, the protein
was overexpressed in PS1 and PS2 KO cells. A construct encoding NPC1-eGFP was
transiently expressed in PS1 and PS2 KO MEFs and visualized by immunofluorescence
microscopy. NPC1-eGFP appears mainly in the lysosomes indicating that the protein is
correctly processed and reached the expected functional localization. Co-staining with
Filipin revealed decreased lysosomal cholesterol accumulation selectively in NPC1-EGFP
expressing as compared with the non-transfected neighboring cells (Fig. 4.15).

These observations are consistent between PS1 and PS2 KO MEFs, strongly supporting
the involvement of NPC1 in endo-lysosomal cholesterol accumulation in both PS1 KO and
PS2KO cells.
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Fig. 4.15: NPC1 overexpression rescues the lysosomal cholesterol accumulation in
PS1-and PS2KO MEFs. Representative immunostaining of Filipin (green) with NPC1His-
EGFP construct (red) and LAMP2 (blue) in PS1 and PS2KO MEFs. Two independent
experiments and six pictures per condition were taken. Scale bar 20uM.
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4.5 Expression profiling in PS-KO MEFs

The data, so far, indicate that in MEFs lacking PS1 or PS2, reduced protein N-
glycosylation and impaired NPC1 function leads to cholesterol accumulation in endo-
lysosomal compartments and increased cholesterol biosynthesis.

To further examine effects of PS1 and/or PS2 deficiency on gene expression, 3'mRNA
sequencing was performed. Samples from two independent library preparations were
analyzed and the initial quality control process shows negligible batch effect, and
clustering by genotype (Fig 4.16). Samples from PSDKO are most closely related to
PS1KO implying that the gene expression pattern of the PSDKO is mostly determined by
the lack of PS1. Of all the detected mRNAs (17812, 16646 and 18390 in PS1, PS2 and
PSDKO MEFs, respectively), the levels of 8101 mRNAs in PS1KO, 7423 in PS2KO and
7423 in PSDKO were significantly changed compared to WT MEFs. This initial
observation demonstrates that lack of presenilins dramatically affects gene expression in
MEFs.
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Fig. 4.16: Quality control of the samples applied for 3’'mRNA sequencing shows a
group-wise clustering. A) Principal components analysis-plot (PCA-Plot) and B)
hierarchical clustering of samples showing the distribution of the different genotypes. P14
and P17 denote cells harvested at passages 14 and 17, respectively.
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Although the amount of data resulting from this experiment offers numerous possibilities
to investigate the changes in different cellular pathways, the analysis was focused on the
cellular processes relevant for the current investigation: cholesterol metabolism and
protein N-glycosylation.

A first analysis regarded the expression of the proteins involved in cholesterol metabolism.
In particular, the mRNA levels relating to the proteins previously examined via western
blot analysis were checked. As shown in the heatmaps, some of the analyzed genes, such
as Abca1, Npc1 and Cyp51, exhibit the same trend observed at the protein level indicating
a regulation already at the mRNA level (Fig. 4.17).

ABCA1
LDLR - 16
NPC1
NPC2 - - 14
LRP1 -
SREBF1- " 12
SREBF2
CYP51 10

1 1 1
PS1KO PS2KO PSDKO  Llog,FC

Fig. 4.17: Differential expression of proteins involved in cellular cholesterol
metabolism in PS KO MEFs. Heatmap of differentially expressed genes in PS KO MEFs
(average of 5) compared to WT (average of 7). Up-regulated and down-regulated genes
are indicated in orange and blue, respectively.

Next, the expression of enzymes involved in cholesterol biosynthesis was analyzed using
a KEGG pathway (map00100) as a reference (Fig. 4.18 A). Expression of all considered
genes is represented in the heatmap, while the significant changes (P <0.05) of PS KO
MEFs compared to WT are shown in the graph as Log2fold changes (Fig. 4.18 B, C).
What appears clear from these results is that the expression of genes involved in
cholesterol synthesis is differentially affected by the PS genotype. Most changes were
detected in PS1KO and PSDKO cells. PS2KO cells showed much less changes in the
MRNA expression of cholesterol metabolism related genes. Notably, a significant
upregulation of Cyp51 was detected in all three PS KO genotypes indicating an enhanced



72

cholesterol production in line with the previous results from mass spectrometry regarding

the levels of cholesterol and its precursors. Also, Soat1 and Soat2 levels are reduced in

PS KO cells compared to the WT meaning that the cholesterol storage mechanism is

downregulated.
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Fig. 4.18: Differential expression of mMRNAs of enzymes involved in cellular
cholesterol synthesis in PS KO MEFs. A) Scheme modified from KEGG pathways
(map00100) showing the enzymatic steps of cholesterol biosynthesis. B) Heatmap of
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differentially expressed genes in PS KO MEFs (average of 5) compared to WT (average
of 7). Up-regulated and down-regulated genes are indicated in orange and blue,
respectively. C) Significantly changed genes (P <0.05). Graph reporting the Log2fold
change £+ SEM in KO MEFs compared to WT.

For expression analysis of protein glycosylation related genes, the N-glycan biosynthesis
KEGG pathway (map00510) was used as a reference. This pathway can be divided into
four sub-pathways: N-glycan precursor biosynthesis; N-glycosylation by oligosaccharyl-
transferase; N-glycan precursor trimming and complex type N-glycan biosynthesis. Each
of these sub-pathways involves different enzymes. An overview of this complex process
is shown in Fig. 4.19 A.

Expression of all considered genes is displayed in the heatmaps, while the genes among
them with significantly changed expression (P <0.05) are shown in graphs (Fig. 4.19 B,
C).

