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ABSTRACT

ABSTRACT

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder and the
main cause of dementia, characterised by two specific pathological hallmarks:
the extracellular deposition of neurotoxic amyloid beta peptides in the form of
senile plaques, and the intracellular accumulation of hyperphosphorylated forms
of the cytoskeletal protein tau in neurofibrillary tangles. Two forms of AD exist,
early-onset AD, which occurs before the age of 65 years and is usually hereditary;
and late-onset, or sporadic AD (sAD), which accounts for more than 95% of cases
and is linked to a series of genetic and environmental risk factors. APOE, the
gene encoding the apolipoprotein E (apoE) protein, is the most prominent genetic
risk factor for sAD. Three allelic variants exist in humans: APOE €2, the least
common variant linked to a reduced risk of developing AD; APOE €3, the most
common variant considered to be risk-neutral; and APOE ¢4, linked to an
increased risk of AD. The isoforms encoded by the allelic variants differ in single
amino acid substitutions at positions 112 or 158; with apoE4 presenting Arginine
at both positions, thus being unable to form disulphide-linked dimers, the most
effective form of apoE to interact with cellular receptors. ApoE is the most
important cholesterol transporter in the brain, however it has many other
functions, some of which are dependent on its interactions with receptors,
including apoER2, the main ligand of which is reelin. Reelin is a large glycoprotein
that regulates neuronal migration during brain development, and is implicated in
synaptic transmission, plasticity, and memory in the adult brain.

In this doctoral thesis, we aimed to characterise altered patterns of apoE
and reelin proteins in the cerebrospinal fluid (CSF) of AD patients, and to describe
a relatively unknown apoE receptor, LRP3, and determine how it interacts with
key proteins in AD. An imbalance of apoE glycoforms, with an increased
abundance of immatures species, was detected in AD samples compared to
controls, alongside the appearance, exclusively in AD samples, of an aberrant
high molecular mass species that was compatible with dimers but resistant to
reducing agents. ApoE4 also participates in these aberrant dimers, despite the

inability of these isoforms to form disulphide-linked dimers. The apoE glycoform
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imbalance was replicated in AD brain samples. Full-length reelin levels
decreased in AD CSF and presented a different profile of fragments,
characterized by increased C-terminal region cleavage and decreased N-terminal
region cleavage, as compared with control subjects. Once again, aberrant
complexes of high molecular mass, composed mainly of N-terminal reelin
fragments, were also detected in AD, regardless of the APOE genotype.
Regarding LRP3, we found a reduced presence of the receptor in the brain of AD
patients and discovered that the expression of LRP3 is modulated by apoERZ2;
and that LRP3 can in turn influence APP and A levels. These results indicate a
possible pathological situation in which modifications of the apoE and reelin
proteins affect their protective functions and the efficiency of apoER2 signalling,
thus contributing to the exacerbation of AD. These modifications can also affect
mechanisms of co-regulation of key AD proteins, such as APP, thus implicating
the LRP3 receptor. The apoE glycoform imbalance and the fragmentation profile
of reelin, alongside the appearance of aberrant aggregates of both proteins, could
serve as potential read-outs of impaired signalling, and may also have potential

for AD diagnosis and progression.
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RESUMEN

La enfermedad de Alzheimer (EA) es un trastorno neurodegenerativo asociado
a la edad y la principal causa de demencia. Se caracteriza por dos rasgos
patoldgicos principales: el depdsito extracelular de péptidos neurotoxicos de beta
amiloide en forma de placas seniles, y la acumulacion intracelular de formas
hiperfosforiladas de la proteina citoesquelética tau en ovillos neurofibrilares.
Existen dos formas de EA: EA de inicio temprano (antes de los 65 afos), que
suele ser hereditaria, y EA de inicio tardio o esporadica, que representa mas del
95% de casos y se asocia a factores de riesgo genéticos y ambientales. APOE,
el gen que codifica la apolipoproteina E (apoE), es el factor de riesgo genético
mas importante para sAD. Existen tres variantes alélicas en humanos: APOE €2,
la menos frecuente y relacionada con un riesgo reducido de desarrollar EA,
APOE €3, la mas comun y neutra; y APOE €4, relacionada con un mayor riesgo
de padecer EA. Las isoformas codificadas por las variantes alélicas difieren en
sustituciones de un aminoacido en las posiciones 112 o 158; y apoE4 presenta
arginina en ambas posiciones, por lo que no puede formar dimeros por enlaces
disulfuro, la forma mas efectiva en la interaccion con receptores celulares. ApoE
es el transportador de colesterol mas importante en el cerebro, pero tiene otras
funciones, algunas asociadas a su interaccién con receptores, como el apoER2,
cuyo ligando principal es la reelina. La reelina es una glicoproteina involucrada
en la migracién neuronal durante el neurodesarrollo, y en el cerebro adulto
participa en la memoria, y en la transmision y plasticidad sinaptica.

En esta tesis doctoral, nuestro objetivo fue caracterizar los patrones
alterados de las proteinas apoE y reelina en el liquido cefalorraquideo (LCR) de
pacientes con EA, y describir la funcion de un receptor de apoE, LRP3, apenas
caracterizado en el SNC. Encontramos un desbalance de las glicoformas de
apoE, con una mayor abundancia de especies inmaduras en las muestras de
LCR con EA, en comparacién con los controles. También detectamos la
aparicion, exclusivamente en EA, de una especie aberrante de alto peso
molecular, compatible con los dimeros pero resistente a agentes reductores. El

apoE4 también participa en estos dimeros aberrantes, a pesar de su incapacidad
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de formar dimeros por enlaces disulfuro. El desequilibrio de glicoformas de apoE
se replicé en muestras de cerebro con EA. Los niveles de reelina, como proteina
completa, sin procesar proteoliticamente, disminuyeron en el LCR de EA y
presentaron un perfil alterado de fragmentos, debido a un aumento de
fragmentacion en la regién C-terminal y una disminucién en la region N-terminal,
en comparacion con los controles. Detectamos complejos aberrantes de 500 kDa
compuestos principalmente por fragmentos N-terminales de reelina,
independientemente del genotipo APOE. En cuanto a LRP3, detectamos niveles
reducidos del receptor en el cerebro de pacientes con EA y descubrimos que la
expresion de LRP3 esta modulada por apoER2; y que LRP3 puede a su vez
influir en los niveles de APP y del péptido beta amiloide a través de mecanismos
de endocitosis. Estos resultados indican que modificaciones de las proteinas
apoE y reelina podrian afectar a sus funciones protectoras y a la eficiencia de la
sefalizacion de apoER2, contribuyendo asi a la exacerbacion de la EA. Estas
alteraciones pueden también afectar la co-regulacion de proteinas claves en la
EA, como APP, a través del receptor LRP3. El desequilibrio de las glicoformas
de apoE vy el perfil de fragmentacion de reelina, junto con la aparicion de
agregados aberrantes de ambas proteinas, podrian servir como indicadores de

sefalizacion alterada y tener un uso potencial para el diagnéstico de la EA.
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ALZHEIMER’S DISEASE
Background

Alzheimer’s Disease (AD) is a neurodegenerative disease characterized by

memory loss and a progressive decline in cognitive abilities that was first
described in 1907 in a case study reported by Alois Alzheimer of a 51-year-old
patient with rapidly deteriorating memory (Alzheimer, 1907). Whilst a variety of
progressive neurological conditions were known at that time, the early age of
onset and a new pathological finding, the neurofibrillary tangles (NFT), made this
condition unique. Over time, AD has been split into two clinical conditions
depending on the age of onset. Early-onset AD is a rare condition that affects
individuals under the age of 65, and nowadays is known to be mostly hereditary,
thus it can also be referred to as familiar AD; on the other hand, a similar dementia
in the elderly, in individuals over 65 years of age, is referred to as late-onset or
sporadic AD, representing >95% of AD cases.

According to the World Health Organization, AD is the most common form
of dementia, defined as a deterioration in cognitive function that surpasses the
consequences associated to biological aging. AD is responsible for
approximately 60-80% of cases of dementia and affects over 50 million people
worldwide, with an increase in AD-associated deaths in recent years (Gauthier et
al., 2021). The risk of developing AD greatly increases with age, affecting 5% of
people aged 60-74 years, 13% of people aged 75-84, and 33% of people aged
85 or above (2022 Alzheimer’s Disease facts and figures). Therefore, the disease
constitutes a much larger burden on society than other common forms of
dementia, such as dementia with Lewy bodies, frontotemporal dementia, or
secondary dementia (caused by other primary factors, such as a stroke); and the
associated economic burden of the disease has increased drastically in recent
years (Wong, 2020).

In AD, the pathophysiological changes precede clinical symptoms by
various years (Jack et al., 2010). The disease is characterized by two main
pathological hallmarks: amyloid or senile plaques (SPs) that accumulate
extracellularly, and the deposition of NFTs constituted of hyperphosphorylated

tau within neurons. The role of these hallmarks has been largely discussed,
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leading to both amyloid- and tau-driven hypotheses (reviewed in Ferrer, 2022).
Although other animals may present AR deposits and tau pathology, the
distribution and prevalence of these characteristic hallmarks are exclusive to
humans (Ferrer, 2022).

The distribution and progression mainly of NFTs, but also SPs, in post-
mortem brains allows the categorization of the severity of the pathology.
Regarding NFTs, the most widely used stage categorization system is called
Braak stages (Braak and Braak, 1991), which describe neurofibrillary
degeneration. In Braak stages | & Il NFTs appear in the entorhinal and
transentorhinal cortex; at stages Ill and IV they appear in the hippocampus, limbic
system and temporal cortex; and finally, in stages V and VI the NFTs spread
across the majority of the neocortex (Braak & Braak, 1991; Braak & Del Tredici,
2011). Regarding the distribution of SPs, the stages are characterized as 0
(absence of SPs), A (low density SPs in the occipital, temporal and frontal cortex),
B (SPs in neocortical association areas and hippocampus) and C (SPs in the
primary sensory and motor areas) (Braak & Braak, 1997). The different
progressive stages of AD are illustrated in Figure 1.
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Figure 1. Progression of AB and tau pathology in AD. A: lllustration of an amyloid plaque
(above) and a NFT (below). B: Progression of amyloid (above) and tau (below) pathologies over
the course of AD. Small amounts of amyloid plaques start to appear in the temporal, frontal and
occipital cortex (Stage A), before expanding to the hippocampus and neocortical association

areas (Stage B), and then finally to the primary sensory and motor areas (Stage C). NFTs first
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appear in the entorhinal and transentorhinal cortex (Stages | & Il), and then progress to the
hippocampus, limbic system and temporal cortex (Stages Il & IV), before occupying the majority
of the neocortex (Stages V & VI). Extracted from Masters et al., 2015.

Amyloid-beta (AB)

The extracellular amyloid plaques, or SPs, are one of the main hallmarks of AD.

SPs represent the accumulation of amyloid beta (AB) peptides, which are short
peptides of 36—43 amino acids generated by the proteolytic processing of the so-
called Amyloid Precursor Protein (APP), a large type | trans-membrane protein
(Haass, 2012). APP belongs to a protein family alongside APP-like protein 1
(APLP1) and 2 (APLP2), which are all type-lI transmembrane proteins that are
processed in a similar manner; however, the AR domain is unique to APP (Wasco
et al., 1993; Coulson et al., 2000). Despite being at the centre of many studies,
the physiological function of APP has yet to be fully defined, probably because
APP is rapidly processed by proteolytic enzymes. Nonetheless, APP appears to
be crucial for adequate migration of neuronal precursors to the cortical plate in
neurodevelopment (Young-Pearse et al., 2007), as well as many other different
functions, such as neurite outgrowth and synaptogenesis (reviewed in Zheng &
Koo, 2006).

The APP gene is located on chromosome 21, and three major isoforms
can arise from alternate splicing: APP695, APP751 and APP770, which contain
695, 751 and 770 amino acids, respectively (Goate et al. 1991), all of which can
generate AB. Even though the neuronal APP695 variant is the most abundant in
the brain, levels of the APP751 and APP770 variants appear to be elevated in
the AD brain and are associated with increased AP deposition (Menéndez-
Gonzalez et al., 2005). However, the relation between the expression levels of
the different isoforms and their proteolytic processing is not well established.

The proteolytic processing of APP is carried out by enzymes known as
secretases, which are responsible for the cleavage of many different substrates
in addition to APP. Depending on the secretases involved, APP can be processed
by two distinct pathways: the amyloidogenic pathway, which leads to the
production of AB, and the non-amyloidogenic pathway, which does not. These

pathways are illustrated in Figure 2. It is worth noting that under physiological
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conditions both pathways are active in parallel, and that A levels are maintained
through a balance of production (amyloidogenic pathway) and clearance (Zhang
et al., 2011).

APP non-amyloidogenic pathway: a-secretases and y-secretases
In the non-amyloidogenic pathway, APP is sequentially processed by a-
secretases and y-secretases. The a-secretase cleavage site is located within the
AB domain, and thus precludes AR generation (Sisodia, 1992; Spies et al., 2012).
Following processing, a large soluble ectodomain called sAPPa is generated,
which has an important role in neuronal plasticity and survival and has a
protective function against neurotoxicity (Furukawa et al., 1996; Mattson, 1997),
as well as in the regulation of neural stem cell proliferation (Caillé et al., 2004).
Alongside the sAPPa fragment, a C-terminal fragment of 83 amino acids, a-CTF,
that remains bound to the membrane is also generated. This a-CTF is further
processed by y-secretase, releasing a soluble intracellular fragment, the so-
called APP Intra-Cellular Domain (AICD) and a small extracellular non-
amyloidogenic fragment known as P3, which is rapidly degraded and does not
appear to have any significant biological role.

a-secretase activity mainly resides with several members of the ADAM (A
Disintegrin And Metalloproteinase) family, especially ADAM10, but also ADAM17
(Lichtenthaler et al., 2021). Overexpression of ADAM10 increases a-cleavage of
APP in several cell lines (Kuhn et al., 2010), whereas ADAM10 conditional knock-
out nearly abolishes sAPPa generation (Jorissen et al., 2010). It has been
demonstrated that activation of ADAM10 by the synthetic retinoid acitretin is
viable in vitro and in patients with AD, and this activation induces an increase of
the levels of sAPPa in the cerebrospinal fluid (CSF) (Endres et al., 2014).
Furthermore, in AD patients, reduced ADAM10 protein levels in platelets have
been associated to significantly reduced sAPPa levels in platelets and in the CSF
(Colciaghi et al., 2002), and reduced a-secretase activity has been detected in
the temporal cortex of affected patients (Tyler et al., 2002). Indeed, ADAM10 is
detectable in the CSF and the levels of the mature full-length species and
fragments of ADAM10 seem to be significantly reduced in AD CSF samples
(Sogorb-Esteve et al., 2018).
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The y-secretase activity resides in a complex of high molecular mass
consisting of four components, all of which are necessary for enzymatic activity
(Kimberly et al., 2003; Takasugi et al., 2003):
- Presenilin (PS), present as two distinct homologs, PS1 and PS2, that act
as catalytic components of the y-secretase (Ahn et al., 2010).

- Nicastrin, which is a large glycoprotein that acts as a scaffolding protein
within the complex (Arakawa et al., 2002)

- Anterior pharynx-defective-1 (APH-1), which is required for the cell-
surface localization of nicastrin (Goutte et al., 2002).

- Presenilin-enhancer-2 (PEN-2), which is necessary for the expression of

PS and the maturation of nicastrin (Steiner et al., 2002).

APP amyloidogenic pathway: B-secretases and y-secretases
The amyloidogenic pathway consists in the sequential processing of APP through
B-secretases that are exclusive to this processing pathway, and y-secretases,
which are shared between the two pathways. BACE1l (Beta-site Amyloid
precursor protein Cleaving Enzyme 1) is the main B-secretase in the central
nervous system (CNS) (Sinha et al., 1999; Hampel et al., 2021). BACEL1 has been
proven to be directly involved in AB production in several transgenic mouse
models (Luo et al., 2001; Dominguez et al., 2005), as BACE1 knock-out mice do
not produce detectable levels of AR and are rescued from neuronal loss and
memory deficits (Ohno et al., 2004; Ohno et al., 2006). Studies in human brains
have detected that BACEL protein and activity levels are elevated in regions
affected by AD (Yang et al., 2003; Johnston et al., 2005). In the CSF of AD
patients, various different BACEL1 species co-exist, yet the mature full-length
species is the only one presenting higher levels (Lopez-Font et al., 2019). Since
cleavage of APP by BACEL is the rate-limiting step in AR production, the viability
of BACEL as a therapeutic target in AD has been extensively studied (Egan et
al., 2018; Henley et al., 2019).

As a result of the B-cleavage, the APP ectodomain is released as a soluble
fragment: sAPPB. sAPP@ is shorter than sAPPa, given that it does not contain
any part of the AB peptide (amino acids 1-16), unlike sAPPa, and has a role in

mediating axonal pruning and neuronal cell death (Nikolaev et al., 2009). The
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APP domain that remains inserted in the membrane, B-CTF, is also further
processed by y-secretase, thus finally producing extracellular AB and intracellular
AICD fragments (Zhang et al., 2017). y-secretase cleavage takes place within the
transmembrane domain and can yield AB species of varying length, of which the
most relevant in vivo species are AB40 (containing 40 amino acids), the most
common species, and AB42 (containing 42 amino acids), the most amyloidogenic
species associated to AD pathology (Zhao et al., 2007; Kandalepas et al., 2013;
Sadleir et al., 2016).

Alternative APP secretases, including &- and n-secretases, as well as
alternative B-secretases, have been discovered recently and appear to be linked
to AD (discussed in Andrew et al., 2016). Therefore, many APP proteolytic
pathways co-exist.

Monomeric A is released under physiological conditions and regulates
synaptic functions, amongst others, such as promoting brain recovery after injury
and fixing leaks in the blood-brain barrier (BBB) (Jeong et al., 2022). The levels
of the AB peptide are physiologically controlled through a balance of its production
and clearance, but the peptide, particularly the AB42 species, has a natural
tendency to self-associate into dimers and soluble oligomers. In AD, abnormally
folded amyloid peptides form insoluble and toxic amyloid fibrils that accumulate
in extracellular plaques (Lane et al., 2018). Accordingly, high levels of amyloid
deposits in the brain are associated to low CSF AR levels, thus indicating a
decline in the solubility of the peptides alongside a reduced rate of clearance
(Grimmer et al., 2009; Strozyk et al., 2003). Further studies associate the
reduction in CSF A levels to AD progression (Wahlund & Blennow, 2003), and
for this reason the measurement of decreased CSF AP levels is a diagnostic
biomarker used nowadays (Blennow & Zetterberg, 2018), which will be discussed
at a later point.

The accumulation of AB in SPs led to the belief that the production of Ap
fibrils was the triggering factor responsible for AD progression, referred to as the
amyloid cascade hypothesis (Hardy & Higgins, 1992). Nonetheless, recent
studies reported toxic effects for AB oligomers, in addition to fibrils, indicating that
AB oligomers, rather than SPs, are the leading effectors of AD (Selkoe & Hardy,

2016; Cline et al., 2018). Thus, AB plays a major role in neurotoxicity in key areas
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such as the hippocampus and cerebral cortex, leading to cognitive impairment,
as well as causing damage to astrocytes, microglia and neurons, and influencing
NFT formation (Chen et al., 2017). AB can also become toxic by promoting
oxidative stress and alterations in calcium metabolism and membrane potentials
(Reiss et al., 2017; Soria Lopez et al., 2019).
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Figure 2. APP processing pathways. APP can be processed by the non-amyloidogenic pathway
(left) or the amyloidogenic pathway (right). APP is first cleaved by a- or B-secretase into large
soluble fragments (sAPPa and sAPP, respectively) and a membrane-bound C-terminal fragment
(C83 and C99, respectively). These CTFs are further processed by y-secretase, yielding an APP
intracellular domain (AICD) common to both pathways, and a soluble fragment, which is AB in the
case of the amyloidogenic pathway. A then aggregates and can form soluble oligomers, or

insoluble senile plaques in the extracellular space. Extracted from Spies et al., 2012.

Tau: Formation of NFTs
Tau is a microtubule associated protein expressed mainly in neurons (Grundke-
Igbal et al., 1989; Wood et al., 1986) that is encoded by the MAPT gene. Tau

plays a key role in the maintenance of neuronal morphology, the axonal transport

of organelles and synaptic plasticity (Robbins et al., 2021), and these functions

are modulated by site-specific phosphorylation, regulated by kinases and
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phosphatases (Mandelkow & Mandelkow, 2012). There is significant evidence
supporting the notion that a disruption of normal phosphorylation events results
in tau dysfunction in neurodegenerative diseases, including AD, but also others
such as Pick’s disease, progressive supranuclear palsy, -corticobasal
degeneration, argyrophilic grain disease and other primary age-related
tauopathies (Kovacs, 2017). In AD, the tau protein is hyperphosphorylated and
incapable of performing its biological roles adequately, consequently affecting
long-term potentiation and synaptic plasticity (Boekhoorn et al., 2006; Shentu et
al., 2018). In fact, since tau plays an important role in maintaining synaptic
function and neuronal projections, a loss of tau function in key areas such as the
hippocampus could be responsible for the memory deficits present in AD (Selkoe,
2002).

Abnormal modifications and truncations of tau, alongside the accumulation
of hyperphosphorylated tau (P-tau), results in its self-aggregation within neurons
into loosely intertwined paired helical filaments (PHFs) and tightly wrapped
straight filaments, which then lead to the formation of NFTs (Sinsky et al., 2021),
finally leading to neuronal collapse and cell death (Goedert et al., 1992). The
formation of NFTs is illustrated in Figure 3. The accumulation of NFTs starts in
specific regions of the cortex, before expanding to the majority of cortical
structures in the latter stages of the disease. Despite the distinct spatial
distribution of NFTs (intracellular) and SPs (extracellular), studies in mouse
models have shown that AB can enhance tau aggregation (He et al., 2017);
similarly, other factors, such as cleavage by proteases, may also promote tau
aggregation (Zhang et al., 2017). Tau also accumulates in the AD brain as
neuropil filaments, which occurs in areas of the brain lacking cell bodies (Braak
& Braak, 1988).
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Figure 3. NFT formation. The hyperphosphorylation of microtubule-associated tau protein leads
to its self-aggregation and the accumulation of intracellular loosely intertwined paired helical
filaments (PHF) and tightly wrapped straight filaments (SF). These PHFs and SFs then lead to
the accumulation of NFTs. Extracted from Jie et al., 2021.

Other characteristics of AD

Alongside the key hallmarks mentioned beforehand, AD is also characterized by

other factors:

- Synaptic deficits: The loss of synaptic plasticity is at the centre of the
clinical manifestations of AD, as the loss of synapses and synaptic
receptors correlates with the cognitive decline presented throughout the
disease (Boros et al.,, 2017). The progressive deposition of AR into
plaques, which slowly grow in size, is believed to be responsible for the
damage to synapses and the subsequent reduction in glutamatergic
transmission (Wu et al., 2010; Burgold et al.,, 2011). However, there is
much evidence that implicates soluble oligomeric AB as the primary
noxious form leading to synaptic loss (reviewed in Reiss et al., 2018). As
the harmful effects of AR spread to other brain areas, the damage
becomes more severe and can also promote the phosphorylation of tau,
its dissociation from microtubules, and the formation of NFTs, which
directly cause neurodegeneration (Jack et al., 2018). Therefore, it is
possible that B-amyloid-induced synaptic deficits are responsible for the

early stages of the disease, whereas the tau-associated axonal damage
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characterizes the latter stages of synaptic degradation in AD (Pereira et
al., 2021), however alternative hypotheses have also been proposed
(reviewed in Ferrer et al., 2022).