A [ N-GLYCAN BIOSYNTHESIS |
TUN Cytosol
ALGL3
‘v sugar and riMH ALG1 H»0—{ ALG2 -0—{ aLG2 H-O0—{ALG1 0
nucleotide sugar
rae tabolism Cxlytoslyl hosphatidyl-

— indsito. PI) -anchor
Tuctose and rannose | _ bios 25
(st} —-+0 mare = ELOT
Terpenoid backbone Iannose type O-glcy‘an
biosynthesis biosymhe s1s i _\1
FIv1

‘ D I
DEM2 | DFM3 MagP-Dol

v
OPolyprenol

13194

i, B G1sp-P-Dol Ou—{ 4169 o aLG12 -0 4165 O
Dol O, e o% = O

31351 P-Dol ALGS

ER lumen

oe—{arciol— -
QU
l—0 Asn-X-SerThr Various types of Q
E — i N-glyrar biosymthesis ‘f
Ot— ]
Pl o—| MOGS |—mO—{GANAE [H»O—|GANAE }—bo—{MANlBI—»o—|MAN1AI—>o—| MGATL O
T T ) (a2 |
. DNJ DNJ KIF F=sw
Pathways’ legend T
N-glycan precursor biosynthesis
MGAT3 O e | D gzxsa;nan sgl.lgate

N-glycosylation by oligosaccharyltransferase

O VEATCH—OW{MGATS |— O 13AT4
. = gra ion
N-glycan precursor trimming

o#{2499.1—0#{24.133}—O={ FUT?

Complex type N-glycan biosynthesis



ALG74
ALG5-
ALG13
ALG14
ALG14
ALG24
ALG114
ALG3
ALG9
ALG12
ALG6
ALGS8
ALG10
Stt3a—
Stt3b -
Rpn1-
Rpn2-
Dad14
Ost4 -
TUSC3+
Wbp1
Tmem258 -
Ddost—

Dolpp1-

74

1.0

105

1-0.5

T T T
PS1KO PS2KO PSDKO Log,FC

Mogs =
Ganab—
Man1b1 =
Man1a=
Man1a2=
Man1c1=
Man2a2-
Man2a1-
Mgat2 -
Mgat3 -
Mgatda—
Mgat4b -]
Mgat5-]
Fut8 =
B4galt1 -]
B4galt2-
B4galt3 -
ST6GAL =

. : -;-6

PS1KO PS2KO PSDKO Log,FC

ALG7 =
e ————
ALG5= ——
ALG13- Ganab = - - PS1KO
ALG1 = e—— Man1b1 = " I Ps2kO
ALG11+ — Manta—] s —— Il PSDKO
e —
L
ALG3— Man1a2 = :
ALG9 Mancl = =
ALces Man2a1 = —=
ALGS - | N
 e—— Mgat2 =
ALG10- ———
e—— Mgat3 -
Stt3a =
— Mgat4a = —
Stt3b = — ot
—— Mgat4b =
Rpn1 = o
Rpn2 = Mgat5= —
Dad1 = —— Futg—
TUSC3 = . B4galt1 = _.7‘
Wbp1 = B4galt2 = =
L HE—
Ddost = B4galt3 = =
Dolpp1 — r—— ST6GAL = ——
T | —— —r———T—tT—T
-1 0 -5 0 5

Fig. 4.19: Differential expression of mRNAs of enzymes involved in N-glycan
precursor biosynthesis in PS KO MEFs. A) Scheme modified from KEGG pathways
(map00510) showing the enzymatic steps of N-glycan biosynthesis. The different sub-
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pathways are listed in the legend and highlighted using a color code. M5 N-glycan species
is reported in correspondence with the enzymes responsible for its synthesis.
Glycosylation inhibitors and relative target enzymes are indicated in red. B) Heatmap of
differentially expressed genes in PS KO MEFs (average of 5) compared to WT (average
of 7). Up-regulated and down-regulated genes are indicated in orange and blue,
respectively. The different sub-pathways are highlighted using a color code. C)
Significantly changed genes (P <0.05). Graph reporting the Log2fold change + SEM in
KO MEFs compared to WT. The different sub-pathways are highlighted using a color
code.

Although expression of genes related to cholesterol metabolism appeared to be similar
between PS1KO and PSDKO MEFs, a divergent effect, with most of the genes having an
opposite regulation between these two genotypes, is observed regarding N-glycan
biosynthesis. Nevertheless, the results show a consistent decrease, across genotypes, in
the mRNA level of the ALG8 enzyme, involved in the formation of specific oligosaccharide,
(GlesMangGIcNAC?) that is recognized and transferred to the nascent protein.

The transfer of the newly synthetized N-glycan to the nascent proteins involves two
complexes, STT and OST. Each of them consists of several subunits whose level has
been analyzed individually. PS1KO and PSDKO showed predominantly an up-regulation
of the mRNA levels of STT and OST complex components, while PS2KO cells have very
similar expression of these genes compared to WT.

After the attachment to the protein, the N-glycans undergo the trimming process during
which two glucose residues are removed. This step happens in the ER and Golgi
compartments and it is fundamental for recognition by the protein quality control
machinery. Most of the enzymes involved in the trimming pathway were the targets for the
glycosylation inhibitors in prior experiments (Fig. 4.7, 4.8, 4.9). The results show that
genes encoding the enzymes targeted by DNJ treatment are not significantly changed
(Mogs), or even upregulated (Ganab) in PS1 and PS2KO MEFs compared to WT. The
fact that DNJ treatment failed to mimic the cholesterol accumulation observed in PS KO
may be due to the fact that activity of these enzymes is not involved in causing the PS
phenotype. A similar explanation can be found regarding Kifunensin treatment. In fact,
although the expression of one of the gene inhibited by Kifunensine, Man1a, is
significantly decreased in PS1 and PS2KO MEFs, the expression of its second target,
Man1b, is not affected by lack of PS. Assuming that a decrease in mMRNA expression
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corresponds to a reduction in the enzyme levels and therefore their activity, it is possible
that Kifunensin treatment only partially can mimic the conditions observed in PS KO
MEFs.

Despite these considerations regarding the inhibitor treatments, it is interesting to notice
the significant decrease in the Man1a level in PS1 and PS2KO MEFs compared to the
WT cells. An opposite effect is observed in PSDKO where expression of this enzyme is
upregulated. The function of this MAN1A is to trim the M9 species, in the Golgi
compartment, in order to obtain M5 so a decrease in this process, at least in PS1- and
PS2KO MEFs, could reflect a decrease in the substrate.

The last sub-pathway of the N-glycan biosynthesis analyzed is the formation of complex
type N-glycans. This process takes place entirely in the Golgi compartment and the initial
step, for which the MAN2 enzyme is responsible, is the one inhibited by Swainsonine
treatment. The expression of Man2aZ2 is not significantly changed in PS KO MEFs
compared to the WT, while the Man2a1 mRNA level is rather increased in PS2 and
PSDKO. Once more this could be the reason why the inhibition of these enzymes by
Swainsonine failed to reproduce the PS KO phenotype in WT MEFs. Regarding the overall
expression of genes included in this pathway, it can be noticed that the biggest effect
concerns PSDKO with most of the genes showing a reduced mRNA expression and some
an increased expression level.

Data obtained from the expression profiling of PS KO MEFs show an additional proof that
lack of PS affects expression of genes related to cholesterol metabolism and N-
glycosylation processes. Although the changes in mRNA levels do not necessarily
correlate to changes in the corresponding protein levels, it was possible to observe the
same variation regarding NPC1 and CYP51 proteins in PS KO compared to WT MEFs,
confirming their regulation already at the mRNA level.

Also, regarding the protein N-glycosylation, the results show that PS deficiency changes
expression of genes involved in this process with a different regulation between PS1 and
PS2KO, most of the time. Complete deletion of both PS shows different results meaning
that the lack of both PS does not necessarily result in additive effects of the single PS
deletion. Although data obtained from the 3'mRNA sequencing, did not fully elucidate the
mechanism connecting PS to protein glycosylation, they offer an important and interesting
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addition to the previous experiments. In particular, they provide the opportunity to have a

more complete overview of this complex cellular process.
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5. Discussion

The present work revealed that genetic deletion of presenilin genes affects cholesterol
homeostasis in vivo and in vitro. This work shows that mice with genetic deletion of
presenilins displayed a significant increase in neuronal cholesterol levels in cortex and
hippocampal area CA1. Similarly, cultured fibroblasts with genetic inactivation of
presenilins showed increased cholesterol levels, specifically free cholesterol accumulating
within endo-lysosomal compartments. In line with these observations, expression of
proteins associated with cholesterol metabolism was altered. For example, CYP51 a key
enzyme involved in cholesterol de novo synthesis, was upregulated in PS KO cells along
with its mMRNA as measured by 3’'RNA sequencing. On the contrary, the level of the
cholesterol transporter NPC1 was significantly decreased. N-glycosylation of NPC1 (and
also other N-glycosylated proteins) was impaired, most likely decreasing its function.
Interfering with NPC1 N-glycosylation in WT MEFs through the application of Tunicamycin
reduced NPC1 expression, increased CYP51 protein levels, and led to accumulation of
lysosomal cholesterol to a similar extent as in PS KO MEFs. Conversely, a chemical
chaperone that is known to enhance NPC1 expression, increased its protein abundance
in PS KO MEFs. It also reduced CYP51 expression and normalized lysosomal cholesterol
levels. Along the same lines, NPC1 overexpression reduced lysosomal cholesterol
accumulation in PS KO MEFs.

5.1 Presenilin deficiency increases neuronal cholesterol level

Analysis of the free cholesterol in neurons by Filipin staining shows a significant increase
in cortex and CA1 region in brains from 2 months old PS single and double KO mice
compared with WT (Fig. 4.1). Accumulation of cholesterol is detected also in the striatum
from PS2 and PSDKO mice, but not in the striatum of PS1-deficient mice. However, in the
PS1KO mice, the genetic inactivation of PS1 is conditional on the forebrain-specific
expression of a CamK2a-Cre recombinase. Since CamK2a, hence Cre, is not expressed
in striatal neurons, it cannot be excluded that neuronal PS1 deletion in the striatum would
also increase cholesterol levels. The effects of PS gene inactivation may be region-
dependent, e.g., in the dentate gyrus, lack of PS1, but not PS2, increases the cellular
cholesterol level.
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Nevertheless, lack of PS increases neuronal cholesterol in cortex and CA1 in vivo.

This conclusion is in line with previous studies where deletion of presenilins has been
shown to affect cholesterol level in mouse brain. In particular, in cortex from 2-month-old
PSDKO mice, quantification of lipid content showed an increase in cholesterol and
sphingomyelin levels (Grimm et al., 2005). Also, in 21 month-old mice carrying FAD-
related mutations in APP and PS1 encoding genes (APPSLxPS1) altered cholesterol
metabolism was reported with an increase in the level of desmosterol in hippocampus,
cortex and cerebellum (Vanmierlo et al., 2010).

The previous findings from PSDKO mice are refined in the current study which shows that
accumulation of cholesterol is observed upon deletion of either PS1 or PS2. Therefore,
both PS are involved in neuronal lipid homeostasis in vivo suggesting a common
mechanism through which lack of the PS proteins increases cellular free cholesterol.
Elevated cholesterol level in neurons has been previously associated with alteration of
neuronal functions and neurodegeneration (Dulac et al., 2013). In the human disease,
Niemann Pick type C, for example, the lysosomal cholesterol accumulation alone leads to
neurodegeneration (Brady et al., 1989; Vanier and Millat, 2003). The concomitant
presence of an increased neuronal cholesterol with other AD-related alterations due to PS
dysfunction, such as y-secretase activity, could be an aggravating factor that enhance or
accelerate the AD pathology.