Neuroinflammation: Astrocytes and microglia are the main cell types in
the central nervous system responsible for the inflammatory response,
and prolonged neuroinflammation plays a key role in several
neurodegenerative diseases, although its precise role has yet to be
determined (Calsolaro & Edison, 2016, Parkhizar & Holtzman, 2022).
Activated microglia and reactive astrocytes have been detected in the
brains of AD patients, and microglial cells have been observed
surrounding amyloid plagues (Sastre et al.,, 2006). Microglia and
astrocytes can play a key role in AD through the release of high levels of
pro-inflammatory cytokines (Morales et al., 2014) or by promoting AR
deposition (Guo et al., 2002). Furthermore, astrocytes and microglia can
up-regulate B-secretase protein levels and enzymatic activity, thus
increasing the production of AR (Sastre et al., 2003). Finally, these glial
cell types may also contribute to the progression of the disease by
enhancing oxidative and endoplasmic reticulum stress (Chen et al., 2014;
Li et al., 2015; Lennol et al., 2021).

Lipids: The brain is one of the most lipid-rich organs in the body, as lipids
constitute the basic structural component of neuronal cell membranes.
The disruption of lipid homeostasis is linked to neurological disorders
including AD, and as such, variations of fatty acids in lipid rafts and
cerebral lipid peroxidation are detected in the early stages of the disease
(Kao et al., 2020). The most abundant lipid in the brain is cholesterol,
where it is formed de novo, given that the blood-brain barrier prevents
lipids entering the brain (Vance et al., 2005). Cholesterol plays an
important role in amyloidogenesis (Di Paolo & Kim, 2011), as
demonstrated by studies showing that increased levels of cholesterol
seem to be responsible for AR formation in the early stages of AD (Kojro
et al.,, 2001). Cholesterol influences APP processing by affecting the
activity of all the secretases involved (a-, B- and y-secretases), and

mediates AB metabolism, as increased cholesterol levels are associated
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to increased AP levels (Puglielli et al., 2003). Cholesterol metabolites also
appear to play a key role in AD, as high levels of 27-hydroxycholesterol
have been detected in the brain and CSF of AD patients (Testa et al.,
2016). Furthermore, many of the genetic risk factors for AD are involved
in lipid homeostasis (Harold et al., 2009).

Genetics
As mentioned, two different variants of AD exist: sporadic AD (SAD), also known
as late-onset AD, associated to an increased risk in the older population; and
early-onset AD, which is usually linked to several genetic mutations in key
elements of the disease that lead to an early development of symptoms, in which
case it is also referred to as familial AD (fAD). sAD is the most common form of
the disease and is responsible for 95-98% of cases (van Cauwenberghe et al.,
2016).

fAD is an autosomal dominant condition caused by the mutation in one (or
more) of the following three genes: APP (on chromosome 21, encoding the
amyloid precursor protein, APP) (Goate et al., 1991), PSEN1 (on chromosome
14, encoding the y-secretase catalytic subunit presenilin 1, PS1) (Sherrington et
al., 1995) or its homologous PSEN2 (on chromosome 1, encoding presenilin 2,
PS2, which can substitute PS1 in the y-secretase complex) (Levy-Lahad et al.,
1995; Canavelli et al., 2014). More than 200 mutations for these genes have been
described (Cruts et al., 2012) that are believed to cause this early form of AD,
either by enhancing the production and deposition of AR through the increase of
APP levels and its amyloidogenic processing, or by the generation of an
imbalance between AB42 and AB40 species (Selkoe, 1997; Walker et al., 2005).
The heritability of this presentation of the disease ranges between 92 and 100%
(Cacace et al., 2016). Nonetheless, uncertainties arise regarding the heritability
of the illness due to the appearance of rare variants (Ayodele et al., 2021)
associated to mutations in genes such as SORL1 (Andersen et al., 2016) and
TREM2 (Bellenguez et al., 2017). Thus, it is plausible that some early-onset AD
forms are not caused by an inherited change in one of these three deterministic
genes, and may rather be a consequence of a combination of other genes that
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do not cause the disease directly but drastically increase the risk of developing
AD.

Regarding the genetic risk factors of the most common variant of the
disease, sAD, many different genes involved in different processes have been
linked to the disease, such as genes related to inflammatory processes (TREM?2)
(Guerreiro et al.,, 2012, Jonsson et al., 2013), membrane trafficking (SORL1,
PICALM) (Harold et al., 2009, Pottier et al., 2012), and lipid metabolism (CLU,
ABCA7) (Harold et al., 2009; Naj et al., 2011). Recent studies have also
discovered a novel mutation in the ADAM10 gene linked to an increased
likelihood of developing the disease (Aguero et al., 2020). However, the most
important risk factor for sAD is the APOE gene (Corder et al., 1993), encoding
the apolipoprotein E protein, which will be analysed in depth throughout the
following sections.

sAD is likely to be caused by an interplay between various genetic and
environmental factors. Epidemiological evidence indicates that hypertension and
obesity increase the risk of developing sAD (Xu et al., 2015; Qizilbash et al.,
2015), as well as high cholesterol, diabetes, smoking, depression, physical and
mental inactivity, and a poor diet (Barnes & Yaffe, 2011; Nordestgaard et al.,
2022). On the other hand, healthy activities such as physical exercise (de la
Rosa et al., 2020), a healthy diet (Petersson & Philippou, 2016) and increasing
cognitive reserve (Stern, 2012) all reduce the risk of developing AD, or, at least,

delay the onset of the disease (reviewed in Livingston et al., 2020).
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APOLIPOPROTEIN E
Basic functions and characteristics

Apolipoprotein E (apoE) is a glycoprotein of approximately 34 kDa in molecular

mass that is composed of 299 amino acids. It is present ubiquitously throughout
the body, although its production is tissue-specific and can be regulated by
various factors, such as lipids, hormones or transcription factors (Kockx et al.,
2018). In the peripheral system, apoE is produced mainly by the liver and plays
an essential role in cholesterol metabolism.

In the CNS, apoE is mainly produced by astrocytes (Boyles et al., 1985),
although under stress conditions it can also be produced by microglia,
oligodendrocytes, choroidal epithelial cells of the choroid plexus, and even
neurons (Bruinsma et al., 2010; Buttini et al., 2010). The protein is synthesized in
the endoplasmic reticulum (ER), post-translationally glycosylated in the Golgi
network, where it is O-glycosylated and sialylated, and then transported to the
plasma membrane and secreted (Kockx et al., 2007). O-glycosylation, alongside
N-glycosylation, are the main protein glycosylation mechanisms. N-glycosylation
can take place in the ER and Golgi apparatus, and consists in the addition of a
N-acetylglucosamine (GIcNAc) to an Asparagine (Asn) residue; O-glycosylation,
on the other hand, is a more diverse form of glycosylation that occurs exclusively
in the Golgi apparatus and consists in the covalent linkage of glycans to a Ser/Thr
residue (Haukedal & Freude, 2020).

ApoE is the most important protein involved in lipid transport and
cholesterol metabolism in the brain, which, indeed, is the most cholesterol-rich
organ in the body. ApoE provides cholesterol to neurons and carries out the
clearance if excessive levels are present (Mahley, 2016). In this manner, apoE
participates in many different functions, such as cell membrane support and
repair after injury (Lane-Donovan et al., 2016; Tensaouti et al., 2020). In order to
correctly perform most of these functions, apoE needs to be secreted and
lipidated.

ApoE lipidation is mediated by the ATP binding cassette transporter Al
(ABCA1) and ATP binding cassette subfamily G member 1 (ABCG1), both of
which control cholesterol efflux to apoE (Vance & Hayashi, 2010). ABCAL is one
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of the key transporters regulating cholesterol efflux through lipoproteins, and thus
plays a key role in forming high-density lipoproteins (HDL) (Jacobo-Albavera et
al., 2021). Lipoproteins are biochemical structures responsible for the transport
of insoluble lipids through extracellular fluids, and apoE binds to these structures
to stabilise them and guide their function and transport (Feingold, 2022).

Astrocytic production and secretion of apoE are regulated by the liver X
receptor (LXR) and the retinoid X receptor (RXR), which are nuclear receptors of
transcription factors implicated in cholesterol metabolism (Fernandez-Calle et al.,
2022). These receptors are involved in the transcriptional regulation of APOE
(Hong & Tontonoz, 2014), and LXR also regulates ABCA1 transcription
(Koldamova et al., 2007).

The APOE gene is the most important genetic risk factor for SAD and is
located on chromosome 19q13.32. APOE presents three distinct variants: APOE
€2, €3 and €4, which encode the apoE2, apoE3 and apoE4 isoforms, respectively.
Given these allelic variations, six different APOE genotypes arise: three
homozygous (APOE ¢€2/¢2, €3/e3 and €4/¢4) and three heterozygous (APOE
€2/€3, €2/e4 and €3/e4). The €3 allele is by far the most common, as it presents
an allele frequency of 75-78%, and is considered to be risk neutral for AD. The
APOE €2 allele has been reported to be protective against AD (Li et al., 2020),
and is the least frequent, present in 5-8% of the population. The €4 allele is
present in ~14% of the population (Eisenberg et al., 2010; Husain et al., 2021),
and has been associated to an increased risk of developing AD. Expressing one
copy of the €4 allele increases the risk of AD threefold, whereas expressing two
copies of the €4 allele can increase the risk 9- to 15-fold compared to the
expression of the €3 allele (Sando et al.,, 2008; Yamazaki et al., 2019);
furthermore, expressing €4 alleles also considerably reduces the age of onset of
AD (Roses et al., 1996). It is important to note that, within the population of AD
individuals, the presence of the €4 allele is considerably higher and is present in
approximately 37% of cases (Farrer et al., 1997; Belloy et al., 2019).

ApoE forms differ in their relative abundance in the CSF and plasma. In
the latter, apoE concentrations are isoform-dependent, with apoE2 presenting the
highest concentration, and apoE4 the lowest (Rasmussen et al., 2015). In the

CSF, contradictory results have been observed, depending on the quantification
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method used: ELISA studies showed isoform-dependent differences in apoE
levels (Shinohara et al., 2016), whereas mass spectrometry studies found no
such differences (Wildsmith et al., 2012). Other studies found reduced levels of
apoE in APOE €3/¢4 and €4/¢4 cases compared to apoE from APOE €2/€3 cases
(Cruchaga et al., 2012). In induced pluripotent stem cell (iPSC)-derived astrocyte
studies, apoE4 was associated to decreased protein and mRNA levels compared
to apoE3 (Lin et al., 2018), but this result was not replicated in iPSC-derived
cerebral organoids (Zhao et al., 2020). Nonetheless, apoE4 is normally
associated to lower protein levels than apoE3 in the CNS (Sullivan et al., 2011).

The allelic variations of apoE also affect the lipid particle size and the type
of lipids apoE binds to. In AD brains, apoE-containing particles from APOE €4/e4
subjects are significantly larger than those derived from APOE €3/e3 subjects
(Garcia et al., 2021). ApoE4 presents preferential binding for very low-density
lipoproteins (VLDLs) and low-density lipoproteins (LDLs), whereas the
preference is for HDLs in the case of apoE3 (Li et al., 2013).

Biochemical features

ApoE protein presents three distinct regions: an N-terminal domain (residues 1-

167), which contains the receptor-binding region (residues 136-150), a C-terminal
domain (residues 206-299) containing the lipid-binding region (residues 244-
272), and a flexible hinge region (residues 168-205) that joins the two domains
(Weisgraber, 1994; Frieden & Garai, 2013; Chen et al.,, 2021). The isoforms
derived from the genotypes differ from one another in the amino acids at positions
112 and 158: apoE2 possesses cysteine at both positions 112 and 158
(Cys112/Cys158), apoE3 possesses a cysteine at position 112 and an arginine
residue at position 158 (Cys112/Arg158), and apoE4 possesses arginine at both
positions (Argl12/Argl58). The amino acid substitution at position 112
significantly alters the structure of apoE4, as the presence of an arginine at this
position enables the formation of a salt bridge between the N-terminal and C-
terminal domains of apoE4, which are otherwise separated in apoE2 and apoE3
(Yu et al., 2014). Moreover, the presence of a cysteine at position 112 enables

apoE2 and apoE3 isoforms, but not apoE4, to form disulphide-linked dimers in
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the brain (Elliott et al., 2010). The structure of the different apoE isoforms is

represented in Figure 4.
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Figure 4. ApoE structure and isoforms. A: Variant frequency of each apoE isoform in control
and AD subjects, and the amino acid substitutions. B: Visualization of the structure of the different

apoE isoforms. Extracted from Belloy et al., 2019.

The amino acid composition of the different apoE isoforms influences their
receptor and lipid binding abilities (Weisgraber et al., 1982) but also their
lipidation levels, being apoE4 the least lipidated isoform, and apoE2 the most
lipidated (Hubin et al., 2019).

Aside from the three basic allelic forms, rare variants of APOE have also
been described, which modulate the influence of the APOE genotype on the risk
of developing AD. The most relevant is the Christchurch mutation found in APOE
€3 (R136S), consisting in a substitution of Argl36 for Ser within the receptor
binding region of apoE3 (Wardell et al., 1987). This mutation protected against
fAD in a woman that carried two copies of APOE €3 (R136S) and the PSEN1
E280A mutation (Arboleda-Velasquez et al., 2019). Interestingly, heterozygous
carriers of the R136S mutation do not appear to benefit from its protective effects
(Hernandez et al., 2021). Other mutations have been recently described in the C-
terminal region of apoE, including the V236E (known as the Jacksonville
mutation, Valine - Glutamic acid) in APOE €3, which reduces apoE aggregation,
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and the R251G mutation (Arginine - Glycine) in APOE €4, and both may have
protective effects against the risk of developing AD (Le Guen et al., 2022).

ApoE protein is characterized by a series of post-translational
modifications that affect its structure and dynamics, including phosphorylation
(Jaros et al., 2012), oxidation (Jolivalt et al., 1996) and the binding of sugars either
by a non-enzymatic process (glycation) (Shuvaev et al., 1999) or by enzymatic
mechanisms, the most important of which is glycosylation (Ke et al., 2020). The
O-glycosylation of apoE confers it the required flexibility to alter its conformation
in order to bind lipoproteins. Eight different O-glycosylation sites have been
identified throughout the entirety of the structure of apoE, presenting sites in the
N-terminal domain (Thr8, Thrl8, Ser94), the hinge region (Thr194 and Ser197),
and the C-terminal region (Thr289, Thr290, Ser296) (Martens, 2022). The
glycans held by apoE are mainly monosialylated (Neu5Aca2-3GalB1-
3GalNAca1-) and disialylated (Neu5Aca2—-3GalB1-3(NeuS5Aca2—-6)GalNAcai-)
core 1 O-glycan structures (Flowers et al., 2020). Interestingly, apoE derived from
the plasma and CSF differ in their glycosylation patterns, as CSF-derived apoE
is more heavily glycosylated. Specifically, CSF-derived apoE presents much
more C-terminal O-glycosylation but less N-terminal O-glycosylation than plasma
apoE, with similar levels in the hinge region (Flowers et al., 2020). Moreover,
apoE found within the cell appears to be more heavily glycosylated than the
secreted forms (Lee et al., 2010). Furthermore, apoE glycosylation and secretion
appears to depend on the cellular source: astrocytes secrete two differently
glycosylated forms of apoE, whilst microglia secrete only one form of apoE but
possess two intracellular forms, all of which are glycosylated (Lanfranco et al.,
2021).

ApoE signalling pathway

ApoE is internalized by apoE receptors that belong to the low-density lipoprotein

receptor (LDLR) family (Holtzman et al., 2012). The members of this family are
seven structurally related transmembrane proteins (May et al., 2007), although
recently other LDLR members have been discovered (Holtzman et al., 2012).

Adequate apoE binding to these receptors is dependent on lipoprotein-binding:
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when apoE binds to a lipoprotein it undergoes a conformational change that
separates its N- and C- terminal regions, and this exposes the previously buried
receptor-binding domain, which allows the interaction of the protein with its
receptors (Chen et al., 2011). Among the LDLR family members, the receptor
LDLR preferentially binds lipidated rather that non-lipidated apoE patrticles (Bu,
2009), whereas low density lipoprotein receptor-related protein 1 (LRP1) has a
preference for binding recombinant rather than physiological apoE, HDL derived
from the CSF, and lipoproteins enriched for apoE (Zhao et al., 2018).
Accumulating evidence indicates that LRP1 is a key regulator of APP/AB
metabolism (reviewed in: Shinohara et al., 2017). The allelic variations of APOE
also affect receptor preference, as apoE4 has been observed to present a higher
affinity to LRP1 than apoE3 (Cooper et al., 2021).

The sortilin-related receptor SorlA, encoded by the AD risk factor gene
SORL1 (Campion et al., 2019), preferentially binds apoE4 (Yajima et al., 2015).
Furthermore, SorlA also acts as a neuronal receptor for APP and participates in
the regulation of the amyloidogenic processing pathway (Spoelgen et al., 2006).

ApoE also binds proteoglycans, such as heparin sulphate proteoglycans
(HSPG), through its N-terminal domain (Saito et al., 2003). Interestingly, the
APOE Christchurch mutation has been associated to strongly decreased apoE
binding to both heparin and LDLR (Lalazar et al., 1988; Arboleda-Velasquez et
al., 2018).

ApoE also binds to the receptors apoER2 (another member of the LRP
family, also known as LRP8) and very low-density lipoprotein receptor (VLDLR);
however, reelin protein appears as the principal ligand for both receptors
(D’Arcangelo et al., 1999), which will be discussed further ahead. The binding of
apoE to apoER2 leads to the internalization of APP and BACE1, which could
subsequently lead to an increased production of AR (He et al.,, 2007).
Nonetheless, apoE may simply interfere with reelin signalling by competing for
binding to the receptor (Beffert et al., 2004; Hoe & Rebeck, 2005), likely as
unlipidated apoE.

Recently, new members of the LRP family, such as low-density lipoprotein
receptor-related protein 3 (LRP3), have been described and may also have a role

to play in AD. LRP3 is smaller and presents a different structure compared to
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other core members of the LRP family, and has been associated to roles in
osteogenic and adipocytic differentiation (Elsafadi et al., 2017), although the
precise functions of LRP3 in the CNS are yet undiscovered.

As mentioned above, apoE forms disulphide-linked homodimers and
heterodimers with apoA-Il via the Cys112 residue (Martens et al., 2022), and
apoE homodimers could be the necessary form to efficiently bind to the
apoE/reelin receptors (Dyer et al., 1991). The presence of Argll2 that
characterizes apoE4 affects its ability to form dimers, as evidenced by the lack of
dimers in APOE ¢4/¢4 subjects, and the lower levels in €3/e4 compared to €3/e3
subjects (Rebeck et al., 1998). This inability to form dimers may thus affect the
interaction with apoER2 and some of the biological roles of apoE, and may be
responsible, at least in part, for the increased risk of developing AD associated
to the APOE ¢4 isoform (Minagawa et al., 2009).

Reelin

Reelin is a large extracellular glycoprotein composed of 3461 amino acids with a
molecular mass of approximately 430 kDa, produced by Cajal-Retzius neurons
in the embryonic brain (DeSilva et al., 1997). In the adult brain, the main source
of reelin is no longer the Cajal-Retzius cells, but a subpopulation of GABAergic
interneurons (Alcantara et al., 1998).

Reelin is the main ligand for apoER2. In the embryonic brain reelin
activates a signalling pathway that drives neuronal migration and establishes
laminated structures (Frotshcer, 2010); whereas in the adult brain it is involved in
regulating learning and dendritic growth, and consequentially synaptic plasticity
(Jossin et al., 2020). Furthermore, in the adult brain reelin can also contribute to
synapse formation and modulate synaptic transmission and plasticity by
regulating Ca?* entry through the interaction of apoER2 with the N-methyl-D-
aspartate receptor (NMDAR) (Ventruti et al., 2011), therefore affecting learning
and memory (Knuesel, 2010).

Secreted reelin forms homodimers (Kubo et al., 2002), which are likely the
species that binds to receptors. Its signalling is regulated by proteolytic cleavage
by metalloproteinases (namely ADAMTS-4 and ADAMTS-5) at three sites (Krstic
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et al., 2012): the so-called C-terminal and N-terminal cleavage sites, and a third
recently described cleavage site within the C-terminal region (Kohno et al., 2015),
leading to the production of various different fragments that differ in their relative
abundance and can interfere in reelin binding to apoER2 (Smalheiser et al.,
2000). The proteolytic cleavage of reelin follows receptor binding, however it can
also occur independently of its binding to receptors.

After reelin binds to apoERZ2, the receptor is sequentially processed by a-
and y-secretase (May et al., 2003; Hoe et al., 2006), and the secreted fragment
of apoER2 can act as a dominant-negative receptor and inhibit reelin signalling
(Koch et al.,, 2002). The main a-secretase responsible for this cleavage is
ADAM10, in a similar fashion to APP (Chow et al., 2010), and following this a-
secretase cleavage, the remaining C-terminal fragment of apoER2 is processed
by y-secretase, releasing the soluble intracellular domain (ICD), which can
translocate to the nucleus and bind to the reelin promoter, leading to a decrease
of reelin expression (Balmaceda et al., 2014). Thus, in addition to the interference
of reelin and apoER2 extracellular fragments in subsequent reelin binding to the
receptor, the ICD of apoER2 establishes a negative feedback loop between reelin
binding to apoER?2 and reelin expression.

The reelin signal is transduced, after binding to apoER2, beginning with
the tyrosine phosphorylation of the intracellular adaptor Disabled-1 (Dabl)
(Howell et al., 1999), which binds to the cytoplasmic region of apoER2. Reelin-
dependent Dab1l phosphorylation leads to a kinase cascade, first by the activation
of PI3K (phosphoinositide 3-kinase) (Bock et al., 2003), which in turn activates
the serine-threonine protein kinase Akt (also known as protein kinase B), also by
phosphorylation (Jossin & Goffinet, 2007). Activated Akt then inhibits GSK3p
(glycogen synthase kinase beta) (Beffert et al., 2002), which has a key role in tau
phosphorylation state (Avila et al., 2012). In summary, reelin binding to apoER2
activates a signalling pathway that ultimately inhibits tau phosphorylation, as seen
in Figure 5. Therefore, through its effects on tau, reelin appears to play a direct
role in regulating microtubule assembly (Meseke et al., 2013), and a
dysregulation of its signalling pathway could affect adequate repair of damaged
neurons in AD (Krstic & Knuesel, 2013).
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Reelin and Dabl can interact with APP (Trommsdorff et al., 1998; Hoe et
al., 2009), ultimately leading to a reduction in AR production, (Hoe et al., 2006).
Furthermore, apoER2 can cluster together with APP and lead to an increase in
non-amyloidogenic processing, thus also decreasing the production of AR (Hoe
et al., 2005), leading to a complex picture in the crosstalk between reelin
signalling and APP processing.

These interactions show a map of links between reelin, apoER2, APP
processing (and subsequent AR secretion) and tau phosphorylation, the key
pathological effectors in AD, and, as such, impaired reelin signalling could play

an important role in the pathogenesis of the disease (Deutsch et al., 2006).
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Figure 5. Reelin signalling pathway. Reelin binds to apoER2, which phosphorylates Dabl.
Dab1 phosphorylation then activates PI3K, phosphorylating Akt, which inhibits GSK3, ultimately
leading to a reduction in tau phosphorylation and protecting against the formation of NFTs.
ApoER2 can cluster with APP, and Dab1 can also interact with the receptor, leading to a reduced

production of AB and subsequent SPs. Created with BioRender.com

36



INTRODUCTION

THE ROLE OF APOE AND REELIN IN AD
ApoE in the pathogenesis of AD

Since the discovery of APOE €4 as the most important genetic risk factor for AD,

numerous studies have attempted to determine the exact role apoE plays in AD
pathogenesis, with a special focus on the effects of the different APOE variants.
In the normal brain, apoE is involved in the inhibition of inflammation, the
clearance of debris for homeostasis, and the promotion of neuronal network
resilience, all of which could play a part in the progression of AD (Flowers &
Rebeck, 2020). As introduced briefly in the previous section, roles for apoE have
been described for practically every aspect of the disease, including AR
aggregation, tau phosphorylation, and synaptic deficits; however, much of the
evidence is contradictory, given the conflicting results obtained from different
studies depending, at least in part, on the approach used. Therefore, the precise

role of the protein in AD has yet to be determined.

ApoE and AB: Binding, aggregation, and clearance

A vast number of studies regarding the role of apoE in AR accumulation,
aggregation, seeding and clearance have been performed; and mouse models
are frequently employed to this means. It is worth noting that apoE in mice (and
other mammals) is present as the ancestral form: a single isoform that presents
an Arg residue at position 112, and thus resembles the human apoE4 variant
(MclIntosh et al., 2012), and that the promoter regions of human and mouse apoE
(mouse-apoE) share less than 40% homology (Maloney et al., 2007).

In AD mouse models, the expression of murine or human apoE affects the
role of the protein regarding many different AD processes, such as
neuroinflammation, synaptic integrity and AR clearance (Liao et al., 2015): in
comparison to mouse-apoE, expression of human APOE isoforms reduces
plaque deposition and onset, where APOE €2 shows the strongest effect (Fryer
et al., 2005). As human and mouse apoE differ so greatly in functions associated

to AD, the development of human APOE knock-in transgenic murine models that
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replicate AD is crucial to understand the increased risk associated to expressing
the €4 allelic variant of APOE (Lewandowski et al., 2020).

Many studies have reported a direct interaction between apoE and AR.
Poorly lipidated apoE co-deposits with AR in amyloid plaques (Namba et al.,
1991), and synthetic AB can bind in vitro to apoE derived from cells (LaDu et al.,
1994), human CSF (Wisniewski et al., 1993), or human plasma (Strittmatter et
al., 1993). AB can interact with both the N-terminal receptor binding domain and
the C-terminal lipid binding domain of apoE (Wisniewski & Drummond, 2020);
interestingly, heparin also interacts with both these binding sites, as well as a site
on A that binds apoE, and thus HSPGs could promote AB oligomerization and
aggregation by facilitating interactions between AB and apoE (Brunden et al.
1993). Given the ability of AB to bind to the lipid binding domain of apoE, it may
compete with lipids for apoE binding, and the lipidation state of apoE could
determine the binding site. As such, in vitro studies have shown that lipid-free
apoE interacts with A with a higher affinity than lipidated apoE; furthermore, the
incubation of apoE with A oligomers hinders the ability of apoE to bind lipids and
may therefore interfere with its physiological function (Verghese et al., 2013).

In addition to being dependent on the lipidation state, apoE binding to AB
is also isoform dependent. ApoE3 has been seen to form more abundant SDS-
stable complexes with A than apoE4 (LaDu et al., 1995), which may indicate a
better capacity of apoE3 to transport AB for clearance or to prevent aggregation
(Petrlova et al., 2011). ApoE4 complexes with AB are less stable and fewer in
number than those formed with apoE2 and apoE3 in the CSF of AD patients,
which may be due to the poorer lipidation state of apoE4 (Tai et al., 2013).
Nonetheless, conflicting results have also been found that question the
interactions between apoE and AB. A recent study showed that soluble A is a
poor binding partner of apoE, and that the influence of apoE on AB metabolism
and clearance may not require direct binding of the two proteins, and may depend
instead on other mechanisms, such as LRP1 (Verghese et al., 2013).

Direct effects of apoE on AP, prior to plaque formation, have also been
reported. AR accumulates in vulnerable neurons (Gouras et al., 2000), and this
intracellular accumulation in late endosomal and lysosomal compartments in

mice is increased by the presence of apoE4 (Zhao et al., 2014). ApoE4 can also
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increase the rate of AR production to a greater extent than apoE2 and apoE3
when binding to apoER2, which triggers APP and BACE1 endocytosis and
enhances the rate of intracellular AR generation (He et al., 2007). Furthermore,
an APOE isoform dependent effect on APP transcription and subsequent AR
production has also been reported, in which apoE4 induces the largest increase
(Huang et al., 2017).

Different studies have reported an effect for APOE on amyloid deposition
and plaque formation. APOE €4-carriers present an increased plaque load and
density compared to non-carriers (Tiraboschi et al., 2004), as well as the highest
levels of plaque deposition, whereas APOE €2-carriers present the lowest levels
(Fagan et al., 2002). Moreover, mice expressing human apoE4 have higher
amounts of AB deposition and plaques than those expressing other human apoE
isoforms (Holtzman et al., 2000). The increase of AB in the brain coincides with a
reduction in CSF AB42 levels, an indicator of AD, further supporting the notion
that apoE4 promotes deposition (Morris et al., 2010). There is also an isoform-
dependent effect of APOE on AR oligomerization, in which apoE4 increases the
levels of AB oligomers (Hashimoto et al., 2012) and stabilizes them to a larger
extent than apoE2 and apoE3 (Cerf et al., 2011).

During AB aggregation, the peptides change their conformation into a 3-
sheet structure that accelerates fibrillogenesis to form insoluble fibrils in a process
known as seeding (Harper & Lansbury, 1997). A critical role for apoE4 in amyloid
plaque seeding has been described, as expression of apoE4, but not apoE3,
during the seeding stage enhanced amyloid deposition and neuritic dystrophy
(Liu et al., 2017).

Human apoE4 may also enhance A fibril formation in vitro (Castano et
al., 1995), although results showing that apoE decreases A aggregation in vitro
have also been reported (Wood & Wetzel, 1996). As apoE3 interacts more with
AB than apoE4, it is possible that apoE4 could be less effective in inhibiting AR
fibrillization. This discrepancy could be explained by the differences in apoE/AB
preparations in the different studies, as many factors, such as apoE lipidation,
can play an important role. For example, the reduction of apoE lipidation (by
ABCA1 depletion) increases amyloid deposition in AD transgenic mouse models
(Wahrle et al., 2005).
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APOE knock-out studies in mouse AD models have presented interesting
results, as the knock-out led to a reduction of AB42 deposition in models
overexpressing only human APP (Bales et al., 1999), whereas it led to an overall
increase in plaque size in more aggressive models overexpressing both APP and
PSEN1 (Ulrich et al.,, 2018). On the other hand, the suppression of APOE
expression in a humanized APOE4/APP/PSEN1 mouse model led to a reduction
in plaque load when performed before plaque onset, yet the reduction was not
observed when performed after plaque formation onset (Huynh et al., 2017), thus
supporting a role for APOE in plaque seeding, but not plague growth.

Aside from the roles mentioned up to this point, many studies have also
shown apoE-dependent effects on AB clearance. AB can be cleared through a
plethora of mechanisms (Tarasoff-Conway et al., 2015), and apoE4 is associated
to a reduced rate of clearance in all of them (Kanekiyo et al.,, 2014), as
demonstrated in in vivo studies that showed a reduced rate of AB clearance in
apoE4-TR (targeted replacement) mice when compared to apoE3-TR mice
(Castellano et al., 2011).

One of the key mechanisms in the brain is AB degradation through the
enzymatic activity of proteases, such as neprilysin and insulin-degrading enzyme
(IDE), which can also degrade apoE in both intracellular compartments and in the
extracellular space (Saido & Leissring, 2012). ApoE enhances the enzymatic
clearance of AR, especially when highly lipidated (Jiang et al., 2008), however
reduced neprilysin and IDE expression levels have been demonstrated in APOE
e4-carriers (Miners et al., 2006).

AB can also be cleared through the blood-brain barrier (BBB), and this
clearance could be modulated by apoE (Ma et al., 2018). APOE €4 is associated
to BBB breakdown and a reduced rate of AR clearance (Montagne et al., 2020).
ApoE receptors have also been implicated in AR clearance through the BBB,
given that apoE2 and apoE3 are cleared at a faster rate through the BBB via
LRP1 and VLDLR than apoE4, and the same differences in rate of clearance are
present in apoE-AB complexes (Deane et al., 2008). AR can also be cleared
through the interstitial fluid (ISF) via LRP1, however this pathway is complex, as
some studies have seen an increased rate of clearance in APOE-KO mice
(DeMattos et al., 2004).
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A third mechanism of AB clearance is through intracellular lysosomal
degradation in astrocytes, microglia, and neurons, and, once again, apoE4 is
associated to a lower rate of clearance (Li et al., 2012). ApoE-AB complexes are
internalized through LDLR and LRP1 to facilitate degradation (Carlo et al., 2013);
however, apoE may also reduce the rate of AB internalization and degradation by
competing for binding to receptors, such as LRP1 (Verghese et al., 2013),
whereas other receptors also participate in AB degradation in an apoE-
independent manner (Basak et al., 2012). Finally, apoE can also influence A
clearance through microglia and astrocytes by altering their expression profiles
(Fernandez et al., 2019).

In summary, many different roles for apoE in the amyloidogenic process
have been described, supporting roles for apoE in the aggregation, deposition,
oligomerization, and clearance of AB. These roles point towards a possible gain
of toxic function of apoE4 by increasing the rate of amyloid deposition and
aggregation, and enhancing plaque formation, or a loss of protective function
compared to the other isoforms by hindering the rate of clearance or failing to
protect against aggregation. The effects of apoE on A are summarized in Figure
6.
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Figure 6. ApoE effects on AB. A: Effects of apoE on AR production. ApoE4 and LRP1 facilitate
the endocytosis of APP, leading to an increased production of AB, whereas apoER2 inhibits this
process. B: Effects of apoE on AB aggregation and clearance. ApoE4 facilitates A aggregation
and deposition, whereas lipidated apoE inhibits this process in an isoform-dependent manner
(e2>e3>¢4). ApoE also facilitates Ap clearance through the BBB and extracellular proteolytic
degradation, also in an isoform-dependent manner (£2>¢3>¢4). Lipidated apoE can form
complexes with AB and participate in its intracellular degradation via LRP1 and LDLR, and, once

again, apoE4 presents the lowest rate of clearance. Extracted from Yu et al., 2014.
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ApoE and tau in AD

The hyperphosphorylation of tau and the subsequent formation of intracellular
NFTs is one of the key hallmarks for AD that could result in a gain of toxic function
of tau (Gendron & Petrucelli, 2009), and may drive the pathology (Benjanin et al.,
2017). Histopathological studies have shown a link between APOE and NFTs in
the AD brain (Rohn et al., 2012), as APOE ¢4-carriers present a more severe
temporal and medial spread of tau throughout the cortex, which follows the Braak
staging described previously (Braak & Braak, 1991; Sanchez et al., 2021; Vogel
et al., 2021). Interestingly, no protective effect for APOE €2 on tau pathology has
been described; in fact, APOE €2 homozygosity enhances tau pathology and
increases the risk of tauopathy (Robinson et al., 2020).

The APOE €4 genotype has been associated to increased tau-associated
pathogenesis, neurodegeneration and neuroinflammation (Wang et al., 2021),
and apoE4 can enhance tau neurotoxicity through the inhibition of
neurotransmitter transport into synaptic vesicles, consequently leading to the
degeneration of the Locus Coeruleus (Kang et al., 2021). In mice tauopathy
models, APOE ¢4-expressing mice showed the highest amount of
neurodegeneration compared to the other two isoforms, and APOE KO mice were
protected from tau-induced tauopathy (Shi et al., 2017); furthermore, in the same
tauopathy models, the reduction of apoE4 levels protected against tau pathology
(Litvinchuk et al., 2021), and tau removal rescued the toxicity and deficits induced
by apoE4, suggesting an underlying pathological mechanism in AD that requires
both apoE and tau (Andrews-Zwilling et al., 2010).

Similar results have also been demonstrated in human iPSC-derived cell
models, showing a link between apoE4 and tau pathology in glial cells and
neurons (Wadhwani et al., 2019). iPSC-derived neurons from APOE e4-carrier
patients showed higher levels of P-tau and neuron degeneration than non-
carriers (Wang et al., 2018), and CRISPR mutation from apoE3 to apoE4 has
also been demonstrated to enhance P-tau levels (Lin et al., 2018).

Higher tau levels have been associated to increased cortical plasticity
impairment and cognitive decline, and reduced astrocyte survival in the CSF of
APOE ¢4-carriers (Koch et al., 2017). Furthermore, apoE4 levels have been

positively associated to total tau and P-tau levels in the CSF of AD patients
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(Wattmo et al., 2020; Liu et al., 2021), although many contradictory findings have
also been reported (Rodriguez-Vieitez & Nielsen, 2019).

APOE €4-non-carriers present a tau uptake pattern that does not coincide
with the Braak pattern, with less uptake in the entorhinal cortex and higher
amounts in the neocortex (Whitwell et al., 2018). Tau can be internalized in
neurons by HSPGs (Holmes et al., 2013), but also by LRP1, both of which are
apoE receptors. Studies have shown that apoE may regulate tau uptake within
cells using HSPGs (Jablonski et al., 2021), whereas others have shown that apoE
inhibits the direct interaction between tau and LRP1, being apoE4 the least
efficient isoform at inhibiting this interaction (Rauch et al., 2020). The reduced
inhibition of tau interaction with LRP1 also leads to increased tau propagation
(Rauch et al., 2020), thus supporting a role for apoE receptors in tau spreading.
In this manner, LRP1 knockdown leads to reduced tau propagation, whereas
LDLR appears to have an opposing effect, as its overexpression also leads to
reduced tau propagation (Shi et al., 2021).

As apoE is secreted and tau is usually located within the cell, no link
between these two factors comparable to the one between apoE and AB has
been described, and furthermore, the effects of apoE on tau pathology may be
mediated by its effects on AB pathology. In fact, immunotherapy studies targeting
the apoE present in amyloid plaques appear to reduce AB-mediated tau seeding
and spreading (Gratuze et al., 2022), although other studies have reported ApB-
independent effects (Baek et al., 2020; Therriault et al., 2020).

Therefore, the precise mechanism by which APOE affects tau pathology

has yet to be fully understood.

ApoE and AD-related synaptic deficits

Some of the earliest damage present in AD is localized at the synapses, and
synapse loss correlates with cognitive impairment in AD (Scheff et al., 2006).
Synapses are affected at both presynaptic and postsynaptic levels (Reddy et al.,
2005), and A oligomers, rather than amyloid plagues, appear be responsible for
the damage by causing synaptic toxicity, thus affecting synaptic plasticity and

leading to synaptic dysfunction and loss (Tu et al., 2014). AB oligomer localization
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at synaptic terminals can occur before plague formation, which may indicate an
early effect of AR on synapses (Klementieva et al., 2017).

As apoE is the main cholesterol transporter in the brain, it plays a crucial
role in the maintenance of synaptic membranes (Liu et al., 2013) and neuronal
repair (Mahley & Huang, 2012); and, therefore, apoE dysfunction has been linked
to the synaptic deficits present in AD (Perdigao et al., 2020). APOE €4 has been
associated to reduced neuronal outgrowth (Wang et al., 2005) and synaptic
density compared to APOE €3 (Dumanis et al., 2009), and APOE ¢4 also affects
the architecture of neurons by reducing dendritic length and arborization, and by
decreasing the density of dendritic spines (Jain et al., 2013). In iPSC-derived
organoids, apoE4 exacerbated synaptic loss by decreasing presynaptic and
postsynaptic proteins (Lin et al., 2018). APOE €4 has also been associated to
decreased long-term potentiation (LTP) (Trommer et al., 2004), through a
NMDAR-dependent mechanism (Korwek et al.,, 2009), and, furthermore, the
presence of apoE4 has also been linked to poor learning and memory (Rodriguez
et al., 2013).

The exact mechanism by which apoE4 hinders synapses has yet to be
elucidated. ApoE4 may affect synaptic integrity acting as a cofactor by directing
toxic AB oligomers to synapses (Koffie et al., 2012), or through the impairment of
endosome recycling (Xian et al., 2018), as apoE4 has been linked to a reduced
rate of recycling and an increased intracellular accumulation of apoE (Heeren et
al., 2004). This impairment could trap apoE alongside glutamatergic receptors
such as NMDAR and AMPA receptor, which would in turn impair synaptic
regulation (Chen et al., 2010), an effect which may be dependent on apoE4
interaction with apoER2. Additionally, apoER2 may also be trapped in
endosomes, leading to reduced receptor binding by reelin and subsequent

synaptic dysregulation (Weeber et al., 2002).

ApoE and glial cells in AD: arole in neuroinflammation
Neuroinflammation has been referred to as the third pathological hallmark of AD
(Guzman-Martinez et al., 2019). Microglial cells and astrocytes mediate the

neuroinflammatory response by triggering several signalling pathways through
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the release of pro-inflammatory cytokines (Shabab et al., 2017). APOE can play
an important role in modulating the inflammatory response by impacting synaptic
function and glial activation (Cudaback et al., 2011). For example, APOE ¢4
knock-in mice presented an exacerbated loss of synaptic proteins, alongside
increased glial activation and production of pro-inflammatory cytokines following
lipopolysaccharide (LPS, a widely known activator of the inflammatory response
(Ngkelo et al., 2012)) insult, compared to APOE €2 and €3 mice (Cudaback et al.,
2011).

Inflammatory responses can also influence apoE secretion and
expression. In primary cell cultures, following LPS insult, microglia of APOE €2 or
€3 knock-in mice showed increased secretion of apoE, whereas no comparable
effect was observed in APOE €4 knock-in mouse microglia. On the other hand,
astrocytes from APOE ¢4 knock-in mice presented a reduced level of apoE
expression and secretion following TNF-a (tumour necrosis factor a; a cytokine
that act as a major regulator of the inflammatory response) treatment, and no
change after LPS treatment. Taken together, these results indicate dysfunctional
responses of APOE g4-expressing microglia and astrocytes towards stimuli that
activate the inflammatory pathway (Lanfranco et al., 2021).

Regarding microglia, apoE may exert its influence on the inflammatory
response through receptors such as TREM2 (triggering receptor expressed on
myeloid cells 2), whose encoding gene is one of the recently described genetic
risk factors for AD (Carmona et al., 2018). TREM2 has many ligands, including
glycolipids, clusterin, apoE and AB (Gratuze et al., 2018) and is expressed in the
brain mainly by microglia (Ulland & Colonna, 2018). Upregulated TREM2 mRNA
levels have been detected in microglial cells obtained from AD patients (Gosselin
et al., 2017). The precise role of TREMZ2 in AD is unknown, but studies regarding
TREM2 absence reported increased neuritic dystrophies associated to A
plagues (Zhong et al., 2017), and either a reduction (Leyns et al., 2017) or
exacerbation (Bemiller et al., 2017) of tau pathology. Other studies described an
important role for TREM2 in AR and tau seeding and spreading (Leyns et al.,
2019; Parhizkar et al., 2019). The interaction between apoE and TREM2 is
unclear, as TREM2 loss-of-function has been associated to reduced levels of

apoE in amyloid plaques (Parhizkar et al., 2019) and aberrant lipid metabolism,
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which could influence apoE (Andreone et al., 2020), whereas TREM2 deletion
impairs microglial phagocytosis of apoE (McQuade et al., 2020). The exact role
of the interaction between apoE and TREM2 on neuroinflammation, thus,
requires further investigation.

ApoE may also influence microglial response through its interaction with
toll-like receptors (TLR), whose activation primes microglia and constitutes the
first step in the inflammatory response (Shen et al., 2018). Specifically, a TLR4-
dependent pathway has been associated with apoE, and as such apoE3 can
inhibit the microglial activation promoted by TLR4 (Zhu et al., 2010), whereas the
APOE ¢4 genotype is linked to a deleterious effect in AD through this receptor
(Krasemann et al., 2017). 25-hydrocholesterol, an important inflammatory
mediator produced by microglia, promotes neuroinflammation in an APOE
isoform-dependent manner (¢4 > €3/€2) and is produced in larger quantities in
APOE €4 microglia (Wong et al., 2020).

LRP1 is also highly expressed in microglia and conflicting results have
associated the activation of the receptor with a suppression in microglial activity
(Chuang et al., 2016), but also with an amplified inflammatory response and
increased microglia activation following LPS insult (Brifault et al., 2019); in
addition, LRP1 silencing has been shown to enhance the inflammatory response
(He et al., 2020). Therefore, given its importance in this mechanism, LRP1 may
modulate the effect of apoE on microglial inflammation (Pocivavsek et al., 2009).

How apoE affects the microglial inflammatory response is still under
debate, as various potential mediatory mechanisms exist. Nonetheless, the
evidence points towards a deleterious effect of the APOE €4 genotype that
enhances the inflammatory response and may lead to an exacerbation of
subsequent neurodegeneration.

The APOE genotype can also influence astrocytic functions. Astrocytes
play an important role in maintaining brain energy homeostasis, and astrocytes
expressing APOE ¢4 present reduced mitochondrial function (Schmukler et al.,
2020) and aberrant glucose utilization (Farmer et al., 2021). Therefore, an APOE
€4 genotype may lead to an exacerbation of neurodegeneration in AD through
dysfunctional brain energy homeostasis maintenance and altered responses to

inflammatory stimuli, ultimately leading to neurotoxicity.
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The role of apoE and lipids in AD

As commented through the text, the key role for apoE in the CNS is to transport
cholesterol to maintain adequate neuronal function (Zhang & Liu, 2015). ApoE
derived from APOE ¢4 individuals is produced at lower levels and is poorly
lipidated in comparison to APOE ¢€3-derived apoE, thus apoE4 may be less
efficient at transporting cholesterol (Gong et al., 2002; Zhao et al., 2017), and the
lower lipidation likely results in impaired cholesterol metabolism in astrocytes.
Nonetheless, iPSC-derived APOE €4 astrocytes appeared to present increased
secretion and intracellular levels of cholesterol (TCW et al., 2022), therefore the
precise cause behind the poorer lipidation of apoE is yet unknown. A potential
mechanism lies in the higher tendency of apoE4 to self-aggregate and misfold,
which can in turn increase ABCAl aggregation and decrease membrane-
recycling, thus lowering the lipidation of apoE4 (Rawat et al., 2019).

The different APOE isoforms vary in their lipid-binding preference: apoE2
and apoE3 both preferentially bind to small HDLs, whereas apoE4 binds to large
VLDLs and LDLs (Li et al., 2013). Furthermore, apoE2 decreases the levels of
cholesterol in plasma, in contrast to apoE4 which increases them (Kao et al.,
2020), as seen in other studies demonstrating that apoE4 homozygosity is linked
to elevated plasma cholesterol levels and CSF levels of 24S-hydroxycholesterol
(Papassotiropoulos et al., 2002), which acts as a counterbalancing mechanism
in cholesterol homeostasis.

ApoE may exert its influence through lipid rafts, structures within cell
membranes that play crucial roles in signal transduction, cell adhesion and lipid
and protein sorting. They serve as a platform for apoE interaction with A and tau
to promote their aggregation and hyperphosphorylation, respectively
(Kawarabayashi et al., 2004). AD-related proteins can also be found in lipid rafts,
such as APP, BACEL, y-secretase, and neprilysin (El Gaamouch et al., 2016);
consequently, AR generation and degradation are associated to the composition
of lipid rafts (Schengrund, 2010). Interestingly, cholesterol appears to be an
essential component in the lipid raft triggering of AB fibrillization (Okada et al.,
2008).