Considering that in PS2KO mice deletion of PS2 is constitutive, this model offers the
possibility to investigate the effect of PS2 deletion on cholesterol metabolism also in other
brain cells such as astrocytes and microglia. In a second experiment, 6 months old PS2KO
mouse brains were compared to age-matched controls. Analysis of free cholesterol in
neurons confirmed the neuronal increase described in the previous data (Fig. 4.2 B). In
addition, this experiment revealed a novel finding: Filipin staining was significantly
decreased in |Iba1 positive microglia in PS2KO (Fig 4.2 A). No differences in cholesterol
staining where observed, instead, in astrocytes between PS2KO and WT (Fig. 4.2 C).
These observations suggest that deletion of PS2 causes cell-type specific effects on
cholesterol metabolism. Although the present data do not offer an explanation for these
differences, the description of this phenomenon is intriguing and may motivate dedicated
studies on PS2 in microglia.
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5.2 Presenilin deficiency increases cholesterol level and alters cholesterol-related protein
expression in MEFs.

To investigate the underlying molecular mechanism through which ablation of PS can
increase cellular cholesterol level, MEFs from PS1 or PS2KO mice were selected as in
vitro model.

Quantification of the cellular content of cholesterol and its precursors shows a significant
increase in PS1- and PS2KO MEFs compared to the WT (Fig 4.3 A). This result
independently supports the previous observation of an important role of both PS in the
cellular cholesterol homeostasis. Likewise, the signal obtained by Filipin staining appears
brighter in both KO MEFs compared to the control. In addition, analysis of cholesterol
distribution by co-staining with subcellular compartment markers reveals an accumulation
in late endosomes and lysosomes in PS KO MEFs (Fig. 4.3 B). An impairment of vesicular
trafficking upon PS1- or PS1/PS2 deletion (PSDKO) was already known from previous
studies where altered fusion events were found to contribute to impaired autophagy and
lysosomal activity (Neely et al., 2011; Zhang et al., 2012). Despite these observations, a
specific accumulation of cholesterol in late endosomal/lysosomal compartments following
PS1 or PS2 deletion was never reported so far.

Taken together and in line with observations in mouse brain, the similar phenotype of PS1-
and PS2KO MEFs is consistent with the existence of a common mechanism through
which ablation of each PS can induce accumulation of cholesterol in endosomal/
lysosomal compartment. This conclusion is further corroborated by altered expression of
proteins involved in cellular cholesterol metabolism (Fig. 4.4). Increased expression of
CYP51, SREBPs and LDLR, was already reported in a previous study on PSDKO MEFs
(Tamboli et al., 2008). Our study here, follows up on the previous work and extends it by
investigating the individual effects of PS1 and PS2 deletion in MEFS.

Protein levels of the membrane cholesterol transporter ABCA1 and the LDL receptor differ
between the single PS KO genotypes (increased expression levels observed in PS1KO
and decreased in PS2KO). Nevertheless, increased protein expression of SREBP- FL/
NT and CYP51 indicated a common enhancement of cholesterol synthesis in all PS KO
MEFs. Additional confirmation of the affected expression levels of cholesterol-related
protein was obtained by gene expression analysis of PS KO MEFs compared to WT (Fig.
4.17). Increased mRNA levels of Abca? in PS1 and PSDKO MEFs and Cyp57 in all the
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PS KO genotypes suggested transcriptional induction of these genes. Decreased
expression of Soat2 in PS1 and PS2 KO MEFs (Fig. 4.18), suggested that the cholesterol
storage mechanism is reduced upon PS deletion.

An involvement of CYP51 in lipid alterations was not only observed in PSDKO MEFs
(Tamboli et al., 2008), but also in CHO cells, where a pathogenic mutant in PS1 derived
from a FAD patient led to increased cellular cholesterol level that could be rescued by
decrease of CYP51 expression (Cho et al., 2019b). Hence, both a loss-of-function
mutation of PS1 as well as a pathogenic missense mutation have the same effect on
CYP51 in different cell models derived from different species. The results presented here,
accordingly, show that deletion of either PS significantly increases the expression of
Cypb1 through activation of SREBP-2. In line with such a mechanism, increased SREBP-
2 NT protein was found in PS1, PS2, and PSDKO MEFS (Fig. 4.4).

The enhanced synthesis of cholesterol, while it is accumulated in the lysosomes, suggests
a dysfunction of its subcellular trafficking. In fact, an impaired transport of cholesterol to
the ER can induce its de novo synthesis thought SREBP activation and induction of Cyp51
(Halder et al., 2002). The hypothesis of impaired cholesterol trafficking is supported by
significantly diminished expression of the cholesterol transporter NPC1 in PS KO MEFs.
Decreased levels of this protein could limit transport of cholesterol from lysosomal
compartments to the ER.

NPC1, in fact, is a crucial cholesterol transporter localized in the late endosome/lysosome
compartments. Its importance in neuronal function is made clear by the fact that
inactivating mutations in the encoding gene cause the neurodegenerative disorder
Niemann-Pick disease type C (NPC) (Brady et al., 1989). Previous studies showed the
presence of an Alzheimer-like phenotype in NPC. In particular, progressive
neurodegeneration with abnormal cholesterol metabolism, diffuse AP cortical deposits,
and hyperphosphorylation of tau protein are observed in NPC (Malnar et al., 2014).
Studies in different models, and NPC patients, showed that disruption of cholesterol
trafficking in NPC affects APP cleavage and increases A production (Burns et al., 2003;
Jin et al., 2004; Malnar et al., 2010; Mattsson et al., 2011). Moreover, in models where
NPC1 function is pharmacologically or genetically impaired, an increase of Ap42
production associated with the localization of APP in lipid rafts and endosomal
abnormalities were observed (Jin et al., 2004; Malnar et al., 2010).
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Additionally, an accumulation of PS1 in late endosomal/lysosomal compartments,
associated with an increased y-secretase activity and production of Ap40 and AP42
peptides has been described in neurons where NPC1 activity was inhibited (Runz et al.,
2002; Burns et al., 2003).

Importantly, depletion of cholesterol rescues the increase in Ap levels in NPC1 KO cells
suggesting that APP mis-trafficking and increased cleavage depends on the cholesterol
accumulation more than on the loss of NPC1 itself (Malnar et al., 2012). Additional studies
regarding phosphorylated tau accumulation further emphasized the similarity between
NPC pathology and AD (Sawamura et al., 2001; Ohm et al., 2003).