The cholesterol transporters responsible for the lipidation of apoE may

mediate its influence on lipids in AD. As mentioned beforehand, ABCAL is the
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main mechanism responsible for lipid efflux and apoE lipidation, and loss-of-
function mutations in ABCA1 are associated to increased AD risk (Nordestgaard
et al., 2015). ABCA1 overexpression inhibits amyloid deposition (Wahrle et al.,
2008), whereas lower levels of expression impair AB clearance (Wabhrle et al.,
2004), and APOE isoforms may have a role in this function, as ABCA1 deficiency
led to increased AR aggregation in APOE g4-expressing mice, but not when mice
expressed APOE €3 (Fitz et al., 2012). Other members of the ABC family also
participate in APP processing and AR production and aggregation, such as
ABCAZ2 and ABCAY7, although no evidence regarding a modulatory effect of apoE
has been reported as of yet.

Lipid metabolism in the brain, although normally directed from astrocytes
to neurons, can also involve an inverted mechanism, by which fatty acids,
specifically unsaturated triglycerides stored in the form of toxic lipid droplets, are
transferred, via apoE, from neurons to astrocytes for neutralization (Liu et al.,
2017), due to very limited capacity of neurons to store or catabolize fatty acids
compared to astrocytes (Schonfeld et al., 2013; loannou et al., 2019). Excessive
fatty acids can lead to toxicity, lipid peroxidation and, ultimately,
neurodegeneration (Nguyen et al.,2017); as such, apoE4 appears to be less
efficient at transporting these fatty acids from neurons to astrocytes (Qi et al.,
2021) and at neutralizing these toxic lipid droplets (Sienski et al., 2021), leading

to enhanced neurodegeneration.

Altered glycosylation in AD

Aside from the key aspects mentioned up to this point, new characteristics of
apoE are being progressively implicated in AD pathogenesis, such as apoE
glycosylation. Recent evidence has demonstrated that the glycosylation pattern
of various AD-related proteins is altered during the pathological progression of
the disease (Haukedal & Freude, 2021), including APP (Boix et al., 2020) and tau
(Almansoub et al., 2019). Glycosylation differences within the brains of AD
patients have been reported in O-GIcNAcylation and N-/O-glycosylation (Frenkel-
Pinter et al., 2017). ApoE glycosylation differs in a tissue-specific manner, and

the cellular source of apoE in the CNS affects its glycosylation pattern, as
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astrocyte-derived apoE is more heavily sialylated and glycosylated (Flowers et
al., 2020). Correct apoE glycosylation is essential for its correct functioning and
modulates its lipid receptor affinity, lipid transportation and metabolic functions
(Kacperczyk et al., 2021), as well as protecting against self-association and
aggregation (Lee et al., 2010). An altered glycosylation pattern for apoE has been
previously described in a Niemann-Pick Type C model, which shares some
pathological mechanisms with AD including AB deposition, in which changes in
apoE glycosylation led to increased levels of AB42 (Chua et al., 2010) due to a
lower rate of binding between the proteins; and, thus, a role for a specific sialic
moiety of apoE on its interaction was suggested (Sugano et al., 2008). In sum,

there is evidence to support a role for apoE glycosylation in AD.

ApoE dimerization in AD

ApoE2 and apoE3 are able to form disulphide-linked hetero- and homodimers
through the presence of Cys at position 112; whereas apoE4 lacks this ability as
it presents Arg at position 112. In human CSF studies, no differences in apoE
dimer levels between control and AD subjects were found (Montine et al., 1998);
however, a recent report showed lower plasma levels of dimers in AD APOE ¢€3-
carrier subjects compared to controls (Patra et al., 2019). Despite the natural
inability to form disulphide-linked dimers, apoE4 SDS-resistant dimers with A
have been described in vitro (Martel et al., 1997), in non-pathological human CSF
(LaDu et al., 2012), and in the AD brain (Permanne et al., 1997), and these
species have been implicated in AR clearance and fibrillization (Deroo et al.,
2015). Therefore, the capacity of dimerization of apoE could play an important
role in AB toxicity in AD, and the interaction of apoE with AB could lead to the

appearance of complexes, regardless of the APOE genotype.

ApoE and myelination in AD

AD is characterized by a progressive and generalized loss of white matter, due
to demyelination and cell death (Safaiyan et al., 2021), that is closely related to
motor deficits and cognitive dysfunction (Ji et al., 2019). APOE €4 may fail to

properly modulate white matter integrity (Heise et al., 2010) and has been linked
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to an increase in MRI-detected white matter hyperintensities, which are risk

factors for cognitive impairment, in AD patients (Mirza et al., 2019).

ApoE in the endocytic/autophagic pathway in AD

Alterations in cellular trafficking and recycling have been implied in AD, including
endocytosis (recycling and internalization of molecules from the plasma
membrane), autophagy (removal of intracellular sources and organelles) and
phagocytosis (degradation of extracellular materials). Endo-lysosomal trafficking
and autophagy plays key roles in the formation of AB (van Acker et al., 2019),
APP degradation (Xiao et al., 2015), and clearance of AB (Cho et al., 2014).
Failures in this system are detected early in AD pathology, leading to AB
accumulation (Nixon, 2017) that could in turn affect other aspects of AD, including
neuroinflammation (Francois et al., 2013).

The APOE ¢4 genotype has been associated to the endocytic/autophagic
pathway (Lambert et al., 2013) given its role in AB internalization, and, as such,
APOE ¢4 astrocytes appear to possess a lower capacity to clear AB through
autophagic routes (Simonovitch et al., 2016). In transgenic mice, APOE €4 has
been associated to a dysregulation of the endosomal-lysosomal pathway (Nuriel
et al., 2017) and decreased autophagy in the hippocampus (Simonovitch et al.,
2019). In the human brain, APOE ¢4-carriers showed lower mRNA transcripts of
proteins associated to autophagy (Parcon et al., 2018). These studies indicate

that there is an APOE e4-associated alteration in autophagy.

To summarize, a pathological role for APOE has been described in diverse
aspects of AD, ranging from increments in AP aggregation and tau
phosphorylation to the induction of neuroinflammation and synaptic and
autophagic deficits, and APOE ¢4 has been linked to an exacerbation of all
aspects of the pathology (reviewed in Tzioras et al., 2018 and Fernandez-Calle
et al., 2022). All the proposed roles for apoE in AD are summarized in Figure 7.
Key characteristics of the protein, such as its lipid-binding capacity, stabilization
into complexes, and glycosylation have all been implicated in the disease process

to some description, and in all these processes, the risk-associated €4 allele has
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been reported to exacerbate AD pathology, leading to a general negative impact

on the clinical outcome and progression of the disease.
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Figure 7. Proposed roles for apoE in AD. ApoE patrticipates in many different aspects of AD,
and the APOE ¢4 isoform has been associated to an exacerbation of the disease regarding every
role described. Obtained from Yu et al., 2014.

Impaired reelin signalling in the pathogenesis of AD

Reelin is a large glycoprotein that binds to apoER2. Despite the potential

influence of reelin signalling on AB secretion and tau phosphorylation, the number
of studies regarding the role of this protein is nowhere near comparable to the
amount of research regarding the role of apoE in AD. Nonetheless, the studies
performed have shown an affectation of the reelin signalling pathway in AD, and
it is therefore plausible to consider a key role for reelin from the early stages of
AD and throughout the progression of the disease (Krstic et al., 2013).

Reelin signalling antagonizes AD-related pathways by binding to apoER2,
which can ultimately lead to the inhibition of tau phosphorylation (Ohkubo et al.,
2003; Beffert et al., 2004) and a reduced secretion of AB through its effects on
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Dab1l (Hoe & Rebeck, 2008). A protective effect for reelin on synapse dysfunction
has also been reported, in which reelin can prevent LTP and NMDAR
suppression until the amyloid burden becomes excessive (Durakoglugil et al.,
2009). Reelin may maintain synaptic plasticity by competing with apoE to prevent
it from sequestering NMDAR and apoER2, which occurs more frequently in the
presence of apoE4 (Chen et al., 2010). In fact, reelin KO and APOE €4 knock-in
mice models both show similar effects on increased tau phosphorylation
(Kobayashi et al., 2003).

Reelin protein levels appear to be depleted in the entorhinal cortex of AD
patients (Chin et al., 2007), and this depletion can also be observed in the human
frontal cortex in the preclinical stage of AD and in the murine hippocampus before
the onset of amyloid pathology (Herring et al., 2012); nonetheless, other studies
reported higher levels of reelin mRNA and protein levels in the brain of AD
patients (Botella-Lopez et al., 2006). Increased reelin fragment levels have also
been reported in the CSF of AD patients (Saez-Valero et al., 2003; Botella-Lopez
et al., 2006), and the deposition of C-terminal and N-terminal reelin fragments
associated to dementia status have been detected in the human hippocampus
(Notter & Knuesel, 2013). On the other hand, studies of reelin mMRNA levels have
demonstrated an up-regulation in the frontal cortex in the latter stages of AD
(Botella-Lopez et al., 2006), although a reduction in the hippocampus has also
been reported (Knuesel et al., 2009).

Anyhow, regardless of the variations in reelin mRNA expression and
protein levels, it is likely that reelin signalling is impaired in AD, given the specific
alterations detected in the protein that affect its correct functioning, such as
aberrant glycosylation (Botella-Lopez et al., 2006), which could hinder its
protective effects (Cuchillo-Ibafiez et al., 2016). Increased reelin expression has
been described in parallel to decreased apoER2-CTFs, thus indicating
dysfunctional reelin signalling through this receptor (Mata-Balaguer et al., 2018).
Reelin co-localizes with AR (Doehner et al., 2010), and consequently AR may
interfere with the reelin signalling pathway and compromise its function by
aggregating and trapping reelin (Cuchillo-Ibafiez et al., 2016). Progressive reelin
aggregation over time may also hinder the signalling pathway and increase

synaptic vulnerability to Ap deposition (Kocherhans et al., 2010). Furthermore,
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treatment of SH-SY5Y neuroblastoma cells with AB42 led to increased reelin
levels and an altered glycosylation pattern (Botella-Lopez et al., 2010).

Genetic variations in components of the reelin signalling pathway have
also been linked to AD pathogenicity, such as polymorphisms of APOER2 and
VLDLR, which have been related to an increased risk of developing AD
(Helbecque et al., 2009). ApoER2 proteolytic processing and Dabl
phosphorylation, both regulated by ligand-receptor binding, appear to be reduced
in AD (Cuchillo-Ib&afiez et al., 2016). Nonetheless, Dabl mRNA expression is up-
regulated in the brain of AD patients, which has been associated to a disruption
of the cellular proteome (Muller et al., 2011), leading to increased expression and
processing of key proteins such as APP (Parisiadou & Efthimiopoulos. 2006).
Therefore, Dabl expression in early stages of the pathology may be beneficial in
preventing AD, given its key role in the reelinfapoER2 signalling pathway,
however at later stages it could play an important role in the exacerbation of the
pathology (Gao et al., 2015).

In conclusion, reelin initially appears to have a protective role in AD by
inhibiting tau phosphorylation and Ap secretion. However, as the pathology
progresses and the amyloid burden increases, the signalling pathway appears to
present a loss of protective function characterized by increased levels of reelin
expression and protein, but an ineffective activation of the signalling pathway due
to altered glycosylation and aggregation of reelin through the effects of AB. This
inefficient apoER2 activation could ultimately convert the beneficial effect of the

pathway into an exacerbation of the AD pathology.

AD biomarkers: apoE and reelin as potential targets
ApoE and reelin both appear to play important roles in AD by participating in many

key aspects of the pathology. Moreover, both apoE and reelin are secreted
proteins present in the human CSF and could theoretically have diagnostic
potential. Therefore, it comes as no surprise that both proteins have been
proposed as biomarkers to measure AD pathology progression. A precise
diagnosis of AD can only be performed in the post-mortem human cortex, as a
clinical diagnosis of AD is unreliable due to the heterogeneity of AD symptoms
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(Beach et al., 2010). As AD pathophysiology occurs long before the onset of
clinical symptoms, the development of tools to assist early diagnosis is crucial,
and recent studies have attempted to find diagnostic tools in accessible bodily
fluids, such as the CSF and blood. CSF biomarkers present an advantage over
those derived from the blood due to the proximity to the brain parenchyma, as
brain proteins are secreted to the CSF (Blennow et al., 2010).

In the context of potential CSF biomarkers for AD, and in recent years,
clinical evidence has supported that the key hallmarks of AD, AB and tau, can
serve as consistent biomarkers for AD, with the first studies quantifying these
proteins in human CSF having been published approximately 20 years ago
(Blennow et al., 1995; Andreasen et al., 1999).

Early studies demonstrated that AB is secreted to the CSF (Seubert et al.,
1992), and quantification of AB42 showed an important decrease in AD patients
across many studies (Olsson et al., 2017), a paradoxical change, since its
generation is increased in the AD brain, which is probably due to the
accumulation of AB into plaques (Strozyk et al., 2003). In this manner, a high
concordance between decreased CSF AB42 levels and amyloid status detected
by positron emission tomography (PET) scans has been demonstrated (Blennow
et al., 2015). Another AB species, the more abundant AR40 peptide, can also be
detected in the CSF and also appears to decrease, but to a lesser extent than
AB42; as such, various studies have demonstrated that a CSF ratio of AB42/AB40
performed better than AB42 alone (Hansson et al., 2007), and presented a higher
concordance with PET amyloid positivity (Lewczuk et al., 2017), thus improving
the diagnostic accuracy of AB as a biomarker (Shoji et al., 1998). This improved
accuracy may be due to AB40 reflecting “total” AR levels, and therefore AR42
levels are interpreted in a more subject-dependent level based on the production
of AB of each individual (Lewczuk et al., 2015).

Both total tau (T-tau) and phosphorylated tau (P-tau) can also be detected
in CSF, despite being cytoskeletal proteins, and many studies have consistently
found a significant increase in total tau (T-tau) levels in AD patients (Olsson et
al., 2017). CSF T-tau levels reflect the intensity of neurodegeneration or neuronal
damage in the brain (Blennow & Hampel, 2003), as observed in individuals after

acute brain damage (Zetterberg et al., 2006). As such, higher T-tau levels in AD
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are indicative of rapid disease progression (Buchhave et al., 2012). In a similar
fashion, increased P-tau levels have been associated to AD progression (Wallin
et al., 2010). However, unlike T-tau levels, CSF P-tau levels remain normal or
only marginally increased in individuals with neurodegenerative diseases without
NFTs or following acute damage (Skillback et al., 2014); therefore, P-tau
measurements appear to reflect current tau phosphorylation rather than neuronal
damage and seem to be more characteristic of AD.

Unlike AR, both tau biomarkers show low concordance with PET
visualization of tau pathology (Gordon et al., 2016), due to the fact that T-tau and
P-tau levels are elevated at earlier stages of the pathology, before tau aggregates
can be detected by PET. Therefore, T-tau and P-tau likely represent
neurodegeneration and tau phosphorylation state, respectively, whereas tau PET
scans correlate with the stage of cerebral atrophy and the severity of cognitive
deficits (Blennow & Zetterberg, 2018).

A combination of low AB42 and high T-tau/P-tau levels present high
sensitivity in predicting AD in the prodromal stage of the disease and efficiently
differentiate between AD and MCI or other neurodegenerative disorders
(Hansson et al., 2006). Nonetheless, low CSF AB42 levels can predict future
cognitive decline, whereas T-tau changes cannot, and thus lowered CSF Ap42
can be considered as a very early indicator of amyloidosis (Gustafson et al.,
2007). The measurement of CSF tau and AB42 levels are now widely included in
the diagnostic procedure for AD in several countries (Jack et al., 2016), however
the quantification of these CSF biomarkers on fully automated machines is
required to remove human error from the calculations (Blennow & Zetterberg,
2018).

Other proteins, aside from AB42 and T-tau/P-tau, may also be sensitive to
changes in AD and could have diagnostic potential, including synaptic proteins
such as neurogranin, high CSF levels of which are associated to AD (Kvartsberg
et al., 2015) and to hippocampal atrophy (Portelius et al., 2015). Other CSF
biomarkers, such as neurofilament light (NfL), glial fibrillary acidic protein (GFAP),
or a-synuclein have also been proposed (Johnson et al., 2023), as well others
(Blennow & Zetterberg, 2018).
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The use of CSF biomarkers has two important setbacks: the obtention of
CSF samples requires invasive methods (lumbar puncture), and the quantity of
sample obtained is limited. For this reason, blood biomarkers have been
proposed as an alternative, as blood samples are far more accessible than those
from the CSF. However, difficulties arise in the development of blood biomarkers,
as very few brain proteins enter the bloodstream compared to the CSF;
additionally, blood is much richer in peripheral proteins, and plasma proteins,
such as albumin and IgG, can interfere with the analytical methods (Blennow &
Zetterberg, 2015). The potential new blood biomarkers for AD may be ubiquitous
proteins, produced also by peripheral organs, thus making it difficult to detect
specific brain changes. Furthermore, the brain proteins released into the
bloodstream could very easily be degraded by proteases or cleared by the liver
or kidneys (O’Bryant et al., 2015).

For blood biomarkers to be used, previous fractionation of proteins
associated to exosomes originated in the CNS, or proteins that present CNS-
exclusive isoforms, could be an advantage. Moreover, specialized and more
precise techniques, such as ultrasensitive immunoassays and mass
spectrometry, are needed (Andreasson et al., 2016).

In this context, measurements of AB42 levels derived from the brain in
plasma present difficulties due to the contribution of peripheral tissues, leading to
a lack of consistent correlations between CSF and plasma AB levels (Hansson et
al., 2010). Nonetheless, recent innovative techniques have been capable of
establishing weak correlations between CSF and plasma ABR42 and AR42/AB40
levels, as well as a significantly reduced AB42/AB40 ratio in AD cases compared
with controls (Janelidze et al., 2016).

By using ultrasensitive techniques, such as single-molecule arrays
(Simoa), tau can be measured in blood samples, and increased levels are
detected in AD samples (Zetterberg et al., 2013), although substantial overlap
with controls is also found, which reduces its diagnostic potential (Mattson et al.,
2016). Nonetheless, recent studies have shown that tau phosphorylation at
Thr217 (P-tau217) adequately discriminates between AD and other
neurodegenerative disorders, and thus has potential as a plasma biomarker for
AD (Palmgvist et al., 2020).
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Neurofilament light (NfL) is a recently discovered blood biomarker
(Gaetani et al., 2019) that presents a high correlation between plasma and CSF
levels (Gisslén et al., 2015). Plasma NfL levels are markedly increased in AD,
with a sensitivity comparable to the core AD CSF biomarkers AB42 and T-tau/P-
tau (Mattson et al., 2017). Furthermore, NfL levels are also elevated in
symptomatic and pre-symptomatic fAD, meaning that Nfl could also detect
neurodegeneration in the preclinical stage of AD (Weston et al., 2017). However,
despite these promising results, it is important to note that increased plasma NfL
levels are not an exclusive feature to AD, as this phenomenon is common to other
neurodegenerative disorders such as frontotemporal dementia (Rohrer et al.,
2016). As such, its potential may be limited to detecting generic
neurodegeneration that would require further analyses to determine the exact
nature of the damage.

Given the high accessibility of blood samples, further development of
specialized technigues is essential to enhance the diagnostic power of these
markers, although the use of blood biomarkers in the detection of AD is currently
limited. Therefore, at this moment in time, the discovery of CSF biomarkers is still
of great interest to improve the early detection of AD, even before the onset of
clinical symptoms. Given the roles of reelin and, particularly, apoE in AD and their
interactions with AB and tau, it is feasible to regard them as alternative biomarkers
for AD.

ApoE studies performed in plasma samples found a general decrease of
plasma apoE levels in AD compared to controls and a low correlation with CSF
AB42 levels (Gupta et al., 2011). In addition, the balance of apoE isoforms in
different APOE genotypes differs in the plasma: apoE4 protein levels are lower
compared to the other isoforms, and as such a lower proportion of apoE4
compared to apoE3 is present in APOE €3/e4 subjects (Martinez-Morillo et al.,
2014), which has been attributed to a faster catabolic rate of apoE4 compared
with other isoforms (Gregg et al., 1986). It is worth noting that these proteins do
not cross the BBB, and consequently a very low correlation between plasma and
CSF apoE levels has been reported (Fukumoto et al., 2003). Therefore, although
various studies have reported interesting (yet contradictory) results in the plasma,

the focus should be focused on the CSF.
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Studies of apoE protein levels in APOE knock-in mice found a genotype-
dependent effect, with €2 knock-in mice presenting the highest apoE protein
levels in the brain, and €4 knock-in mice the lowest (Ramaswamy et al., 2005).
This suggests that in CSF studies of apoE content, the genotype could be an
important variable to take into consideration. Initial human studies quantifying
apoE protein levels presented mixed results, and in general failed to establish an
association between CSF apoE protein levels and AD risk (Fukumoto et al.,
2003).

Studies quantifying total CSF apoE protein levels have produced
inconclusive findings. When taking the APOE genotype into account, APOE ¢4-
carriers presented the lowest levels of CSF apoE protein in some studies (Riddell
et al., 2008), and the highest levels in others (Darreh-Shori et al., 2011). Unlike
in the plasma, some studies indicated that the CSF isoform composition did not
vary in APOE heterozygotes (Wahrle et al., 2007), although recent evidence
points towards differences in apoE isoform composition in heterozygote subjects
(Minta et al., 2020). A recent report suggested that the discrepancies regarding
the balance of isoforms in the CSF may be related to differences in their AB
clearance capacity (Honda et al., 2023). However, once again, no association
between CSF apoE levels or its isoform composition were associated to AB status
or disease progression. Whereas some CSF studies detected a strong correlation
between CSF apoE levels with AB42 levels and with fibrillar AR brain deposition
(Cruchaga et al., 2012), others found a correlation only in APOE ¢4-carriers
(Nielsen et al., 2017). The incongruencies detected amongst the studies are likely
due to the sample size and analytic method used (Simon et al., 2012), and may
also be related to the specific type of apoE species detected, given the different
dimeric capabilities of the apoE isoforms as a consequence of the Cysl112
substitution for Arg112 in apoEA4.

The APOE genotype can affect CSF AB42 levels (Cruchaga et al., 2010)
and amyloid PET scan results (Morris et al., 2010); as such, even in cognitively
normal subjects, APOE e4-carriers present increased PET amyloid positivity and
reduced CSF AB42 levels (Reiman et al., 2009), and the affectation is more

severe in homozygotes, suggesting a dose-dependent effect of APOE ¢4.
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The associations between CSF apoE levels and ABR42 levels have been
seen to vary across studies. In the same manner, associations have been found
between apoE3 and apoE4 with T-tau and P-tau concentrations (Martinez-Morillo
etal., 2014), but only in APOE €4-carriers (Deming et al., 2017). Given the cellular
localization of tau and apoE, there is a “physiological” difficulty for these proteins
to interact, and as such the connection between them is more complex than the
connection between apoE and Ap.

Regarding the potential of reelin as a biomarker for AD, few studies have
been performed. Reelin is present in the CSF as the full-length species and as
C-terminally and N-terminally truncated fragments. Previous studies detected
increased levels of the 180 kDa fragment in AD (Botella-Lopez et al., 2006), the
fragment generated following interaction with apoER2 (Hibi & Hattori, 2009);
although significance was not achieved in other studies (Botella-Lopez et al.,
2010). Recent reports indicate that reelin fragments can be generated through
the activity of extracellular matrix metalloproteinases regardless of receptor
interaction (Hattori & Kohno, 2021). Further studies regarding the balance of
reelin fragments are required to consider reelin protein levels as a potential
biomarker for AD.

ApoER2 ectodomain fragments can be detected in the CSF and may also
have potential as a biomarker for reelin signalling. These CSF apoER2 fragments
correlate with reelin levels in control subjects, but not in AD, where these
fragments appear to diminish (Cuchillo-lbafiez et al., 2016), suggesting inefficient
reelin signalling in the brain of AD patients.

In conclusion, despite the existence of studies regarding the potential of CSF
levels of apoE and reelin as read-outs of impaired reelin/apoE signalling and AD
progression, given the complex interactions of these proteins with key
components of the AD pathology, and the plethora of variables that could lead to
differences, more research is required to determine the exact potential of these
proteins in detecting AD at the earliest stage possible.
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HYPOTHESIS AND OBJECTIVES OF THE
DOCTORAL THESIS

Throughout the Introduction section the importance of apoE in AD has been
described thoroughly, and the implications of carrying an APOE ¢4 allele have
been illustrated. Despite the large amount of research published regarding the
role of apoE in AD, the vast majority of studies have focused on the impact of
expressing an APOE €4 genotype instead of the alternative isoforms in various
disease-related aspects. Many conflicting results have been reported regarding
the role of apoE in the progression of the disease. This could be due to different
variables that could potentially alter the interpretation of the findings, such as the
apoE source, extraction method, apoE lipidation state, analytic method used, etc.
The focus on APOE €4 is understandable, given the associated increased risk of
developing AD. Nonetheless, expressing an €4 allele does not necessarily mean
that AD will be developed, and, furthermore, most AD patients carry the much
more common APOE €3 allele.

Pathological alterations are likely present in all apoE isoforms, perhaps to
a different extent in apoE4, due to the basal compromise in some physiological
roles compared with apoE3 and apoE2; however, there is a gap in the knowledge
regarding alterations in the structure of apoE, and how these changes can affect
the pathophysiology of the disease. The evidence obtained does propose that
important aspects, such as apoE glycosylation and its capacity to form dimers,
could be related to AD development. The study of alterations in apoE structure
could provide valuable information regarding the role apoE plays in AD and could
contribute to its diagnostic potential. Nonetheless, few studies have dedicated
their efforts to quantifying and characterizing the specific apoE species present
in the CSF of AD individuals, and the reports performed up until now present
incongruent findings.

The main hypothesis of this doctoral thesis is that apoE protein presents
alterations associated to AD, regardless of the isoform, and that these apoE
alterations are expected to be found in AD CSF and brain samples. Moreover, as
apoE and reelin are both soluble glycoproteins that compete for binding to the

same receptor, apoER2, we also hypothesize that similar alterations to apoE
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could be found in reelin in AD samples. Alongside apoERZ2, other receptors from
the LRP family, such as LRP3, may play yet undiscovered roles in AD. These
alterations in apoE/reelin and apoE receptors could contribute to the progression
of AD.

The objectives of the thesis are the following:

1. To characterize apoE species in the CSF of AD individuals with different
APOE genotypes. Specifically, the aim is to perform a biochemical
characterization of the protein, including glycosylation, oligomerization,
and the analysis of specific species associated to the disease, in order to
obtain a particular apoE profile in human AD CSF.

2. To obtain a similar apoE profile in different brain areas of AD individuals.
Specifically, to analyse apoE in frontal and temporal brain regions.

3. Toanalyse reelin protein levels, including proteolytic fragments, in the CSF
of AD individuals with different APOE genotypes, in order to evaluate a
potential read-out of reelin impairment in AD, and to analyse whether the
APOE genotype has any impact on reelin levels.

4. To characterize LRP3, a novel apoE receptor of the apoER2 family, in AD
brain extracts and cellular models, to define its role in the pathology, and
to study the potential influence of LRP3 on APP levels and/or proteolytic

processing.

The main method employed to study these objectives was Sodium dodecyl-
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and western blot,
using samples from human CSF and brain extracts from control and AD subjects
with different APOE genotypes, as well as samples from animal and cellular
models. Western blotting is a method that allows the characterization and
quantification of protein species that differ in molecular mass, as well as the
discrimination between fragments of the same protein. Other techniques, such as
native-PAGE or mass spectrometry, were also employed. Cellular models
expressing specific proteins of interest, such as reelin or LRP3, allowed us to

observe alterations induced by AD-triggering effectors. Immunoprecipitation
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assays were frequently used to study the interaction between specific proteins,
but also to assure the identity of the protein species under study.

The results obtained from the studies performed throughout the doctoral
thesis led to three publications, all in Q1 journals, which can be found annexed

following the Materials and Methods section.
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MATERIALS & METHODS

In this section the samples and methods used in our studies will be briefly
described. For detailed information regarding methods employed in some

studies, please refer to the corresponding research paper.

Samples

For our studies human CSF and brain samples with known APOE genotypes
were used. All studies were approved by the ethics committee at the Miguel
Hernandez University and were carried out in accordance with the Helsinki
declaration regarding research on humans.

The CSF samples were all de-identified aliquots from clinical routine
analyses, following procedures approved by the ethics committees of the
University of Gothenburg (Sweden) and the Hospital Sant Pau (Spain). The CSF
samples were obtained by lumbar puncture and centrifuged (2000xg, 10 min) and
then immediately aliquoted and stored in ultrafreezers at -80°C until analysis. The
time between CSF acquisition and storage was less than 4 hours in all cases.
Freeze-thaw cycles were avoided, and new aliquots were used for each
independent analysis. AD core biomarker levels were obtained by standardized
methods in each cohort, and specific cut-off points were determined. For
information regarding the AD diagnosis and specific details of the cohorts used,
please refer to the corresponding research articles (apoE and reelin studies)
(Lennol et al., 2022; Lopez-Font et al., 2022).

Brain samples from the frontal or temporal areas were obtained from the
brain banks of the Institute of Neuropathology (Bellvitge University Hospital,
Spain) and the University of Edinburgh (Scotland). Cases with AD were
considered as those showing NFTs and/or senile plaques with the appropriate
Braak staging at the post-mortem neuropathological examination. For information
regarding the characteristics of the samples used, please refer to the
corresponding research papers (LRP3 study and apoE annex) (Cuchillo-lbafiez
et al., 2021).

For the apoE CSF study, transgenic rat CSF samples were also used.
Transgenic Tg344-AD rats expressing mutant human APP and presenilin-1 were

bred in animal research facilities at the University of Barcelona with the approval
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of the Experimental Animal ethical committee, and in compliance with European
legislation. CSF samples were obtained at different time-points by cisternal
puncture in the suboccipital region through the atlanto-occipital membrane, with
a single incision into the subarachnoid space. For information regarding the
characteristics of the samples, please refer to the apoE research paper.

Cell cultures

HEK-293T cells stably transfected with reelin were employed to study the effects
on AB42 on cellular reelin levels (Lopez-Font et al., 2022). Briefly, 2x10° cells/dish
were grown in six-well plates in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% foetal bovine serum (FBS), penicillin/streptomycin and
G418. After 24 hours the medium was changed to a modified Eagle’s Minimum
Essential Media (Opti-MEM), and cells were treated with 2.5 yM AB42 or a
scrambled AB peptide for 2 consecutive days with no media change. The cell
medium was then collected, filtered through 0.2 um pores and concentrated with
an Amicon Ultra 100 kDa size exclusion filter, and then conserved at -80°C until
analysis by western blot.

SH-SY5Y cells, a human neuroblastoma line, were differentiated to neural-
like cells to assess the interaction of apoER2 with LRP3. Briefly, cells were
seeded at a density of 1x10° cells/well in 6-well plates and cultured in DMEM
supplemented with 1% FBS, penicillin and streptomycin. To neuro-differentiate
cells, all-trans-retinoic acid (RA) was employed to enhance neuronal markers and
the expression of reelin and apoER2. 10 uM of RA diluted in DMEM with 1% FBS
was added every 2 days. After 6 days, some cells were treated with recombinant
reelin (12 ug for 24 hours), whereas others were treated with AB42 or scrambled
AB protein in DMEM with 1% FBS for 2 consecutive days without media change
at a concentration of 500 nM, 1 uM or 5 pM.

Non-differentiated SH-SY5Y cells were transfected with Lipofectamine
3000 with a construct encoding full-length apoER2 and apoER2-ICD expressing
only the cytoplasmic domain, or with GFP as a mock transfection, for 48 hours.
CHO cells stably overexpressing wild-type human APP (CHO-PS70 cells) were
grown in DMEM with 10% FBS, 0.1% puromycin and 0.2% G418. CHO-PS70
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cells were transfected with full-length human LRP3 cDNA for 48 hours. After 24
hours post-transfection, some cells were treated with 10 uM chloroquine for 24
hours (Cuchillo-lbafez et al., 2021).

Western blotting

SDS-PAGE and Western blotting is a technique used in all the research papers
included in this compendium. Samples of human brain or CSF (quantities
dependent on the protein being studied) were denatured for 5 minutes (unless
otherwise stated) and resolved by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) under reducing conditions (unless otherwise
stated). Premade or homemade gels of varying acrylamide percentage were used
accordingly. In all studies, samples were analysed at least in duplicate (in
separate gels) and distributed in the gels to ensure the comparison across
different conditions. The distribution of samples and the experiments were
performed by different research team members, to ensure no experimenter bias
was involved.

Following electrophoresis, proteins were blotted onto 0.45 pM
nitrocellulose membranes, and immunoreactive bands were detected using the
corresponding antibody (see Table 2). Blots were then probed with the
appropriate conjugated secondary antibodies and imaged on an Odyssey CLx
Infrared Imaging System. Band intensities were analysed using LI-COR software.
When required, loading reference controls were included to allow normalisation
across blots (Cuchillo-lbafiez et al., 2021; Lennol et al., 2022; Lopez-Font et al.,
2022).
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Antibodies Protein detected Concentration | Study
AB178479 apoE (all isoforms) 1:1500 apoE and annex
AB947 apoE (all isoforms) 1:1000 apoE
NBP1-49529 apoE (apoE4) 1:1000 apoE
MAB5366 reelin (N-terminal) 1:1000 reelin
Ab139691 reelin (C-terminal) 1:1000 reelin
Y186 apoER2 (N-terminal) | 1:4000 reelin
SAB1402255 LRP3 (C-terminal) 1:100 LRP3
SAB4501786 LRP3 (N-terminal) 1:100 LRP3
F1804 Flag 1:1000 LRP3
ZRB1176 LDLR (C-terminal) 1:200 LRP3
SAB1306331 apoER2 (C-terminal) | 1:2000 LRP3
A8717 APP (C-terminal) 1:2000 LRP3
A8967 APP (N-terminal) 1:2000 LRP3
11088 sAPPa 1:1000 LRP3
18957 sAPPf3 1:1000 LRP3
Ab63817 LC3B 1:2000 LRP3
T6199 a-tubulin 1:4000 LRP3

Table 2. Antibodies used in studies.

Immunoprecipitation

CSF or brain samples were incubated on a roller overnight with PureProteome
FlexiBind Magnetic Beads coupled with the corresponding antibody. The
supernatant was removed (unbound fraction) and the beads were washed and
then resuspended and boiled at 98°C for 5 min (unless otherwise stated) in SDS-
PAGE sample buffer and analysed by western blot with the appropriate antibody.
Control immunoprecipitations were performed (Cuchillo-Ibafez et al., 2021;
Lennol et al., 2022).
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Native-PAGE

For blue-native gel electrophoresis, CSF samples were not heated (native
conditions) and were loaded with LDS 4x sample buffer into native-PAGE 4-16%
gels. Buffers were prepared using native-PAGE running buffer and native-PAGE
cathode buffer additive. Immunoreactivity was detected using the AB178479
antibody and HRP anti-goat secondary antibody. The signal was visualized by

ECL and analysed using ImageStudio software (Lennol et al., 2022).

Enzymatic deglycosylation

CSF samples were deglycosylated using an Agilent Enzymatic Deglycosylation
Kit. Briefly, 30 yL of control or AD CSF was mixed with 10 pl incubation buffer
and 2.5 uL denaturing buffer and heated at 100°C for 5 min. The samples were
then cooled down to room temperature, and 2.5 uL of detergent (15% NP-40)
was added while mixing gently. O-linked (1 L sialidase and 1 yL O-glycanase)
or N-linked (1 pL N-glycanase) deglycosylating enzymes were then added
according to each different condition (O-linked, N-linked, or O- and N-linked
deglycosylation) and samples were heated at 37°C for 3 hours. Control
deglycosylation was performed by exposing samples to the same heating
conditions in absence of deglycosylating enzymes. Samples were analysed by

western blot (Lennol et al., 2022).

In-gel digestion and mass spectrometry

1 mL of CSF pooled from several AD patients was immunoprecipitated with
AB178479 antibody and loaded into an SDS-polyacrylamide gel under reducing
conditions. Recombinant apoE was included as a reference. Upon
electrophoresis, the gel was divided into 2 pieces, one for protein visualization by
SimplyBlue™ SafeStain Coomassie and one for blotting with the AB947 antibody
to confirm band presence and location. Bands of interest were cut-out from the
AD CSF and recombinant lanes and destained. Gel pieces were then dehydrated,
reduced and alkylated. Gel pieces were then washed, dehydrated and dried once
more, and digested overnight with trypsin enzyme. Digestion was stopped and

peptides were collected. Pooled extracts were dried and stored until MS analysis.
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For MS analysis samples were reconstituted and analysed with a Dionex
3000 nanoflow liquid chromatography system coupled to a Q Exactive. Mass
spectra were acquired in positive ion mode and in a data-dependent manner.
Fragmentation was obtained by higher energy collision-induced dissociation.
Database searches were made using PEAKS Studio XPRO (Lennol et al., 2022).

Brain membrane enriched-fractions

Brain cortex samples were homogenized using a polytron Heidolph RZR-1 at
600-800 rpm in a glass potter applying 10-15 pulses in buffer at 10% (w/v). The
homogenate was centrifuged at 1000xg for 20 min at 4°C. The supernatant (post-
nuclear fraction) was centrifuged at 13000xg for 15 min at 4°C, and then the
supernatant (cytosolic fraction) was aliquoted, and the resulting pellet
(membrane-enriched fraction) was resuspended in buffer.

Differential centrifugation was performed in some CHO-PS70 cells. After
homogenization of cell extracts in sucrose buffer, the homogenate was
centrifuged at 1000xg for 10 min, and the supernatant was then centrifuged at
15000xg for 15 min. The resultant supernatant (fraction containing the plasma
membrane and soluble proteins from the cytosol) and the pellet (containing
membranes from the endoplasmic reticulum, mitochondria, lysosomes,
peroxisomes and endosomes) were quantified and stored for subsequent

analysis (Cuchillo-Ibafnez et al., 2021).

Microarray analysis

Gene expression was analysed in SH-SY5Y cells 48 hours after transfection with
apoER2 using microarrays SurePrint G3 Human Microarrays, and performed by
Bioarray SL. RNA concentration and purity was determined by a NanoDrop
spectrophotometer, and RNA quality was determined with the R6K Screen Tape
kit, and RNA integrity ranged between 9.5 and 9.7. Each sample was labelled
with Cy3 using the Ono-Color Microarray-Based Gene Expression Microarrays
Analysis v6.6 and data were imported to linear models for microarray data
Bioconductor software. Raw data were subjected to background subtraction, then

to within-array loess normalization. Across-array normalization was then
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performed. Normalized data were fitted to a linear model, and the significance of
gene expression changes was analysed to the adjusted p value (Cuchillo-Ibéfiez
et al., 2021).

gRT-PCR analysis

RNA was extracted from human brains, SH-SY5Y cells or CHO-PS70 cells using
TRIzol® Reagent in the PureLink™ Micro-to-Midi Total RNA Purification System.
SuperScript™ Il Reverse Transcriptase was used to synthesize cDNAs from this
total RNA (2 pg) using random primers. Quantitative PCR amplification was
performed on a StepOne™ Real-Time PCR System with TagMan probes specific
for human LRP3 (assay ID: HS01041220_ml1), LDLR (assay ID:
HS00181192_m1), and human 18S as a housekeeping gene for the human brain
and SH-SY5Y cell samples. In CHO-PS70 cells, mRNA expression was
measured with primers for human APP (forward: AACCAGTGACCATCCAGAAC;
reverse: ACTTGTCAGGAACGAGAAGG) and for GAPDH (GAPDH, forward:
AGAAGGTGGTGAAGCAGGCAT; reverse: AGGTCCACCACTCTGTTGCTGT)
to normalize the expression levels of the target genes by the ACt method curves
(Cuchillo-lbafez et al., 2021).

Immunofluorescence and confocal microscopy

CHO-PS70 cells overexpressing LRP3-flag were washed with cold Hank-
buffered salt solution and fixed with 4% paraformaldehyde and 0.1 M EGTA for
10 min. To stain the plasma membrane, cells were incubated with WGA-FITC
(WGA: lectin from Triticum vulgaris, FITC (fluorescin) conjugate) for 15 min at
room temperature, and the nonspecific sites were blocked with 10% (w/v) bovine
serum albumin for 30 min. No permeabilization steps were included before or
during the incubation with the primary antibodies. Cells were incubated with
primary antibody for Flag (1:200) for 1 hour, followed by secondary antibody
(1:200, Cy5 anti-mouse) for 1 hour. After washes with PBS, cells were incubated
briefly with Hoechst dye to label nuclei. Pictures were obtained in a Leica SPEII

upright TCL-SL confocal microscope using an oil-immersion 40x objective.
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The frontal cortex and hippocampus of 14 cases with different pathology
stages were used in the fluorescence study. Formalin-fixed, paraffin-embedded-
de-waxed sections, 4 um in thickness, were stained with a saturated solution of
Sudan black B for 15 min to block autofluorescence of lipofuscin granules present
in cell bodies and then rinsed in 70% ethanol and washed in distilled water. The
sections were boiled in citrate buffer to enhance antigenicity and blocked for 30
min at room temperature with 10% FBS diluted in PBS. Then, the sections were
incubated at 4°C overnight with combinations of primary antibodies: LRP3 C-
terminal (1:50) and apoER2 (1:50). After washing, the sections were incubated
with fluorescent secondary antibodies against the corresponding host species.
Nuclei were stained with DRAQ5™ (1:2000). After washing, sections were
mounted in an Immuno-Fluore medium, sealed, and dried overnight. Sections
were examined with a Leica TCS-SL confocal microscope (Cuchillo-lbafiez et al.,
2021).

Statistical analyses

Data analyses were performed using GraphPad Prism (version 7). The
distribution of data was tested for normality using D’Agostino-Pearson tests.
ANOVA was performed for parametric variables and Kruskal-Wallis test for non-
parametric variables to compare between groups. To compare two specific
groups and determine exact p values Student’s t-test for parametric variables and
Mann-Whitney U tests for non-parametric variables were performed. For
correlations, Pearson and Spearman tests were used. p value < 0.05 was

considered significant.
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Abstract

' Objective: The purpase of this study was to examine the levels of cerebrospinal fluld (CSF) apolipoprotesn E (apoE)
species in Alzheimer's disease (AD) patients
Methods: ‘\e analyzad two CSF cohorts of AD and contral individuals expressing different APOF genotypes. Moreo-
ver, CSF samples from the TgF344-AD rat model were Included. Samples were run In native- and SD5-PAGE under
reducing or non-reducing conditions (with or without B-mercaptoathanad), Immunoprecipitation combined with
mass spectrometry ar western blotting analyses served 1o assess the identity of apoE complexes.
Results: In TgF344-AD rats expressing 4 unique apok vanant resembding human apok4, a ~35-k0a apoE monomer
was identifed, increasing at 165 manths compared with wild-types, In humans, apok isofarms form disulfide-linked
dimers In CSF, except apakd, which lacks a cysteine restidue. Thus, cantrolés showed a decrease In the apof dimer/
moenomer guatient in the APOE e3/e4 group compared with €3/£3 by rative elecirophoresis A majar contribution of

| dimers was found in APRDE £3/84 AD cases, and, unexpectedly, dimess were also found in ed/ed AD cases. Under reduc-
ing conditions, two apok monameric glycofarms at 36 kDa and at 34 kDa were found in all haman sampies. In AD
patients, the amount of the 34-K0a species increased, white the 36-kDa/34-kDa quatient was loaer compared with
contrals Interestingly, under reducing conditions, a ~100-kDa apcE complex, the identity of which was confirmed by
mass spectraometry, also appeared in human AD individuals acress all APOE genatypes, suggesting the occurrence of
aberranily resistant apok aggregates. A second independent cohort of C5F samples validatad these results.

| Conclusion: These results indicate that despite the increase in talal apol content the apct protein is altered in AD
CSF, suggesting that function may be compromised

Keywords: Alzneimer’s disease, apok, Blomarker, Aberrant complexes, Cerebiraspinal fluid, Glycoform imbalance

Background

An Important breakthrough in our understanding of
Alzheimer's disease (AD) was the identification of the
apolipoprotein E APOE-24 allele as a risk factor [1],
Apolipoprotein E (apoE) protein is a component of lipo-
protein particles in the plasma, as well as in the cerebro-
" InSTITUTO e Newdd herus de ARCate, Unhor ¥okad Migoel Mermdnde2 S0 spinal fluid (CSF) [2]. ApoE reguhtcs important Ngmhng
piosied Snepbe i B AR DAL -5 pathways by Interacting with receptors and 1s prasent
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as sialviated glycoforms [3], Human apok lacks the con-
sensus sequence necessary for Nelinked glycosvlation;
thus, O-linked carbohydrates probably account for gly-
cosylation [4]. The impact of apoE glycosylation remains
unclear, but evidence indicates that glycosylation acts as
an important post-translational mechanism for fine-tun-
ing apok interaction with receptors and proteins (5],

In humans, three versons of the APOE gene exist, £2
(apoE2), €3 {apoE3), and &4 (apoE4) alleles, while other
mammals only have one version of the APOE gene,
resembling ancestral apoEd [6]. APOE«¢3 is the most
common allele (~75%), followed by £4 (15-20%) and 2
(4-8%) [7|. Compared to the most common APOE £3/e3
genotype, cach additional copy of the APOE-¢4 allele is
associated with a higher risk of AD and a younger mean
age of dementia onset. Thus, in individuals with one
copy of the APOE-s2 allele, the risk of AD increases 2-3
times and 8-12 times in individuals with two copies [8].
Experimental evidence shows the deleterious effect of the
apoEd variant for AD, while the lack of apoE4 appears to
be protective [9]. In contrast. the presence of one or two
copies of the APOE-£2 allele 1s associated with a lower
risk of AD and an older mean age of dementia onset
[10]; therefore, it has been hypothesized that the apoE2
protein could be protective against AD [11]. Indeed,
APOE-s2 homozygotes present an exceptionally low
likelihood of developing AD [12]. The reported effects of
different APOE genotypes on AD risk vary widely with
demographic factors such as gender and ethnicity [7],
Moreover, the percentage of APOE genotypes in cogni-
tively unimpaired people with neuropathological or bio-
marker evidence of preclinical AD, or the percentage of
people who meet the criteria for mild cognitive impair-
ment with or without biomarker evidence of AD, is not
well established (discussed in [12]). Anyhow, desplite the
2-3-fold increase in AD prevalence in APOE-e4 subjects
compared to the general population, most of the individ-
uals with AD are APOE-e3 homozygotes [13],

Nonetheless, given the important physiological func-
tions of apok, a malfunctioning of the apoE protein may
also contribute to AD pathology In &4 non-carriers [14],
The differences in the structure of apoE isoforms influ-
ence their ability to bind lipids, receptors, and amyloid-j
(AP}, which aggregates in plaques within the brain of AD
patients |14).