Beside these observations that connect the NPC1-dependent cholesterol accumulation
and impaired endo/ lysosomal trafficking with altered APP processing and Ap production,
a direct link between PS dysfunction and NPC1 level, as proposed in this work, was not
previously put forward.

5.3 Presenilin deficiency affects N-glycosylation of membrane proteins.

Analysis of protein expression by WB not only shows that in PS KO MEF the level of NPC1
is reduced but also that the migration of the band in SDS gel is faster compared to that
from the WT cells. A similar effect, albeit to a lesser degree, can be observed for LRP1
(Fig 4.4 A). In addition, the bands corresponding to N-cadherin and LAMP2 in PS KO cells
also show increased mobility (Fig. 4.5 A). Treatment with PNGase suggested that this
effect is due to reduced N-glycosylation of the membrane proteins (Fig. 4.5 B).

Increased mobility in SDS-PAGE can either be the result of a decreased number of N-
glycans attached to a protein or a reduction in their complexity, or a combination of both.
The finding that in PS KO MEFs several membrane proteins show aberrant N-
glycosylation could indicate a general impairment of the N-glycosylation machinery upon
PS deletion. Independent confirmation of an altered N-glycosylation state of membrane
proteins in PS KO MEFs was obtained by mass spectrometry, where the levels of the
different N-glycans attached to membrane proteins was measured. The results show that
a particular species, M5, is significantly decreased in PS KO MEFs compared to WT (Fig.
4.6). In line with this result, the expression level of the gene encoding for the enzyme
responsible for M5 production, Man1a (Mannosidase Alpha Class 1A Member 1), was
decreased by more than 50 % in PS1 and PS2 KO compared to WT MEFs (Fig. 4.19 C).
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Inhibition of enzymes in the late glycosylation steps at ER level or in the Golgi, through
treatment with DNJ, Kifunensin and Swainsonine, does not affect cholesterol-related
protein expression in WT MEFs (Fig. 4.8). In contrast, Tunicamycin treatment alone was
able to reduce NPC1 expression level and increase CYP51, inducing cholesterol
accumulation in Rab7 and Lamp2 positive compartments, as shown by
immunocytochemistry (Fig. 4.8 A). Thus, it is possible to speculate that interference
particularly in the initial ER stages of N-glycosylation impairs cholesterol transport and
synthesis.

Complete abrogation of protein glycosylation by a high concentration of Tunicamycin is
lethal to the MEFs after 24h of treatment. For this reason, in order to allow prolonged
treatment of the cells, a lower, non-toxic, concentration of Tunicamycin was chosen in the
final experimental design. Nevertheless, the selected concentration is still able to reduce
protein glycosylation, as indicated by increased mobility of the glycosylated proteins (Fig
4.7 B). Itis likely to assume, then, that this lower concentration of tunicamycin only partially
blocks the glycan synthesis.

The fact that in WT MEFs Tunicamycin treatment alone is able to decrease NPC1
expression level and, at the same time, phenocopy the cholesterol accumulation observed
in PS KO MEFs, supports the hypothesis of a key role of NPC1 in mediating the effect of
PS KO on cholesterol levels.

Several studies show that dysfunctional NPC1 is subject to ERAD (ER-associated protein
degradation), a quality control process that takes place in the ER and is triggered by
protein misfolding (Gelsthorpe et al., 2008; Nakasone et al., 2014; Schultz et al., 2018).
Interestingly, the most relevant pathological mutation in the NPC1 gene, NPC1'1061T,
affects the NPC1 glycosylation state and, consequently, its migration on electrophoresis
(Gelsthorpe et al., 2008; Nakasone et al., 2014).

These observations are in line with our results, where impairment of NPC1 glycosylation
in cells lacking PS or treated with Tunicamycin reduced NPC1 levels.

Gene expression analysis of enzymes involved in the N-glycan synthesis revealed
individual steps of this complex process that are affected by deletion of PS1, PS2 or both
proteins in MEFs (Fig. 4.19). Although we do not have information regarding the levels of
N-glycan species before the transfer onto the protein, expression of enzymes involved in
their synthesis appears dysregulated in all the PS KO MEFs. In particular, a decrease in
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the mRNA level of Alg8 is observed in all PS KO MEFs compared to the WT (Fig. 4.19 B).
Expression of Alg7, the enzyme inhibited by Tunicamycin treatment, does not appear to
be affected by PS ablation. The expression of genes related to proteins of the OST
complex, which is responsible for the transfer of the mature N-glycan to the nascent
proteins, appears increased mainly in PS1 and PSDKO MEFs (Fig. 4.19 B).

Following the translocation to the protein, the glycostructures continue to be modified in
the late ER and Golgi compartments by a trimming process. Beside the decreased level
of Man1a, in line with the reduction of M5 species in PS1- and PS2KO MEFs, an altered
level of the remaining enzymes in this pathway is observed in all the PS KO MEFs (Fig.
4.19 C). Expression level of Mogs and Ganab, ER enzymes inhibited by DNJ treatment,
are not significantly modulated or rather increased in PS KO MEFs compared to the WT.
Kifunensine is inhibiting two additional enzymes of this pathway, Man1b and Man1a.
While mRNA level of Man1a is reduced in PS KO MEFs, as mentioned before, Man1b
level is not affected by lack of PS. Assuming that the decreased expression level
corresponds to a reduced protein function, it is possible that the Kifunensine treatment
only partially, regarding MAN1A activity, can mimic the PS KO condition. Additional
inhibition of MAN1B can, therefore, be the reason why the Kifunensine treatment did not
fully recapitulate the cholesterol phenotype observed upon PS deletion.

RNA levels of the majority of the genes encoding for Golgi-resident enzymes involved in
the trimming of the N-glycan also appear affected in PS KO MEFs (Fig. 4.19 C).

The results obtained from this complex analysis prove that, at least at the mRNA level, all
the stages of the N-glycosylation process are altered by lack of PS in MEFs. Up- or down-
regulation of these genes does not necessarily result in changes of the protein level of the
corresponding enzymes, but suggest complex transcriptional changes in genes that
regulate protein N-glycosylation. Information about the expression level of certain
enzymes can be relevant for future examination of the protein N-glycosylation impairment
in PS KO MEFs.

In summary, in PS KO MEFs the protein N-glycosylation process starts to be affected in
the ER and continues in the Golgi. Considering that the amount of M8 and M9 species,
the first N-glycans attached to the nascent protein from the OST complex, is not decreased
in PS KO MEFs compared with WT (Fig. 4.6), it is possible to assume that the number of
modified sites on the membrane proteins is overall not affected by lack of PS. Impairment
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of the maturation stages of the complex N-glycan in late ER and Golgi compartment, then,
could be responsible for the observed increased mobility in SDS gels of the membrane
protein bands in PS KO MEFs. In support of this hypothesis, inhibition of the initial
enzymes involved in this pathway (Mogs, Ganab, Man1, Man2) by DNJ, Kifunensine and
Swainsonine treatments, mimics, in WT MEFs, the faster migration of the membrane
protein during electrophoresis observed in samples from PS KO MEFs. In WT cells
disruption of protein N-glycosylation in the ER, instead, cause the same cholesterol
phenotype observed in PS KO cells, probably as result from the enhanced degradation of
NPC1 via ERAD (Gelsthorpe et al., 2008; Nakasone et al., 2014; Schultz et al., 2018).
This hypothesis is supported by the observation that only after the Tunicamycin treatment,
affecting the early glycosylation step in the ER, we could observe a significant reduction
of NPC1 expression level, overexpression of CYP51 and endo-lysosomal cholesterol
accumulation.

An altered protein glycosylation pattern, with increased level of bisecting GIcNAc N-
glycans, generated in the Golgi, and the responsible enzyme encoded by Mgat3, have
been found increased in AD patients (Akasaka-Manya et al., 2010; Wang et al., 2019).
Also sialylation appears to be decreased in AD patients serum, CSF and brains (Maguire
and Breen, 1995; Fodero et al., 2008). Several studies focused on understanding how
aberrant glycosylation of the most common AD-related proteins could contribute to AD
pathogenesis (Kizuka et al., 2015; Haukedal and Freude, 2021). Although PSs are not
glycosylated themselves, they can influence the glycosylation of other proteins directly or
by affecting their cellular localization (Schedin-Weiss et al., 2014). PS1 and PS2, in fact,
are known to be involved in the glycosylation and sialylation of the adhesion molecule
NCAM (Farquhar et al., 2003), as well as glycosylation, maturation and subcellular
localization of TrkB (Naruse et al., 1998).

Glycan alterations were observed in patients with mild cognitive impairment that later
progressed to AD, therefore, it is plausible that glycan impairment precedes the clinical
onset of AD. Glycan alteration in patients has been proposed as a potential biomarker for
early AD diagnosis (Palmigiano et al., 2016) and the restoration of the glycosylation
homeostasis could be a possible interesting therapeutic strategy (Wang et al., 2019).
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5.4 Altered membrane protein N-glycosylation in PS KO MEFs seems to be independent
from y-secretase activity, cellular calcium perturbation and lysosomal cholesterol

sequestration.

Because PS proteins are the catalytic subunits of y-secretase complexes, their deletion
affects the activity of the enzymatic complex (De Strooper et al., 1998, 1999). The altered
protein glycosylation described in PS KO MEFs could, therefore, depend on y-secretase
dysfunction.

In order to directly test whether impaired y-secretase activity is causally related to the
observed changes in protein N-glycosylation, MEFs were treated with the y-secretase
inhibitor DAPT. The results presented here clearly show that DAPT failed to reproduce
the band mobility shift in SDS gels, in all membrane proteins examined (Fig. 10).
Accordingly, no induction of CYP51 was observed and hence cholesterol synthesis
remained unchanged.

These results suggest that the observed effects of PS deletion are related to non-
proteolytic functions of PS. Among these functions, calcium signaling is one of the most
studied. Several groups reported a PS-dependent modulation of cellular Ca?* involving ER
calcium channels (Leissring et al., 1999; Chan et al., 2000; Stutzmann, 2004; Green et
al., 2008). Some studies even suggested that PS themselves act as ER calcium leak
channels (Tu et al., 2006; Bandara et al., 2013).

Because the previous results showed an involvement of ER localized enzymes in altered
N-glycosylation process upon PS deletion, a potential mechanism connecting PS to
protein glycosylation could be altered calcium homeostasis. However, this hypothesis is
not confirmed by the use of calcium modulators. Alteration of calcium levels in ER or
lysosomes in WT MEFs, in fact, does not change the migration of NPC1 band or its
expression level (Fig. 11), suggesting that the effect on protein glycosylation observed in
PS KO MEFs might not be caused by impairment of calcium homeostasis. However, this
conclusion is solely based on the expression level of NPC1 and its mobility in
electrophoresis.

Although altered protein glycosylation by Tunicamycin treatment shows a lysosomal
cholesterol accumulation in WT MEFs, the possibility that PS deficiency leads to

cholesterol accumulation first and that this may then affect the ER functions was still
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possible. This possibility is excluded by the observation that during lysosomal cholesterol
sequestration in WT MEFs by U18666A does not alter NPC1 protein migration during
electrophoresis or decrease its expression levels (Fig. 4.12). It is important to underline
here the limitations of the pharmacological approach. The present experiments were
performed using selected concentrations of the compounds, based on an initial toxicity
test. The same experimental setting, regarding time frame and replenishment of the
compounds in the medium, was applied for all the treatments. Nevertheless, it is not
possible to exclude that the use of different concentrations or time of treatments would not
translate in different results from what is here reported. In addition, the use of inhibitors
always comes with a certain uncertainty about possible unknown side effects.