Interestingly, apoE forms disulfide-linked homodi-
mers and heterodimers with the apoA-1l apolipopro-
tein involving the cysteine (Cys) at position 112 (7, 14],
Indeed. these apoE homodimers linked by disulfide
bonds could be the native form able to bind to recep-
tors [15]. The three human apoE isoforms differ in the
presence of Cys/arginine (Arg) at positions 112 and 158
within the receptor binding domain, as apoEd lacks Cys
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resicdues at both these positions [4), The amino acid sub-
stitution of Cys-112 by Arg in apoEd explains the lower
number of disulfide-linked dimers in the CSF of APOE
e3/ed subjects compared with APOE £3/3 subjects, and
their absence in APOE ed/ed subjects [16, 17], but may
also explain the reduced ability of apoE4 to mediate
some of its bwlogical roles, compared with apoE2 or
apoE3 [18].

The mature apoE protein has 299 amino acids and a
molecular mass of ~35 kDa. However, previous stud-
ics performed in the brain [19) and CSF [17] reported
a =100-kDa apoE band in non-reducing condltions, as
opposed to the predicted ~70 ka, which was referred to
as an apoF homodimer.

Previous studles that considered total CSF apoE levels
failed to demonstrate consistent changes when the APOE
genotype was included as a covariate in the models [20-
22]. However, other studies assoclated high CSF apoE
concentrations with an increased risk of impaired cogni-
tive progression in non-apoE4 carriers (23],

Anyhow, in order to consider the estimation of apoE
levels in CSF as a read-out of AD occurrence or pro-
gression, in addition to the APOFE genotype, the studies
should also consider changes in the protein conforma-
tion/structure that can compromise the biological func-
tion of the apoE protein, In this study, we aimed to
characterize the occurrence of different apoE species
in AD CSF from Individuals with different APOE geno-
types, while considering changes in the balance of apoE
glycoforms and the occurrence of aberrant apoE dimers
that could indicate a compromise of apok function in the
brain.

Materials and methods

Patients

CSF samples from individuals with known APOE geno-
types were obtained from two independent cohorts. The
CSF samples from both cohorts used for this study were
de-identified aliquots from clinical routine analyses, fol-
iowing procedures approved by the Ethics Committees at
the University of Gothenburg and the Hospital Sant Paw,
respectively. Additionally, this study was approved by the
ethics committee at the Migued Hernandez University,
and was carried oat in accordance with the Helsinki Dec-
laration regarding research on humans.

The CSF samples were obtained by lumbar puncture
and centrifuged (2000xg, 10 min) and then immedi-
ately aliquoted and stoved in ultrafreezers and kept at
—80°C until analysis, The time between CSF acquisition
and storage was less than 4 h in all cases. The handling
of the samples was performed following recommended
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operating procedures [24], Freeze-thaw cycles were
avoided and new aliquots were used for each independ.
ent analysis.

The first cohort was from the longitudinal geriatric
population study in Pited, Sweden [25], the Pited Demen.
tia Project. The diagnostic evaluation included a clinical
examination (detailed medical history and somatic, neu-
ropsychiatric, and neurological status), a newropsycho-
foglcal test battery, routine blood and CSF tests, and a
CT scan to exclude secondary dementias [26]. All chini-
cal diagnoses and evaluations were made without knowl-
edge of the results of the biochemical analyses and vice
versa. The cohort consisted of 45 patients with AD (four-
teen men and thirty-one women, mean age 7741 years)
and was selected based on the APOE-g4 status, so that
fifteen each had APOE €3/e3, APOE £3/¢4, or APOE £4)
#4. In addition, fourteen non-AD controls [seven men
and seven women, mean age (67 % 3 years); APOE e3)
€3: 9, APOE £3/e% 5] were included. APOE genotype was
determined by the solid-phase mini-sequencing method
as previously described [27]. For this study, patients who
were designated as AD or controls also had typical core
CSF biomarker levels [AP42 and total tau (T-tau)] using
cut-offs that are >90% specific for AD [28], but except for
CSF AP42 and T-tau, all biochemical analyses were made
without knowledge of the clinical data, The ethics com-
mittees in Umed University and University of Gothen-
burg approved the study.
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The second cohort was obtained from the Sant Pau
Initiative on  Neurodegeneration (SPIN cohort) [29)
from Heospital Sant Pau (Barcelona, Spain). We Included
samples from 29 AD patients (thirteen men and sixteen
waomen, mean age 731 years; APOE: 10 £3/¢e3, 10 ¢3/ed,
9 ed4/e4) and ten controls (seven men and three women,
mean age 6942 years; APOE: 5 ¢3/e3, 5 £3/e4), Typically,
these are patients who present cognitive complaints and
are referred to the speciallzed memory unit from thelr
primary care physician. All patients undergo a full neu-
ropsychological evaluation that demonstrates objec-
tive cognitve impairment. Patients were Included in the
cohort when they presented supportive biomarkers of the
AD pathophysiological process, Cognitively normal par-
tictpants were volunteers without cognitive complaints
and normal neuropsychological evaluation, More details
about inclusion/exclusion criteria and neuropsychologi-
cal tests in this cohort are detailed elsewhere [29].

In this cohort, the APOE genotype was determined by
direct DNA sequencing and visual analysis of the result-
ing electropherogram performed to identify the two cod-
ing polymorphisms that encode the three possible apoE
variants [29],

Each center applied their own internally validated cut-
offs, according to their preanalytical and analytical par-
ticularities. More details about the cut-ofis applied are
indicated below. Samples were retrospectively selected
from large cohorts to balance age, sex, and APOE sta-
tus. Most of the selected cases (92%, 43 of 45 from

Yable 1 Demographic and biomarker infarrmation from the CSF samples obtained from the Gothenburg (Swedenl and Barcelona

{Spain) cohorts

Cohort: Gothenburg {Sweden)
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APOE #3713 s3/s4 Al
N 5 5 0
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Female/make /4 23 7
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Gothenburg and 25 of 29 from Barcelona) were catego-
rized A4 T4 according to [30}; thus, subgrouping by the
AT(N) system for analysss was impractical. For full detatls
about the collections, see Table 1.

Determination of AD core biomarkers by ELISA

and definition of cut-offs

In the cohort from Gothenburg, the levels of the AD core
biomarkers T-taw, P-taw, and AB42 were measured in the
CS¥F using INNOTEST ELISAs (Fujireblo-Europe, Gent,
Belgium). Patients were designated as AD or controls
according to CSF biomarker levels using cut-offs that ave
>90% specific for AD: AP42 <550 pg/mL and total tau
(T-tau) =400 pg/mL [20]

For the cobort from Barcelona, cut-offs for AD bio-
markers measured in the Lumipulse automated platform
{Fujirebio-Furope) were T-tau > 400 pg/mL, P-tau > 63
pe/mL, and 0,062 for the AP42/AB40 ratio [29].,

All samples were analyzed as part of a clinlcal routine
by board-certified laboratory technicians following strict
procedures for batch-bridging, analyses, and quality con-
trod of individual ELISA plates.

Transgenic rat CSF

The experiments were carried out using a cohort of 107
rats (53 males and 54 females), including transgenic
TeF344-AD rats (# = 52} expressing mutant human APP
(APPsw) and presenilin-1 (PS1AE9) genes [31] and wild-
type Fischer rats (n = 55). Rats were bred in the animal
research facilitics at the University of Barcelona. Ani-
mals were provided with food and water ad Ubitum and
maintained in a temperature-controlled environment in a
12/12-h light-dark cycle. CSF samples (50-100 uL) were
collected from ketamine/xylazine-anesthetized animals
by cisternal puncture with a glass capillary in the suboc-
cipital region through the atlanto-occipital membrane,
with a single incision into the subarachnoid space [32],
CSF aliquots from different time points [¢ months: 16
wikd-type {8 male, 8 temale) and 16 TgF2344-AD animals
(8 male, 8 female); 105 months: 17 wild-type {8 male, 9
female) and 16 TgF344-AD animals (8 male, 8 female);
16.5 months: 22 wild-type (12 male, 10 female) and 20
TgF344-AD animals {9 male, 11 female)] were analyzed,
This study was part of a large project assessing various
different proteins that included brain analysis at each
stage; thus, it was not possible to perform longitudinal
measurements in the same animal (repeat sampling) to
reduce the number of animals. Animal work was per-
formed in accordance with the local legislation, with the
approval of the Experimental Antmal Ethical Committee
of the University of Barcelona, and In compliance with
European legisiation,

Pagedof 1y

Western blotting

Samples of human or rat CSF (10 pl) were denatured at
98°C for 5 min and resolved by sodium dodecyl sulfate-
polvacrylamide gel electrophoresis (SDS-PAGE) under
reducing or non-reducing conditions {determined by
the presence or absence of B-mercaptoethanol in the
sample buffer, respectively). Unless specified, the stud-
ies presented in the text were performed under reduc-
ing conditions. For this study, we used 12% precast
gels (Bio-Rad Laboratories, GmbH, Munich, Germany;
#4561046). All the samples were analyzed at least in
duplicate {duplicates in separate gels) and distributed In
the gels to ensure the comparison by disease condition
and APOE genotype. The distribution of the samples in
the gels was performed by a member of the team and
the experiments were performed by another, the experl-
menter, in a blind way.

Following electrophovesis, proteins were blotted onto
0.45-um nitrocellulose membranes (Bio-Rad Laborato-
ries, GmbH, Munich, Germany), Bands of apoE immu-
noreactivity were detected using either the antibody
AB178479 (goat polyclonal; Merck Millipore) or the
antibody ABM7 (goat polyclonal; Merck Millipore),
both common to all apoE isoforms, or alternatively by
an antibody specific to the apoE4 I1soform (recognizes
an internal domain comprising the Argll2 residue
present exclusively in apoEd species; mouse monoclo-
nal, Novus Blologicals; NBP1-49529). Blots were then
probed with the appropriate conjugated secondary
antibodies (IRDye secondary antibodies, LI-COR Bio-
sclences, Lincoln, NE, USA) and Imaged on an Odyssey
CLx Infrared Imaging System (LI-COR Biosciences),
Band intensities were analyzed using LI-COR software
(ImageStudio Lite). The boxes selected with the Image-
Quant Studio software for quantification, as well as the
completed blots, are shown as supplementary figures,
Recombinant apok3 (Peprotech, ThermoFisher Scien-
tific® 350-02) was included Into each blot to serve as
a loading reference and for normalizing the immuno-
reactivity signal between blots. Specifically, the same
amount of recombinant apoE3 was always Included,
and the immunoreactivity of the apoE bands from each
blot was referred to {divided by) the immunoreactivity
of recombinant apoE3, thus correcting Inter-blot differ-
ences and allowing for comparisons across assays.

For blue-native gel electrophoresis, the CSF samples
were not heated (native conditions) and were loaded with
NuPage LDS 4x Sample Buffer {ThermoFisher Saentific,
NPUO7) into native-PAGE 4-16% gels (ThermoFisher
Sclentific, BN1002BOX). Buffers were prepared using
native-PAGE Running Buffer (ThermoFisher Saentific,
BN2001) and native-PAGE Cathode Bulfer Additive
(ThermoFisher Sclentific, BN2002). Immunoreactivity
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was detected using the AB178479 antibody and HRP anti-
goat secondary antibody (ThermoFisher). The signal was
visualized by ECL {GE Healtheare Life Science) and ana-
Iyzed using ImageStudto Lite.

ApoE immunoprecipitation

CSF samples (50 pl) were Incubated on a roller over-
night with 100 pl. PureProteome FlexiBind Magnetic
Beads (Merck Millipore, LSKMAGNO) coupled with the
AB178479 apoE antibody (Merck Millipore). The super-
natant was removed, and the beads were washed and
then resuspended and boiled at 98 °C for 5 min in SDS-
PAGE sample buffer and analyzed by western blot with
the AB97 antibody (Merck Millipore] or anti-apoEA
antibody (Novus Biologicals, NBP1-49529), For a control
immunoprecipitation, beads were coupled with horse
serum and then incubated with CSF samples,

Enzymatic deglycosylation

Enzymatic deglycosvlation was performed using an
Agilent Enzymatic Deglycosylation Kit (Agilent Tech-
nologies, GK80110) following the manufacturer’s instruc-
tions. Briefly, for each condition, 30 uL of control or AD
CSF was mixed with 10-ul incubation buffer and 2.5-pl,
denaturing butfer and heated at 100 “C for 5 min. The
samples were then cooled down to room temperature,
and 25 pL of detergent (15% NP-40) was added while
mixing gently. O- (1 pL sialidase and 1 pl. O-glycanase)
or N-linked {1 pL N-glycanase} deglycosylating enzymes
were then added according to each different condition
(O-linked, N-linked, or O- and N-linked deglvoosyla-
tion) and samples were heated at 37 °C for 3 h. Samples
were then analyzed by western blot. As for control of the
deglycosylation process, samples exposed to the same
heating conditions but without deglycosylating enzymes
were included.

In-gel digestion

In-gel digestion was performed as previously described
133] in order to investigate the content of western blot
immunoreactive bands of interest using an antibody-
free method. Briefly, | mL of a pool of AD CSF (APOE
ed/ed and APOE €3/ed cases) was immunoprecipitated
with AB178479 antibody and loaded into SDS-paoly-
acrylamide gel under reducing conditions, as described
above, ApoE3 and apoE4 recombinant proteins (Pepro-
tech, ThermaoFisher Scientificg 350-02 and 350-04) were
also loaded In the gel (10 pmaol) and used as a reference
for band excising and positive control. Upon electro-
phoresis, the gel was divided into two parts, one for pro-
tein visualization by SimplyBlue™ SafeStain Coomassie
(ThermoFisher Scientific, cat®¥ LC6060) and one for
blotting with the AB947 antibady as confirmation of
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band presence and location. Bands of interest were cut-
out from the AD CSF gel lane and recombinant protein
lanes and destained using a 1:1 mixture of acetonitrile
and 50 mM ammoalum bicarbonate solution twice for
15 min. Furthermore, gel pieces were de-hydrated with
100% acetonitrile and dried using a vacuum centrifuge.
Samples were subsequently reduced with 10 mM dithio-
threitol (DTT) for 1 h at 56 °C and alkylated with 25 mM
iodoacetamide (IAA) for 45 min at room temperature
in the dark. Gel pleces were further washed with 25mM
ammonium bicarbonate, de-hydrated with 100% acetoni-
trile, and dried using a vacuum centrifuge once maore,
Samples were digested overnight at 37°C using 100 ng/
uL trypsin enzyme (Sequencing Grade Modified Trypsin,
#V511A, Promega). The next day, digestion was stopped
by the addition of 2% trifluoroacetic acid and 75% ace-
tonitrile solution, and peptides were collected into a new
tube (Costar, #3207). Gel pieces were further extracted
with the addition of 50% acetonitrile and 0.2% trifluoro-
acetic ackd solution shaking for 30 min. The supernatant
containing the peptides was transterred to the collec-
ton tube. Pooled extracts for each gel piece were drled
through vacoum centnifugation and stored at —80 °C
pending mass spectrometry (MS) analysis,

Mass spectrometry data analysis

Dried in-gel digested samples were reconstituted in 7 pl
8% acetonitrile/8% formic acid solution and shaken for
30 min. A total of 6 gL of each sample was Investigated
using mass spectrometry (MS) analysis performed with
a Dionex 3000 nanoflow liquid chromatography system
coupled to 2 Q Exactive (both Thermo Fisher Scientific).
Briefly, a reversed phase Acclaim PepMap CI18 (100 A
pore size, 3 pm particle size, 20 mm length, 75 pm id,
Thermo Fisher Scientific) trap column was used for
online desalting and sample clean-up. Separation was
performed with a reversed phase Acclaim PepMap RSLC
C18 (100 A pore size, 2 um particle size, 75 pm id., 150
mm length, Thermo Fisher Scientific) column at a flow
rate of 300 nL/min by applying a linear gradient of 0-40%
B for 50 min. Mobile phase A was 0.1% formic acid In
water (v/v) and mobile phase B was 0.1% formic acid and
84% acetonitrile in water (viviv),

Mass spectra were acquired in positive jon mode and
in a data-dependent manner with a resolution setting of
70,000 for precursor and 17,500 for fragment jon acqui-
sitions. Fragmentation was obtained by higher energy
collision-induced dissociation (HCD) using a normalized
collision energy (NCE) setting of 28 Database searches
were made using PEAKS Studio XPRO (Bioinformatic
Solutions, Inc., Waterloo, Canada).
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Statistical analysis

All the data was analyzed using GraphPad Prism (version
7: GraphPad software, San Diego, CA, USA). The test was
used to analyze the distribution of each variable, Firstly,
multiple comparisons were performed between groups.
ANOVA was used for parametric varables, and the
Kruskal-Wallis test for non-parametric variables, A Stu-
dent’s ¢-test for parametric variables and a Mann-Whit-
ney U test for non-parametric vartables were employed
for comparison between two groups and for determining
precise p values, For correlations, the Pearson and Spear-
man tests were used. The results are shown as means +
SEM; the standard deviation (SD) and median values are
also displayed as indicated in the igure legends.
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Results

CSF apoE in Tg344-AD rats

To determine whether altered CSF apoE levels could
be indicative of pathology-associated changes, we ini-
tially examined them in a rat transgenic AD maodel. The
TgF344-AD rat expresses human APP with the Swedish
mutation and human PSENT with the A exon 9 mutation,
As mentioned above, while humans have three versions
of the APOE gene, other mammals such as rats only have
one isoform of the apoE protein, which presents Arg at
position 112 (htps//web.expasy.ong/variant_pages!
VAR 000652 html) and thus shares the inability to form
disulfide-linked dimers with human apoE4, We examined
apoE levels in the CSF of 4-, 10.5-, and 16.5-month-old
transgenic rats and wild-type littermates by SDS-PAGE

A
100 kDa
35kDa
Wt Wt Tg Tg Wt Wt Tg Tg Wt Wt Tg Tg
T & T " T *
B 400- 4 Months 10.5 Months 16.5 Months
— o
< 300+ p = 0.0027
g 0 2 %
o o
g s (- ° = oo o2
2 100 N o
b s |cas»| % o
0 = ' o21 [o° .
wt wt Tg Wt Tg
o454 116441 102483 12240 104240 134590
3 Months T10.5 Months 16.5 Months

Fig- 1 Aralysisof CSF apoE in the Tol344- A0 rats A Represendative blot of C5F abtaingd from vald-type (W) or trarsgenic [ 1g) rats ar 4, 105, and
‘ 165 months, The 100-kDs section of the Blot presents enhanced contast. B Quantficanon of apot vilues chitained from wosiern biots Data &
thawn as a percentage with respect 1o the W vakaes obtained at sach age The graphs represent mean = SEM, and the numbers below iepeesent

median 4 SO A sgnfcant p value n indhoatad
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using the AB178479 anttbody. In all the animals and
at all ages., apoE appeared as a single ~35-kDa band
(Fig, 1A) and no differences were found between males
and females (p> 0.05 for the comparison at every age).
We did not hind different glycoforms. Although no dif-
ferences were found at 4 and 10.5 months between wild-
type and TgF344-AD rats, a rend of apok increment was
observed. At 16.5 months of age, apoE levels were 50%
higher in TgF344-AD animals than in wild-types (p =
0.003, Fig. 1B). The significant differences for CSF apoE
levels detected between TgF344-AD and controls at 16,5
months of age were maintained when the animals were

subgrouped by gender (male: control vs TgF344 p =
0.019; female: control vs TgF344: p = 0,048),

Characterization of apoE in human CSF
We examined the presence of apoE species in CSF
samples by SDS-PAGE and western blot under reduc-
ing conditions (in presence of the reducing agent
f-mercaptoethanol that breaks disulfide bonds) from
a cohort of control and AD patients from Gothen-
burg (Sweden; see Table 1) expressing different APOE
genatypes.

In all CSF samples, using the AB178479 antibody,
apok appeared as two distinct immunoreactive bands of
=34 and -36 kDa (Fig. 2A). Immunoprecipitation with
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this antibody and subsequent immunoblotting with an
alternative apoE antibody, AB947, confirmed the charac-
terization of both apoE monomeric species in APOE €3/
€3 samples (Fig. 2B). The same occurred when using an
anti-apoE4 antibody in APOE £3/e4 samples (Fig. 2C),
An apoE band of ~100 kDa was also observed, almaost
exclusively in the AD CSF samples, and this band was
immunoprecipitated similarly to monomers (Fig. 2A-C),
ApoE3 and apoE2 isofoems form disulfide-linked dimers
in CSF, but these dimers should be sensitive to the reduc-
ing agent f-mercaptoethanol. Additional bands between
the monomers and the 100-kDa bands did not appear
to follow any specific pattern related with the pathology
condition or the APOE genotype and were not consist-
ently represented in the immunoprecipitated fraction;
therefore, they were not considered for further investiga-
tions. Immunoprecipitated complexes of 100 kDa, using
the AB178479 antibody, were dissected after electropho-
rests and examined by MS analysis Identifying 14 tryptic
peptides spanning throughout the sequence of human
apok (Uniprot entry P02649_HUMAN), and both apoE3
and apoE4 isoforms were detected. Matching sequences
are displayed in Table 2.

We first aimed to understand why the monomers
appeared as two distinct bands with different molecular
masses. We hypothesized that the bands likely represent
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Table 2 ldentified pepudes fram apoE species of human CSF by MS
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different glycoforms of the protein and, thus, an enzy-
matic deglycosylation assay was performed. While, as
expected, N-deglycosylation did not alter the apoE band
pattern, O-deglycosylation simplified the apoE pat
tern to a single immunoreactive band, sugpesting that

O-glycosylation could account for the differences in the
molecular mass between the 36- and 34-kDa apoE spe-
cies (Fig. 2D). The small differences in the electrophoretic
mobility between glycosylated and deglycosylated apoE
monomers are probably related to the slight carbohydrate
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mass associated to O-glycosylation, but also to changes
in protein shape that affect their electrophoretic migra-
tion, Glycosylated proteins are normally more globular
than non-glycosylated proteins, because the carbohy-
drate chains are not linear, even in reducing conditions.
The apparent levels of the 100-kDa apoE band were not
significantly modified following enzymatic deglyco-
sylation, suggesting that these species are resistant to
enzymatic deglycosylation (Fig. 2D), We observed the
occurrence of apoE dimers In the recombinant protein (a
non-glycosylated species since it is produced in bacteria),
suggesting that sugar residues are not relevant epitopes
for disulfide-linked dimer formation.

As previously mentioned, the ~100-kDa apoE hand was
observed almost exclusively in AD CSF samples, includ-
Ing APOE £4/e4 samples (Fig. 2A), To further character-
ize this apoE species, we performed SDS-PAGE studies in
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non-reducing conditions to preserve the disulfide bonds
{absence of B-mercaptoethanaol), The 100-kDa apoE band
in AD samples appeared to be indistinguishable from the
one observed In reducing conditions, and remarkably,
this band appeared in the control samples in non-reduc-
ing conditions, probably representing apoE dimers linked
by disulfide bonds (Fig. 3A). When a specific antbody
for apoE4 was used, NEP 1-49529, the 100-kDa immuno-
reactivity was also detected in samples from APOE 3/
e4 AD subjects under both reducing and non-reducing
conditions, while no immunoreactivity was detected in
APOE 3/ed control samples under non-reducing con-
dittons (Fig. 3B). This could corroborate that apoE4 In
AD samples participates in complexes to form 100-kDa
stable species, in both apoE3/4 or apoE4/4 subjects, that
do not rely on disulfide bonds, due to its lack of Cys112,
thus representing aberrant/anomalous apoE aggregates.
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In APOE £3/e4 control subjects, however, apoE4 does
not participate in the 100-kDa species observed under
non-reducing conditions, given its complete reliance on
disulfide bonds to form functional dimers.