5.5 Reduced NPC1 expression leads to lysosomal cholesterol accumulation in PS1 and
PS2KO MEFs.

If reduced expression of NPC1 in PS KO MEFs would be caused by enhanced
degradation of the protein in the ER following the impaired N-glycosylation, one would
expect that increasing NPC1 expression should ameliorate cholesterol accumulation.
Arimoclomol maleate is a chemical chaperone which induces expression of HSPs (Heat
shock proteins), in particular HSP70 family, that are considered critical for the correct
folding of NPC1 protein (Kirkegaard et al., 2010; Nakasone et al., 2014). This treatment
also normalized the lysosomal cholesterol storage in NPC patients, improved the
neurological condition of NPC mouse model (Kirkegaard et al., 2016) and, currently, is
used in clinical trials for NPC disease (clinicaltrials.gov/NCT02612129).

Our experiments followed the idea that Arimoclomol maleate treatment might induce the

expression of chaperones, which would improve the folding of NPC1 and help NPC1 to
escape ERAD, and consequently increase its protein level in PS KO MEFs. If NPC1 levels
increase, cholesterol accumulation should be reduced in PS KO MEFs.

Indeed, upon Arimoclomol maleate treatment, it was possible to observe an increased
NPC1 protein level associated with a reduction of the CYP51 level in PS1- and PS2KO
MEFs (Fig. 4.13 A). Analysis of the cellular cholesterol distribution, by co-staining of Filipin
with markers for the subcellular compartments, shows that the endo-lysosomal cholesterol
accumulation is reduced in PS KO MEFs upon treatment (Fig. 4.13 B). Importantly, the
treatment with Arimoclomol maleate does not reduce the lysosomal cholesterol
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accumulation in a NPC1 KO model (Fig. 4.14), suggesting that the effect of the treatment
on cholesterol distribution in PS KO cells involves stabilization of NPC1 function.
Additional support for the focal role of NPC1 transporter in the cholesterol accumulation
observed in PS1 and PS2KO MEFs is obtained by transient overexpression of NPC1 in
KO cells (Fig. 4.15), resulting in an evident reduction in Filipin signal in transfected cells,
compared to non-transfected cells.

These results strongly suggest that the impaired cholesterol trafficking from lysosomes to

ER compartment observed upon PS deletion is due to a reduction in NPC1 level.

Based on the present data it can be proposed that ablation of PS1 or PS2 in MEFs affects
cellular cholesterol distribution leading to its sequestration in lysosomal compartments and
enhances de novo synthesis through a common molecular mechanism that involved
altered N-glycosylation. In particular, the primary alteration of the protein N-glycosylation
machinery affects the general maturation of complex N-glycan on several membrane
proteins involved in cellular cholesterol metabolism. The impaired glycosylation of the
cholesterol transporter NPC1 appears to induce its degradation, probably due to improper
folding. Reduction of NPC1 level, in turn, could lead to a cholesterol accumulation in
lysosomal compartments. The block of cholesterol transport to the ER, then, enhance the
expression of CYP51, an enzyme critically involved in the cholesterol de novo synthesis
suggesting a further perturbation of the cellular cholesterol homeostasis.

The relevance of cholesterol in AD pathogenesis is demonstrated by several observations.
High cholesterol level has been reported in AD patient’s brains (Gylys et al., 2007; Cutler
et al., 2004) and studies showed how an increased cholesterol level can promote APP
processing (Marquer et al., 2014), facilitate Ap aggregation (Matsuzaki et al., 2010;
Yanagisawa, 2015), and affect phospho-tau levels (van der Kant et al., 2019).
Accumulation of cholesterol was observed, as well, in the presence of PS FAD mutations
(Grimm et al., 2005; Tamboli et al., 2008; Area-Gomez et al., 2012) (Grimm et al., 2005;
Tamboli et al., 2008; Gutierrez et al., 2020) (Cho et al., 2019) or genetic ablation of both
PS in mouse fibroblast (Tamboli et al., 2008). The presence of increased cholesterol level
upon PS FAD mutations could have an important role in accelerating and/or aggravating
the course of the disease as observed in FAD cases.
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Therefore, understanding the mechanism behind this cholesterol dyshomeostasis upon
PS dysfunction can have a great impact for potential treatment strategies. In particular
considering that studies on use of statins, drugs to lower cholesterol levels, have been
associated with a risk reduction of AD and dementia with a decrement of the risk in a
duration and dose-dependent manner (Jick et al., 2000; Lin et al., 2015; Zissimopoulos et
al., 2017; Zhang et al., 2018).

The present data on the molecular mechanism leading to increased cellular cholesterol,
therefore, could constitute the rationale behind these results using cholesterol lowering
drugs.

5.6 Limitation of the study

While the data and conclusions presented above explain some of the key findings of this
work on PS and cellular cholesterol accumulation, they could not sort out the mechanism
underlying the glycosylation impairment observed in PS KO MEFs. The results obtained
from the mass spectrometry on N-glycans show an altered glycosylation pattern upon PS
deletion. Furthermore, the mRNA level of several enzymes involved in the glycosylation
process was different in PS KO cells compared to WT. Impairment of the early ER stages
of the process appears to affect NPC1 stability probably leading to its degradation. Use of
Arimoclomol maleate helped to increase the NPC1 protein level, however, the
glycosylation state of NPC1 in PS KO MEFs is not normalized by the treatment. This
means that the impairment of the N-glycosylation machinery is not corrected by
Arimoclomol. This conclusion is in line with the hypothesis, already mentioned, of an
impaired complex N-glycan maturation occurring in the later stages of the glycosylation
process, that is not involved in the lysosomal cholesterol phenotype. In fact, in WT cells
the use of Swainsonine, inhibiting a Golgi stage of complex type N-glycan synthesis,
induces a faster migration of the membrane proteins bands similarly to what observed in
PS KO MEFs. This impairment of the N-glycan did not correspond to a cholesterol
accumulation in lysosomal compartment so it did not recapitulate the PS KO phenotype.
Beside these observations, the obtained results were not conclusive and did not lead to a
clear explanatory mechanism how protein glycosylation is impaired by lack of PS1 and
PS2.
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In an attempt to elucidate this molecular mechanism, the possibility that perturbation of
calcium homeostasis was affecting N-glycosylation was explored. A large number of
studies, in fact, showed a connection between PS activity and cellular calcium levels. The
use of calcium modulators in WT MEFs, with the purpose of mimicking the PS KO
phenotype, failed to reproduce the glycosylation impairment in NPC1 (Fig. 4.11),
suggesting a different link between PS and N-glycosylation machinery.

An alternative explanation that we did not explore so far might be the involvement of ER
stress mechanisms. In fact, several research groups reported evidence of ER stress
mechanisms upon PS dysfunction (Hashimoto and Saido, 2018). The actual effect of lack
or mutation of PS on ER stress response is still under debate. Contrasting results about
the effect of PS1 dysfunction, showing an induction or not of ER stress response
depending on the examined model, have been obtained by several studies (Katayama et
al., 1999, 2001; Yukioka et al., 2008; Szaraz et al., 2013). Studies with PS2 FAD mutations
were inconclusive, since some studies showed enhanced expression of ER stress
markers, while others found a down-regulation of UPR pathway(Sato et al., 2001; Kang
et al., 2013). Remarkably, this ability to affect ER response to stress is reported for both,
PS1 and PS2, suggesting a common mechanism through which they can influence ER
functions.

It has to be considered here that the present results are obtained from PS knockout model,
known to cause an acne inversa phenotype (Wang et al., 2010), therefore, a direct
extrapolation of these results on AD pathogenesis is not possible. Nevertheless, the
present observations could lay the base for future investigation using an AD-related
model, such as cells expressing PS FAD mutations.

5.7 Summary

The present work shows that a potential link between PS and cholesterol can be found in
the altered translocation of cholesterol. In particular the transport of cholesterol from
lysosomes appears impaired due to a decreased level of the NPC1 transporter in PS KO
cells. The cholesterol sequestration in lysosomes affects the level of CYP51, a key
enzyme in de novo cholesterol synthesis, of which level was already reported to be altered
upon PS deletion (Tamboli 2008). The finding of an involvement of NPC1 in the cholesterol
phenotype observed in PS KO MEFs, is particularly intriguing considering that mutation in
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this protein cause a neurodegenerative disease, Niemann-Pick type C disease, where
AB cortical deposits, and hyperphosphorylation of tau protein have been observed (Malnar
2014).

In addition, the present data show an impairment of the N-glycosylation machinery, upon
PS deletion in MEFs, affecting NPC1, among other membrane proteins. Considering that
evidences of a degradation process via ERAD of dysfunctional NPC1 have been reported
(Gelsthorpe et al., 2008; Nakasone et al., 2014; Schultz et al., 2018). It is possible to
speculate that a similar degradation, causing the NPC1 level reduction, can happen also
in PS KO MEFs following the impaired protein glycosylation.

The purpose of the present study is to obtain new insights about the basic molecular
mechanism connecting PS function to cellular cholesterol mechanism. The obtained data,
in fact, offer interesting and important observations on PS functions and their role on
cellular lipid homeostasis through protein glycosylation.

The shown link between lysosomal cholesterol accumulation and NPC1 dysfunction upon
PS deletion could open the possibility of a new target to modulate the cellular cholesterol

level.
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6. Abstract

Major genetic causes of familial Alzheimer disease are mutations in genes encoding
presenilin (PS) 1 and 2. PS1 and PS2 are known to constitute the catalytic subunits of the
y-secretase complex, but also for being involved in cellular cholesterol metabolism which
is connected to AD development via the genetic risk factor apolipoprotein E (APOE).
However, the molecular mechanisms how PS affect cellular cholesterol metabolism are
not understood. We observed increased cholesterol content in neurons from PS knockout
(KO) mice in cortex and CA1 regions and characterize the cholesterol metabolism in PS1-
or PS2 KO mouse embryonic fibroblasts (MEFs).

Cholesterol and sterols were measured in MEFs by mass spectrometry (MS) while filipin,
a fluorescent cholesterol binding compound was used to visualize free cholesterol. Non-
toxic concentrations of inhibitors or chaperone inducer were selected to treat the cells.
Protein expression was analyzed by Western blotting (WB) while mRNA levels were
measured by 3’'mRNa sequencing.

Cellular levels of cholesterol as well as its precursors were high in PS1- and PS2KO
MEFs, while filipin revealed intracellular cholesterol accumulation in endo-lysosomal
compartments. The expression patterns of proteins involved in cholesterol metabolism
were different in PS1- and PS2KO MEFs. Nevertheless, we detected a significant increase
in SREBP-2 and CYP51 and a decrease in NPC1 expression level in PS KO MEFs.
Deficiency of the cholesterol transporter NPC1 leads to lysosomal cholesterol storage and
neurodegeneration in Niemann-Pick’s disease type C. Glycosylation of NPC1 and other
membrane proteins, including LRP1, LAMP2 and N-cadherin was impaired in PS KO
MEFs. To test whether inhibition of protein glycosylation affects cholesterol metabolism,
WT MEFs were treated with inhibitors targeting different enzymes of the process.
Inhibition of the early glycosylation step at ER alone was able to decrease NPC1
expression level, induce CYP51 expression and, at the same time, phenocopy the
lysosomal cholesterol accumulation observed in PS KO MEFs.

Treatment with a chaperone inducer increasing NPC1 levels significantly attenuated
lysosomal cholesterol accumulation and decrease CYP51 level in PS KO MEFs.
Overexpression of NPC1 in PS KO MEFs also showed a reduction in lysosomal
cholesterol content.
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Our results suggest that lack of PS1 or PS2 affects cellular cholesterol metabolism toward
upregulation of de novo cholesterol synthesis and lysosomal cholesterol accumulation via
impaired protein glycosylation and reduced NPC1 level.
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