To determine the different contributions of the apoE
100-kDa species in AD and control cases, we first esti-
mated the apoE dimer/monomer balance by native-
PAGE electrophoresis. We included a CSF control sample
under fully reducing and denaturing conditions, as well
as an apoE3 recombinant protein under natlve con-
ditions, which served to identify the monomeric and
dimeric apoE bands. Two immunoreactive apoE bands
were observed, likely representing apoE monomers and
dimers (Fig. 3C). An immunoreactive band compatible
with dimeric complexes was detected in CSF from AD
APOE e4/e4 cases, whose lack of Cys112 should elimi-
nate their ability to form disulfide-bond-dependent com-
plexes. Given the difficulty of inding age -matched APOE
e4/e4 control subjects (low prevalence of this genotype
in the general and healthy population), we cannot com-
pare AD APOE g4/ed with control £4/e4 cases. We com-
pared the apokE dimer/monomer quotient {rato D/M)
between AD CSF samples and controls, subgrouaping
the samples by APOE genotype (Fig. 312, In the control
group, the dimer/monomer quotient was significantly
fower In the APOE £3/e4 group (ratio D/M = 0.38) com-
pared to that of the £3/e3 group (ratio D/M = 2,20, p=
0.006), assoctated to the inability of the apoE4 isoform
to form disulfide-linked dimers. The same situation was
found in the AD group, where the dimer/monomer ratio
decreased as the g4 allele was present (e3/e3: atio D/M =
2.27; e3/ed: ratlo DIM = 1.04; e4/e4: ratio D/M = 0.24).
For APOE £3/€3 subjects, the dimer/monomer ratio in
controls was not significantly different to that found in
AD subjects; howeves, for APOE £3/e4 subjects, the quo-
tient was higher in the AD group compared with controls
(p = 0.0Z; Fig. 31). This may be reflecting the accumula-
tion of aberrant aggregates in the AD samples expressing
apoE4, in addition to the physiological disulfide-bound
dimers present in controls.

Levels of CSF apoE species in AD

Given the differences in CSF apoE aggregates found
under native conditions between AD and controls, we
evaluated the levels of the 34-kDa, 36-kDa, and 100-kDa

| See figure on rext page)
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apoE species by SDS-PAGE in reducing conditions and
western blotting, using the AB178479 antibody (Fig, 4A).
The 34-kDa apoE band was significantly increased in
AD compared with controls (p = 0.003; bBg. 48). When
discriminating by APOE genotype, only the APOE €3/
e3 genotype was significantly elevated in AD compared
with control samples (p = 0.02; Fig. 4C). 'The same anal-
ysis within the APOE £3/e4 genotype exhibited less sta-
tistical power because the size of the control group is
small; nonetheless, we observed a trend of 34-kDa apoE
increment in €3/e4 genotype AD samples with respect to
controls (p = 0.09; Fig, 4CJ, The 36-kDa apoE appeared
significantly Increased In AD compared with controls
overall (p = 0.002; Fig. 4D), but not among APOE geno-
types (Fig. 4E).

As expected, when we considered the sum of the
apoE immunoreactivity for the 34 and 36-kDa bands,
increased levels were seen in AD patients (27 £ 5%), as
compared with controls (p = 0.005). Despite the fact
that these results indicate a net Increase of CSF apoF
in ADD samples, when defining a guotient between the
apoE monomeric glycoforms (ratlo 36 kDa/34 kDa) we
detected an imbalance in the AD samples, which dis-
played a decreased 36-kDa/34-kDa ratio compared with
controls (p = 0.007; Fig. 4F). These differences were
maintained when the samples were separated by APOE
genotype (e3/e3 control: ratio 36 kDa/34 kDa = 1.61 vs
£3/e3 AD: ratio 36 kDa/34 kDa = 1.46, p = 0.01; €3/ed
control: ratio 36 kDa/34 kDa = 1.67 vs €3/e4 AD: ratio =
1.38, p = 0.001; Fig, 4G). Within the AD group, we also
observed significant differences between the genotypes,
as the 36-kDa/34-kDa ratlo was significantly lower In
APOE €3/€3 (p < 0.,0001) and £3/e4 (p < 0.0001) samples
when compared with £4/g4 AD samples (ratio 36 kDa/34
kDa = 1.64). In each group, CSF apoE levels appeared
unaltered when subgrouping between males and females
(P > 0.05 for all the subgroups). There were no clear cor-
relations between the level of the 34- or 36-kDa apoFE or
the 36-kDa/34-kDa ratio with the age of the subjects, in
either of the groups considered individually.

The Immunoreactivity of the 100-kDa apoE species
was quite faint in control samples, and accordingly, sub-
stantial differences were found between AD samples and
controls (p < 0.0D01; Fig. 4H, 1} In the AD group, the
100-kDa apoE species levels were significantly lower n
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the APOE e4/e4 group when compared tw both e3/¢3 (p
< 00001) and £3/e4 (p < 0.0001) groups, Interestingly, in
the APOE ed/ed4 AD cases, the samples with the lowest
100-kDa apoE immunoreactivity belonged to the young-
est subjects (n = 5, 6842 years), as compared to the other
cases (m= 10, 761 vears; p=0.002), Within the AD
APOE e4/e4 subgroup, we also observed a statistically
significant positive correlation between the age of par-
ticipants and the immunoreactivity of the 100-kDa apoE
band (r = 0.622, p = 0.013). For the rest of the groups,
we failed to determine a correlation between the 100-kDa
band and age.

Interestingly, the quotient of 36 kDa/34 kDa mono-
meric ghycotorms (r = 040, p = 0.007), as well as the lev-
els of the 34-kDa species (r = 032, p = 0,034), correlated
with AB42 in AD Individuals. Meanwhile, the levels of the
100-kDa apoE complexes corvelated with T-tau levels (r
= .33, p = 0,028), vet failed to achieve signifhicance with
the AR42 levels (r =0.27, p = 0.070).

Levels of CSF apoE species in AD in a second cohort

We attempted to validate our results in a second Inde-
pendent cohort of CSF samples from Barcelona (see
Table 1, Fig. 5A). As in the first cohort, the analyses were
performed by SDS-PAGE under reducing conditions.
In this cohort, the 34-kDa apoE levels were significantly
higher in AD compared with controls (p=0.001), and
specifically only for those with APOE e3/£3 genotype (p
= 0.01) (Fig. 5B, C). In contrast to the first cohort, no dif-
ferences in the 36-kDa species were detected (Fig, 5D,
E). The 36-kDa/34-kDa ratio was again lower in AD
compared with control samples {p < 0.001, Fig. 5F), and
this difference was maintained when the samples were
separated by genotype (AD vs controls for APOE £3/e3,
p=0.02, and for APOF e3/e4, p=0.03) (Fig. 5G). ApoE
levels once again appeared to be unaltered when sub-
grouping between males and females (p> 0.05 for all
comparisons). In this cohort, we also failed to correlate
34- or 36-kDa levels or the 36-kDa/34-kDa ratio with the
age of the subjects.

As in the first cohort, the 100-kDa apoE levels were
higher in AD than in controls (p = 0.005; Fig. 5H). When
the samples were stratified by APOE genotype (Fig, 51),
the significant differences between AD and controls were
maintained in the £3/e3 group (p = 0.01) and were in the

| (See figure on nest pagel
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limit of statistical sagnificance in the APOE £3/e4 group
(p = 0.050] despite the small number of controls. Within
the AD group, the APOE gd/e4 samples once again dis-
played significantly lower 100-kDa apoE levels com-
pared with £3/23 cases (p = 0.02), The results from this
cohort corroborate that 100-kDa apoE is associated to
AD and that apoE4 has a reduced capacity to form these
complexes.

In this cohort, and exclusively in the AD group over-
all, we detected a significant correlation between the
age of the subjects and the 100-kDa apoE species (r
=0,645, p= 0.0002), indicating that the appearance of
the aberrant apoE aggregates may be refated to aging In
AD. This association was maintained within the APOE
e3'e3 {r = 0813, p= 0.004) and the e3/ed {r = 0,799,
= 0,006} AD groups.

In this cohort, only the levels of the 100-kDa apoFE
species correlated with AB42 levels (r= 0,41, p= 0.027),
Thus, despite finding some correlations, none of these
significant correlations resulted in consistency between
the two cohorts.

Discussion

Typically, transgenic models produce pathological
changes that partially replicate changes seen in human
patients. In this study, firstly, we have found an increase
in CSF apoE in the TgF344-AD rats, with the documented
occurrence of amyloid pathology around 10 months of
age [31, 34]. This result can be Interpreted as a suggestive
gain of function for apoE in AD. In fact, this increase in
CSF apoE content is similar to the one observed in AD
patients when considering total apoE content. Consid-
ering the summation of the apoE immunoreactivity for
34- and 36-kDa (not including the value for the 100-kDa
band) specles, In samples from AD patients, a significant
overall increase in total CSF apoE was found in the Goth-
enburg cohort and a non-significant trend to increase
was seen in the Barcelona cohort compared to controls.
However, the biochemical discimination of different
human CSF apoE species and the altered balance of these
species lead us to believe that, despite the Increase in
total CSF apoE levels determined in the AD transgenic
maodel and AD patients, the imbakance between apoE
species should be interpreted as indicative of a potential
impairment in apoE function in the brain. Thus, higher

Fig. 5 Anabsis of OSF apat specias fram the Rarcelona cohort Coraal 101 and AD C5F sampies anafvzed by SOG-PAGE. Each Indvidud bana

was quantified and normalized 1o the relesence value (recombeant apof) A Representathe immunobios of CSF samabes with apol amibody and
legend for araphs. The 1X0-xDa section of the bict presents ennanced contrast. 8, € Stattstical anakyshs of the 34-40a apof mmuncrasctive band
iy B Conmtrod s Al and by CARCY genatypee. D, E Starsrica! anadysis of the 36409 spot immumcmachve band in D controd and A0 ard by BANY
genctype F.G Stanistical analyss of the mro of 36-006/34-000 mmmunoses ctive bands n Foompad aod AD and by GANY genatype, HL 1 Statarical
analysis of the 100-kla apof Immunossactive band in H central and AD and by WFCE geratype The graphs represent mean 2 SEM, and the

numsen below represers median 4 50 Signficant o valoes ane indicated
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levels of apoE could paradoxically result in less func-
tionality if the increase is represented by complexes and
immature glycoforms,

Indeed, we have identified two monomeric apoE spe-
cies in human CSF and demonstrated that the balance
between these species in AD patients differs compared
to that of controls. Some previeus studies that did not
distinguish the contribution of particular apoE species
have indicated that CSF apoE levels in AD patients are
increased [35], also at follow-up [36], but many stud-
ies addressing total CSF apoE levels are inconclusive
and found ne clear association with the AD condition
or APOE genotype [20-22]. In additton to recurrent
confounding factors such as the handling of the sam-
ples, and also considering differences in the diagnostic
accuracy between cohorts, the Inconsistencies found In
these previous reports could be associated mostly with
the determination method used, as some are based in
MS [17, 18], while others use immunoassays [16], both
of which fail to discriminate between apoF species,
Even if an immunoassay is the most available and desir-
able approach for quantitatve analysis of altered ley-
els of a biomarker, this method does not easily detect
subtle changes in specific species (imbalance in glyco-
forms) and/or does not detect particular species sutfer-
ing conformational changes {aberrant dimers).

The 34- and 36-kDa species are likely different O-gly-
coforms, and the ditference in electrophoretic mobility
of the apoE glycoforms could be a consequence of lts
sialylation |37]. ApoE is exclusively O-glycosylated and
can be capped with one or two sialic acids [5]. In CSF,
the existence of two glycans per molecule of apoE has
been demonstrated [38], and previous studies indicate
that astrocytes secrete two differential glycoforms of
apoF [39] and that the sialo and asialo forms of apoF
can both be secreted into the medium [40], Our results
indicate that the 34-kDa apoE monomers, which appear
to be less sialylated than 36-kDa apoE monomers [3],
are present at a higher proportion in AD subjects com-
pared with controls, in both independent cohorts,
Whether or not these 34-kDa species can participate
in disulfide-linked apoE dimers or pathological com-
plexes, as described here, requires further study,

Moreover, the altered balance between apoE glyco-
forms should be validated in external cohorts. Here,
maost of the results obtained in the Gothenburg cohort
were validated in a second independent cohort from
Barcelona, desplte the small size of the groups In this
cohort. Nonetheless, some inconsistent results were
observed between cohorts regarding the ratio of the
36-kDa/34-kDa species. In the Gothenburg cohort, this
ratio was significantly higher in AD individuals with
an APOE gdled genotype compared with APOE 3/
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€3 and £3/e4, while In the Barcelona cohort, the rattos
were at a similar level among AD individuals with dif-
ferent APOE genotypes. Additional studies will serve to
determine if the imbalance between apoE glycoforms
is a common feature for AD APOE-£4 homozygote
subjects.

Indeed, the changes observed In this study are less
obvious in £4/e4 samples. This discrepancy may be due
to the fact that small changes in apok levels for e4/e4 sub-
jects could be more detrimental than in the rest of APOE
genotypes, perhaps caused by the basal compromise
in some of the biological functions of apoE in the brain
related with the inabllity of the apoE4 isoform to form
dimers.

APCE-t4 is the strongest risk factor gene for AD,
although Inheriting APOE-e4 does not mean a person
will definitely develop the disease. Thus, the opportanity
to analyze the subset of APOE £3/ed control individuals
with no AD-like symptoms Is very interesting. As stated,
all the cases were retrospectively selected from large
cohorts and based on the determination of AD core bio-
markers. The dlagnostic uncertainty Is Inherent in this
type of studies, but the control individuals with APOE
e3/e4 genotype displayed similar apoE values as the ones
obtained in APOE e3/€3 Individuals.

Correct apoE glycosylation is fundamental for its func-
tion and lipoprotein binding capacity, ApoE glycosyla-
tion can modulate receptor atfinity, lipid-binding ability,
lipld transportation, and metabolic functions [41-43].
Furthermore, apoE deglycosylation reduces its binding to
AP42 [#4] and may induce AR42 accumulation [45]. Our
results suggest that the imbalance between the differ-
ent glycoforms of apoE monomers observed in AD may
intertere with its biclogical function, contributing to the
progressian of the disease. Interestingly. apoE glycosyla-
tion also plays a key role in the protection against self-
association and spontaneous aggregation [46).

As mentioned, the apoE isoforms encaded by APOE
€3 or €2 are able to form disulfide-linked hetero- and
homaodimers through the Cys residue at position 112,
while APOE ed (which presents Arg at position 112)
and apoE from non-human mammals are unable to
form these oligomeric speaes, However, in our studies,
apobd isoforms were present in 100-kDa aggregates in
APOE €3/e4 AD cases, and these aggregates were iden-
tified in most of the APOE £4/s4 AD patients. These
100-kDa complexes are compatible in molecular mass
to disulfide-linked apoE dimers, which exist as a major
portion of apoE in human CSF of APOE €3 or €2 carriers
{16]. The existence of SDS-resistant dimers of apoE4 was
suggested when studying the in vitro formation of SDS-
resistant A-apoE complexes [47]; but, to our knowledge,
it has never been demonstrated in vitro or in vivo, The
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definitive identity of the 100-kDa species was confirmed
by the diverse immunoprecipitation analyses combining
antibodies originated from diverse animal species and
the MS studies. Rats express a unique apoE vartant most
closely related to the human e4-type haplotype. How-
ever, in the transgenic rat model of AD, we were not able
to observe the 100-kDa resistant apoE species that we
observed in AD APOE £4/4 cases. Likewise, the possibil-
ity that inactive monomers of apoE occur in this animal
model requires further study; however, models in which
the amyloid condition results in an increase of apoE
expression should consider this possibility,

ApoE dimers or mulumers may be the blologlcally
important species, particularly in receptor binding [15],
In a previous study, the levels of apok dimers in the CSF
from AD subjects were not different from those in con-
trols (48], although in this study they did not assess the
nature of the aberrant B-mercaptoethanol resistant com-
plexes. In our AD samples, the 100-kDa apoE complexes
are aberrantly resistant to reducing conditions; thus, they
may represent a different species compared to the biolog-
ically active disulfide-bound dimers. The relevance of an
apoE dimer/monomer profile in AD was also addressed
previously in plasma, with the identification of dimers
only in APOE-e3 carrier subjects, the levels of which
decreased in the demented group [49]. A recent report
using two-dimensional gel electrophoresis indicated that
plasma apokE is elevated in AD with respect to coatrols
[50]. However, It Is worth noting that apoFE does not cross
the blood-CSF barrier [51].

ApoE can form beteromeric complexes with other
apolipoproteins [17] and with proteins such as the ciliary
neurotrophic factor [52] or APP [53), among others, but
principally with A Indeed, apoE can form in vitro SDS-
stable complexes with AR [1. 54, 55], but the intecaction
with exogenous AP does not induce drastic changes to
the overall size of the AP/apoE-containing lipoprotein
particles [55]. The formation of noncovalent apoE/AR
complexes (1:1) is implicated in both AP clearance and
fibrillization, and the three isoforms of apoE are able to
form these complexes [56]. Complexes of apoE and AR
have been demonstrated in non-pathological human
CSF [55] and in AD brain [57, 58]. Thus, AP may act as
a triggering driver for the crosslinking and stabilization
of aberrant apoE complexes. In the AD brain, the balance
between soluble to insoluble apoE/AP aggregates has
been associated with impaired apoE activity in AR clear.
ance, as apoE is responsible for the accumulation and
fibrillization of AP [59]. The effects of apoE on AP aggre-
gation may be restricted to HDL-like particle-bound
apoE [60]. Other studies have demonstrated that apoE
influences AP clearance despite minimal interaction [61],
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However, despste the fact that AB can contribute to the
formation of stable apoE dimers as a crosslinking agent,
the behavior of the resulting species may differ from
other apoE/Ap aggregates. We favor the hypothesis that
the stable apoE complexes may have compromised bio-
logical activity, regardless of the presence of AB.

It 1s also interesting to note that apoE binds AP In
an isoform-specific manner. Thus, monomeric apoE4
binds to AP peptide more rapidly than monomeric
apokE3 or apoE2, and so it appears that the efficlency of
binding correlates inversely with the risk of develop-
ing AD pathelogy [62], Moreover, soluble SDS-stable
complexes of apoE4/Af precipitate more rapidly than
apoE3/AfR complexes [63], \Whether these monomeric
apoE/AB complexes trigger the formation of oligomeric
complexes, and the potential compromise of the apoE
peptides involved in these complexes on AP clearance
in vivo, require analysis,

The aberrant apoE complexes may also influence the
role of apoE on lipkd metabolism and transport. It |s
assumed that unlipidated apoE monomers are the spe-
cles that form disulfide-linked dimers; however, It is also
believed that apoE must be properly lipidated to partici-
pate in cholesterol and lipid transport, Aberrant dimers
are not linked by disulfide bonds, but we can only specu-
fate whether these species are lipidated or not, and If the
occurrence of these aberrant dimers could compromise
the role of apok regulating lipid homeostasis by mediat-
ing lipid metabolism and transport. ApoE4 is poorly lipl-
dated compared with apoE2 and apoE3 [64], and reduced
binding atfinity of apoE4 for HDL results In a greater
proportion of unlipidated apoE, hence forming aggre-
gates that can be more toxic for neurons than apoE2 and
apoE3 aggregates [65]. Since lipidation of apoE impedes
aggregate formation [66], we presume that these aher-
rant dimers are not lipidated; nonetheless, this possibility
should be tested.

Finally, we found a correlation between the 100-kDa
apoE levels and age in AD samples, which suggests that
during pathological aging, apoE could be more likely to
form non-disulfide-bound aggregates in the CSE [n the
TgF344 rats, only the older animals showed statistically
significant high apoE levels; accordingly, these AD maod-
els show an age-dependent increase of the levels of AR20
and AB42 from 6 months of age [31].

The imbalance of apoE glycoforms and the existence of
aberrant apoE aggregates in the CSF from AD individu-
als could be considered as a read-out of alterations of the
biological activity of apoE in the brain of AD individuals,
The possihility that CSF levels of apoE are under strong
genetic influence by the APOE polymorphism is plau-
sible; however, the relevance of these changes in CSF
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apok levels on AD pathology remains elustve. The net
increase of apokE levels in the CSF from AD individuals
could be favored by aging. This increment, mainly due
to the 34-kDa glycoform of apoE, which is likely hypo-
sialylated, and the appearance of a [i-mercaptoethanol-
resistant 100-kDa apoE species, could indicate that the
ability of apoE in AD to achieve its biological functions
may be compromised,

In conclusion, while apoE levels tend to increase in
AD CSF, this increase Is more noticeable in certain gly-
coforms of monomers and aberrant complexes that may
hinder its biological activity. A specific description of
how these species affect apoE signaling and A clearance
should improve our understanding of the role of apoE in
the AD pathology.

Conclusions

The Imbalance of apoE glycoforms and the existence of
aberrant apoE aggregates in the CSF from AD individu-
als could be considered as a read-out of alterations of the
bictogical activity of apoE in the brain of AD Individuals,
The possibility that CSF levels of apoE are under strong
genetic influence by the APOE polymorphism is plau-
sible; however, the relevance of these changes in CSF
apoE levels on AD pathology remains elusive. The net
increase of apoE levels in the CSF from AD individuals
could be favored by aging. This increment, mainly due
to the 34-kDa glycoform of apoE, which is hikely hypo-
stalylated, and the appearance of a -mercaptocthanol-
resstant 100-kDa apoE species, could indicate that the
ability of apoE in AD to achieve its biologleal functions
may be compromised,

In conclusion, while apoE levels tend to increase in
AD CSF, this increase is more noticeable in certain gly-
coforms of monomers and aberrant complexes that may
hinder its biological activity. A specific description of
how these species affect apoE signaling and AP clearance
should improve our understanding of the role of apoE In
the AD pathology.
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ANNEX

After observing significant modifications of the apoE protein in AD CSF samples,
we decided to study apoE in brain samples obtained from AD subjects. In AD,
apoE plays important roles in the deposition of AR (Morris et al., 2010), and
histopathological studies have detected apoE in amyloid plagues (Namba et al.,
1991) and NFTs (Rohn et al., 2012). Therefore, an aberrant behaviour of the
protein is likely present in the brain, and it is plausible that a relevant percentage
of apoE is trapped in these proteinaceous deposits.

Before analysing apoE in brain samples, we decided to confirm that the 34
kDa species was indeed an intermediate species in the synthesis of the protein
that is released as 36 kDa apoE when adequately glycosylated. As such, we
transfected HEK-293 cells with apoE3 and apoE4. 2x10° cells/dish were grown
in six-well plates in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% FBS, 100 pug/mL penicillin/streptomycin and 250 pg/mL G418. After 24
hours, the medium was changed to Eagle’s Minimum Essential Media (Opti-
MEM) and cells were transfected with Lipofectamine 3000 following
manufacturer’s instructions with constructs encoding apoE3 or apoE4 for 48
hours (Addgene, plasmids #87086 and #87087, respectively). Cell media were
then obtained and kept at -80°C until analysis. Cell extracts were obtained by
scraping the plates in presence of solubilization buffer containing Tris-HCI (50
mM, pH 7.4), NaCl (150mM), EDTA (5 mM), Triton X-100 (0.5%w/v), Nonidet P-
40 (1% wl/v), fresh 0.5 mM PMSF, and a cocktail of protease inhibitors. Protein
concentration was determined using the bicinchoninic acid (BCA) method
(Pierce™ BCA Protein Assay Kit) and samples were conserved at -80°C until
analyses.

The samples were heated for 5 minutes with sample buffer and analysed
by SDS-PAGE/western blot under reducing conditions in 12% gels. Our results
showed that the 34 kDa apoE species is more abundant in the cellular extracts,
whereas the 36 kDa is predominantly found in the cell media (see Figure 8).
These results suggest that 34 kDa apoE is a transient species, mainly located

within the cell which, once fully glycosylated, will be released into the medium.
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Figure 8. ApoE over-expressed in HEK cellular extracts and media. HEK cells were
transfected with apoE3 and apoE4, and apoE protein species were analysed. The 34 kDa apoE
is detected mainly in HEK extracts, whereas the 36 kDa species is more abundant in the media.

To study apoE in the brain we are using two well-characterized brain
cohorts from the frontal or temporal cortex of subjects with known APOE
genotypes (see Table 1). Small pieces of human cortex stored at -80°C were
thawed gradually at 4°C and then homogenized (10% wi/v) in ice-cold extraction
buffer Tris-HCI (50 mM, pH 7.4), NaCl (150mM), EDTA (5 mM), Triton X-100
(0.5%w/v), Nonidet P-40 (1% w/v), fresh 0.5 mM PMSF, and a cocktail of
protease inhibitors (Saez-Valero et al., 1999). The samples were sonicated and
centrifuged at 100000xg at 4°C for 1 hour. The supernatant was then removed
and conserved at -80°C until analysis. Protein concentration was determined
using the bicinchoninic acid (BCA) method (Pierce™ BCA Protein Assay Kit).

Brain extracts, 25 pg of each sample, were denatured at 98°C for 5
minutes and resolved by SDS-PAGE (Tris-tricine 12% gels). Following
electrophoresis, proteins were blotted onto 0.45 um nitrocellulose membranes
and bands of apoE immunoreactivity were detected using the AB178479 antibody
(goat polyclonal; Merck Millipore) common to all apoE isoforms. Blots were
probed with the appropriate secondary antibody (IRDye secondary antibody) and
imaged on an Odyssey CLx Infrared Imaging System, as described in the
methods section. Quantifications were performed using the ImageStudio

software.
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TABLE 1A: EDINBURGH (SCOTLAND)
CONTROL ALZHEIMER’S DISEASE
APOE €3/3 | 3/4 |All €3/3 £3/4 All
N 6 4 10 5 5 10
Average age (Years) | 66 498 | 595 |82.2 76.8 79.5
Age (Range) 53-78 | 34-59 | 34-78 | 65-87 57-90 | 57-90
Female/Male 2/4 13 37 2/3 0/5 2/8
Post-mortem (hours) | 62.5 | 75 67.5 |80.2 74.2 77.2
Braak stage (V/VI) | - - - 0/5 0/5 0/10
TABLE 1B: BARCEL ONA (SPAIN)
CONTROL | ALZHEIMER’S DISEASE
APOE €3/3 €3/3 €3/4 All
N 6 6 4 10
Averageage (Years) | 51.8 79.5 74.3 77.4
Age (Range) 47-60 56-93 | 67-81 | 56-93
Female/Male 1/5 2/14 3/1 5/5
Post-mortem (hours) | 8.9 11.8 8.5 10.5
Braak stage (V/VI) | - 4/2 3/1 7/3

Table 1. Demographic data of brain cohorts. Demographic data of the Edinburgh temporal

cortex collection (Table 1A) and the Bellvitge frontal cortex collection (Table 1B).

Our initial studies were performed in a collection from the Edinburgh Brain
Bank consisting in temporal cortex samples from control and AD samples (see
Table 1A). Two distinct apoE glycoforms were present in control samples, with a
similar molecular mass to the ones detected in CSF samples, with about 34 kDa
and 36 kDa, thus probably representing immature and mature glycoforms. In the
AD cases, however, only the 34 kDa apoE species were detected, as the 36 kDa
species appeared to be mostly depleted (see Figure 9). No differences were
observed between APOE genotypes, as all AD samples were affected to a similar
extent in APOE e4-carriers and non-carriers.

Due to the high affectation of the temporal cortex in AD from very early
stages, we decided to corroborate the results obtained in another brain area that
is affected later in AD, the frontal cortex, from another independent cohort (Brain
Bank from the Hospital de Bellvitge/Universitat de Barcelona) (see Table 1B).
Our initial studies showed that, in the frontal region, both apoE glycoforms of
about 34 and 36 kDa were present in control and AD samples (see Figure 9).
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Nonetheless, upon quantification, a lower 36/34 kDa glycoform ratio was detected
in AD compared with controls (p= 0.004), and this quotient also reached
significance when APOE €3/e3 cases (p= 0.04) and APOE €3/¢4 cases (p=0.02)
were considered independently. No differences between AD cases with different

APOE genotypes were detected.
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Figure 9. ApoE in brain samples. In SDS-PAGE/western blots, apoE is present in the brain as
two glycoforms, in a similar manner to CSF. Samples from the temporal cortex (A) and frontal
cortex (B) present an imbalance in immature and mature glycoforms. In the temporal cortex
(Edinburgh cohort; see Table 1A), the 36 kDa species is practically absent in AD samples. In the
frontal cortex (Bellvitge cohort; see Table 1B), the 36 kDa band appears to be less intense in AD
cases (Braak stages V-VI) when compared with controls. The 36/34 kDa ratio from the frontal
cortex collection is shown to the right (C & D), demonstrating a significant decrease in AD cases,

considering all the AD cases (C) or when discriminating by APOE genotypes (D).

High molecular mass species immunoreactive to apoE were detected in
all samples, including controls, however no apparent changes in their levels and
no aberrant dimers comparable to the ones found in CSF samples were detected
in AD samples.

Taken together, these results replicate the findings described in CSF
samples regarding the imbalance of apoE glycoforms in AD. This imbalance
favouring immature apoE glycoforms appears to be exacerbated in more affected

regions at later stages of the disease.
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We decided to characterize the 34 kDa glycoform in an attempt to detect
further differences in this specific form associated to AD pathology. In non-
pathological conditions, immature glycoforms should be attributable to transient
species that are trafficking through the Golgi, a membrane compartment. We
expected that the solubilisation of brain extracts using a saline buffer in absence
of detergent (1 M NaCl, 50mM MgClz, 1 mM EGTA, 1 mg/ml bacitracin, 2 mM
benzamidine, 0.1 mg/ml soybean trypsin inhibitor, 10 pg/ml pepstatin, 20 U/ml
aprotinin, 20 pg/ml leupeptin, 10 mM Tris, pH 7.0) would be adequate to obtain
the soluble apoE species, but would likely be less efficient for the solubilisation
of transient apoE species from inside the Golgi and intracellular organelles. The
protocol of sonication and centrifugation remained the same as the detergent-
containing protocol. After centrifugation, the supernatant containing the soluble
fraction was kept, and the remaining pellet was then re-solubilized in a buffer
supplemented with detergent (Tris-HCI (50 mM, pH 7.4), NaCl (150mM), EDTA
(5 mM), Triton X-100 (0.5%w/v), Nonidet P-40 (1% w/v), fresh 0.5 mM PMSF,
with a cocktail of protease inhibitors). In this manner, we expected that the apoE
species trafficking through organelles would be optimally released in the
detergent fraction.

These studies are still in their early stages, so only preliminary results have
been obtained. Nonetheless, our initial trials in controls have shown that a large
proportion of 34 and 36 kDa apoE is obtained in the soluble fraction, although a
proportion of both species is also detected in the detergent fraction. In AD
samples, however, the 34 kDa species is only consistently released in the
detergent fraction; as such, significantly less 34 kDa apoE is detected in the
soluble fraction of AD samples compared to controls (p < 0.0001), as seen in

Figure 10.
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Figure 10. ApoE in soluble and detergent fractions from temporal cortex samples. ApoE
was obtained from temporal cortex samples following solubilization with a saline buffer (Sal) to
extract the soluble fraction, followed by a buffer containing detergent (Det) to extract the
unreleased membrane-bound fraction. Note that both the 34 and 36 kDa species are visible
following both saline and detergent solubilization in control cases, whereas the 34 kDa species is
only present following solubilization with a detergent buffer in AD cases. The quantification of the
34 kDa apoE species obtained from each solubilization method is represented as a quotient

(soluble/detergent fraction apoE).

Therefore, solubilization with the saline buffer alone is not sufficient to
effectively release 34 kDa apoE in AD cases. This may indicate that, in AD, apoE
may not be as readily secreted as in control cases, possibly due to it being
retained within the organelles. Taking the predominant compartmentalization of
34 kDa apoE and the absence of 36 kDa apoE in AD into consideration, these
findings could indicate that the functions of apoE may be seriously affected due
to the increased presence of poorly glycosylated apoE that is not secreted
adequately.

In conclusion, these preliminary results appear to corroborate the findings
from our CSF studies regarding an imbalance in apoE immature glycoforms in
AD. Despite the limitation that different areas also correspond to different cohorts,
these changes appear to be exacerbated in brain areas that are more severely
affected in AD. Therefore, although the levels of the 34 kDa species are
maintained, the inability to generate 36 kDa species suggests that the normal
glycosylation/secretion pathway for apoE is impaired in AD. In fact, as the 34 kDa
immature apoE glycoform is not solubilized in absence of detergent with similar
efficacy in AD as in control samples, these results suggest an alteration in the
biosynthetic pathway of apoE in AD. Further studies are required to confirm these

results, and to explore the functional implications of these apoE modifications.
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Altogether, these findings suggest that the biological roles of apoE may be
hindered due to aberrant post-translational modifications of the protein.
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Abstract: Reelin binds to the apolipoprotein E receptor apoER2 to activate an intracellular signaling
cascade. The proteolytic cleavage of reelin follows receptor binding but can also occur independently
of its binding to receptors. This study assesses whether reelin proteolytic fragments are differentially
affected in the cerebrospinal flukd (CSF) of Alzhelmer's disease (AD) subjects. CSF reelin species
were analyzed by Western blotting, emploving antibodies against the N- and C-terminal domains.
In AD patients, we found a decrease in the 420 kDa full-length reelin compared with controls. In
these patients, we also found an increase in the N-terminal 310 kDa fragment resulting from the
cleavage at the so-called C-t site, whereas the 180 kDa fragment originated from the N-t site remained
unchanged. Regarding the C-terminal proteolytic fragments, the 100 kDa fragment resulting from
the cleavage at the C-t site also displayed increased levels, whilst the one resulting from the N-t site,
the 250 kD fragment, decreased. We also detected the presence of an aberrant reelin species with a
molecular mass of around 500 kDa present in AD samples (34 of 43 cases), while it was absent in the
14 control cases analyzed. Those 500 kDa species were only Immunomeactive to N-terminal antibod jes,
We validated the occurience of these aberrant reelin species Inan Af42-treated meelinoverespressing
cell model. When we compared the AD samples from APOE genotype subgroups, we only found
minor differences in the levels of reelin fragments associated to the APOE genotype, but interestingly,
the levels of fragments of apoER2 were lower m APOE ed carners with regards to APOE €3/ 3. The
altered proportion of reelin /apoER2 fragments and the occurrence of reelin aberrant species suggest
a complex regulation of the reelin signaling pathway, which results impaired in AD subjects.

Keywords: reeling proteolyvtic fragment; aggregate; cercbrospinal fluid; biomarker; Alzheimer’s
disease

1. Introduction

The ever-growing prevalence of Alzheimer's discase (AD} s associated with the
sporadic presentation of the disease [1,2], Sporadic AD is a multifactorial disease with
environmental contributing causes (mainly age); however, genetlc risk factors are also
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important [5-5]. Amongst the numerous genes implicated in AD pathogenesis, the most
prominent genetic risk factor is the apolipoprotein E (apoE} encoding gene, APOE, The apoE
protein is secreted mainly by glial cells in the central nervous system [6], and it participates
in cholesterol and lipid transport in the brain [7,5], amongst other physiological functions,
including signaling through receptor interactions [6]. Three major apoE isoforms, apoE2,
apoE3, and apoEd, are encoded by different alleles of human APOE, where the APOE €3
allele (encoding apoE3) Is the most common allele. The APOE €2 allele (encoding apoE2) is
the most protective against AD; however, it is also the least common allele. The APOE-¢4
allele (encoding apoEd), on the other hand, provides the highest risk of developing AD [9],
Interestingly, in humans, apoFE isoforms form disulfide-linked homodimers that could be
the native apoE form able to bind to receptors [10]. However, apoE4 is an exception, as it
lacks a key cysteine residue.

Reelin is a large, secreted glycoprotein composed of 3461 amino acids [11] that com-
petes with apoE for receptor binding [12,13]. Reelin and apoE bind to the LDL receptor
(LDLR) family, particularly apoE receptor 2 (apoER2), and the very low-density lipoprotein
receptor (VLDLR). ApoER2 is the main reelin receptor into the brain. Thus, reelin fapoE-
mediated signaling transduction occurs after binding to its receptors [ 14,15], By binding
to these receptors, reelin/apoE plays a key role in synaptic plasticity of the adult brain,
primarily by mediating reelin signaling [16].

Studies from our group have shown that reelin protein and mRNA levels are elevated
in AD subjects [17-19]. However, we have also demonstrated impaired reelin signaling
in AD due to AB-mediated interference [19,20]. Nonetheless, the influence of the APOE
genotype on reelin levels and function are not yvet fully understood.

Full-length reelin forms homodimers, which are the species that drive efficient
signal transduction |12,21-23]. We reported that AR may disrupt reelin from binding
to receptors by hindering its capacity to form homodimers, thereby compromising the
signaling process [20]. After interaction with apoER2, both reelin and apoER2 undergo
proteolytic cleavage by metalloproteinases and secretases, respectively [24-27], Nonethe-
less, reelin can undergo proteolytic processing through the activity of extracellular matrix
metalloproteinases independently of its interaction with receptors [28], Interestingly,
truncated forms of reelin can form larger complexes that bind to reelin receptors, but
they do not induce the signaling cascade activation efficiently [21], nor does the reelin
monomer [29]. ApoER2 fragments resulting from proteolysis during receptor activation
can also inhibit signaling [ 0], Therefore, reelin and apoER2 proteolytic fragments may
finetune the signaling pathway.

We postulate that the quantification of reelin fragments in the cerebrospinal fluid
(CSF) can give a credible read-out of altered proteolytic processing of reefin and signaling
impairment in AD subjects. We also discover an aberrant reclin species present in most
AD subjects, regardless of APOE genotype. We validate the occurrence of these aberrant
reelin species in an ARd2-treated reclin-overexpressing cell model. In the present study, we
also examine the effect of APOE genotype on the soluble levels of apoER2 fragments from
subjects suffering from AD. We find differences in the proportions of these fragments in
AD CSF that are associated with APOE genotype.

2. Results
2.1. Charncterization of Reelin Species in AD CSF

Reelin undergoes cleavage by metalloproteinases al two major sites, called N-t and
C-t sites (Figure 1A), resulting in the production of fragments whose relative abundance
differs among tissues and fluids [31]. A third processing site within the C-terminal region
was recently demonstrated (CTR cleavage; Figure 1A) [22].
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Figure 1. Reelin species present in human CSE (A) Schematic representation of full-length reclin, the
proteolytic cleavage site, and the epitope recognized by the antibodies usead in the study. The neelin N-
torminal region begins with a signal peptide (5P}, an F-spondin-like domain (FD}, and a hinge segment
(H}. This 1s followed by esght similar repeats (RKR) separated by an EGF-like domain. The protein ends
with a highly basic C-terminal region (CTR). Reelin cleavage at the N- and C-terminal regions leads
to the formation of either 310 and 180 kDa N-terminal fragments of 100 kDa and 250 kDa C-terminal
fragments, respectively. (B) The same human CSF samples from non-disease control (NDC) and AD
subjects were simultancously probed by Western blotting using multiplex fluorescence resolved with
reelin N- and C-terminal antibodies. Representative blots of the N-terminal reelin bands {red) and C-
terminal reelin bands (green) are shown, as well a5 stmultancous fluorescence (merge) demonstrating
co-localization (yellow), * Indicates ~500 kDa reelin Immunoreactive band for N-terminal antibody
present only in AD samples. The uncropped blot & included as Supplemental Figure SL

Here, we analyzed CSF reelin species on 4-15% gradient SD5-PACE with multi-
plex fluorescence using N- and C-terminal antibodies. In accordance with previous re-
ports [17,15,24,33], a Western blot analysis of human CSF samples with an N-terminal
antibody (mouse monoclonal) revealed full-length reelin (420 kDa), together with two
proteolytic N-terminal fragments of 310 kDa (also known as NR6, a product of cleay-
age at the C-f site) and 180 kDa (also known as NR2, a product of cleavage at the N-t
site) (Figure 1 B). The C-terminal antibody (rabbit monoclonal) confirmed the identity of a
420 kDa full-length species, as well as fragments with the expected molecular mass [33],
including a fragment of 100 kDa (also known as R7-8, a product of cleavage at the C-t site)
and a less abundant 250 kDa fragment (also known as R3-8, a product of cleavage at the
N-tsite). Interestingly, while the N-terminal 180 kDa fragment was the most abundant, the
correlative 250 kDa C-terminal fragment was the least abundant.
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Intriguingly, we also detected the presence of an additional reelin immunoreactive
band with a molecular mass around 500 kDa present exclusively in AD samples (Figure | B).
As far as we know, this 500 kDa reelin species has not been described previously. Moreover,
this reelin species of 500 kDa was not immunoreactive to the C-terminal antibody, indicating
that this species was not an altemative full-length isoform but, presumably, corresponded
to SDS-stable complexes composed mainly of N-terminal fragments (Figure 18). The higher
sensitivity of the 420 kDa full-length reelin to proteolysis, including heating, limited the
analysis of the complexes using alternative denaturing protocoels since heating results in
laddering [18,34].

2.2, Determination of Reelin Species in AD CSF

Next, we examined whether the levels of reelin fragments were altered in CSF samples
from AD patients. Human CSF samples were from the Clinical Neurochemistry Laboratory
(Moindal, Sweden). All the AD patients fulfilled the NIAA-AA criteria for dementia [35]
and were designated as AD according to CSF biomarker levels using cut-offs that were >90%
specific for AD: Ap42 < 550ng /L and total tau (T-tau) > #ng /L [36] (see Table 1), When
immunoblotting with the N-terminal antibody, we distinguished a full-length 420 kDa
band and two N-terminal fragments of 310 and 150 kDa in all the CSF samples analyzed
(Figure 2A). Interestingly, the 420 kDDa full-length reelin was seen to be decreased {40%,
p = 0.003} in AD samples compared with NDCs, whereas the 310 kDa fragment levels were
increased (120, p < 0.001). However, no significant differences were detected between the
AD and NDC samples in the relative levels of the more abundant reelin species, the 180 kDa
fragment (Figure 2B). The different tendency of the N-terminal fragments determined in AD
CSF samples resulted in significant differences of a 310 kDa /180 kDa quotient (Figure 2C,
p<0.001)

Table 1. Clinical and demographic data, as well as classic CSF biomarkers, for the samples usad in this
study. F, fomale; M, male, The data represent means + SEM. Significant difference was * p < (0001,
with respect to the NDC group.

CSF Cohart
Control Alzheimer's Disvase
APOE €a/3 3/4 All €3/3 374 474 Al
N o 5 1 15 n 15 o
Agge (Years) =2 025 67 =3 ™2 Mt 741 mere
© Age{Range) 681 W75 81 28 -5 R 6288
Female/Male 2/3 27 /4 10/3 a/n /14
CSF ABA2 (pi/ml.) 845 + 94 746 = 121 804 = 74 470 +13° 45419 419 +21 457 = 10"
CF Total Tou (pg/mLy 317 £ 53 03 = M2 =38 N16LBE* 1004 4 127° 73 L83 ) £ 52

Regarding the comparison between CSF samples subgrouped by APOE genotype, the
changes in reelin species immunoreactive to the N-terminal antibody were maintained
when comparing APOE £3/£3 AD cases (420 kDa decrease: 74%, p = 0.015; 310 kDa
increase: 200M; p < 0.001) with NDC £3/£3 subjects. Given the difficulty finding age-
matched APOE ¢4/ ¢4 control subjects (low prevalence of this genotype in the general and
healthy population), we could not compare AD APOE £4/£4 with control €4/ ¢4 cases, and
the analysis within the APOE ¢3/¢4 genotype exhibited less statistical power because the
size of the control group was small. Regardless, in the APOE ¢3/:4 AD subgroup, the
full-length 420 kDa reelin tended to decrease (30%, p = 0.09), and the 310 kDa fragment
increased significantly (1047%; p « 0.019). When AD cases were compared between different
APOE genotype subgroups, only the 310 kDa reelin displayed significant changes, being
significantly lower {29%, p = 0.034) in subjects with the APOE 4/r4 genotype when
compared to APOE ¢3/¢3 subjects.
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Figure 2. Characterization of reelin immuncreactive bands in CSF samples. (A} Representative
blots of the reelin species detected in NDC and AD CSF samples using the N-terminal antibody. A
species with a molecular mass of =500 kDa was detected only in AD samples, together with the
full-length species of 420 kDa and the 310 and 180 kDa proteolytic N-terminal fragments present in
all the samples. (B) Densitometric quantification of the individual immunoreactivities of each reelin
immunoreactive band detectad with the N-terminal antibody. (C) Graph of the quotient obtained by
dividing the level of immunoreactivity of the 310 kDa N-terminal fragment by the 180 kDa N-terminal
fragment (310 kDa /180 kDa quotient), (D) Representative blot of reelin species immunorveactive to a
C-terminal antibody in the CSE samples. (E)} Densitometric quantification of reelin immunoreactivity
from the 420 kDa full-length species and the 250 kDa and 100 kDa C-terminal fragments, (F) The ratio
derived from the immunoreactivity for the 100 kDa C-terminal fragment with respect to the 250 kDa
Caerminal fragment estimated (o each sample (100 KDa /250 KDa quotient) is also shown, The
samples are represented by the disease condition (NDC: circles; AD: triangles) and APOEL genotype:
APOE «3/3 (white); APOE ¢3/ ¢4 (grey): and APOE ¢4/ ¢4 (black)., There were 14 NDC subjects
(9 APOE 3 {7 APOE ¢3/:3 and 2 APOE 23/62) and 5 APOE ¢3/:4) and 41 AD subjocts (15 APOE
€3/e3,13 APOE ¢3/c4, and 15 APOE 14/ ¢4). The data represent means 4 SEM. * p < 0.05; ** p < 0.001;
ns. = nonsignificant; and nd. = not detected. Graphs of comparisons between AD CSF samples
subgrouped by APOE genotype are included as Sapplemental Figures S2 and 53,
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When immunoblotting with the C-terminal antibody (Figure 2D}, the decreased levels
of 420 kDa reelin were confirmed in the AD samples (Figure 2E; 51% decrease; p < 0.001).
As expected, determination of the full-length reelin with the antibodies, both N- and
C-terminal, displayed an effective correlation {r = 0.77, p = 0.001). The levels of the 100 kDa
C-terminal fragment appeared increased in the AD samples (51%, p = 0.014) compared
with NDC samples, whereas the 250 kDa fragment displayed a significant decrease (85%,
p < 0.001). As a result, significant differences were also found for the 100 kDa /250 KDa
quotient between the NDC and AD groups (Figure 2F; p < 0.001),

When the samples were subgrouped by APOE genoty pe, the changes in reelin species
immunoreactive to the Cterminal antibody maintained their significance, Thus, in APOE
€3/ e3 subjects, the 420 kDa full-length reelin decreased in AD (51%, p < 0.001) compared to
the NDC subgroup; the decrease was also significant when compared to APOFE 3/ ¢4 sub-
jects (36%, p =0.002), The increase in 100 kDa (58%, p= 0.043) and the decrease in 250 kDa
(90%, p< 0.001) C-terminal fragments were still significant between the APOE ¢3/:£3 AD
and NDC subgroups. Similar changes were displayed in APOE £3/ 4 subjects for the
250 kDa fragment (87% decrease in AD, p = 0.002), yet they failed to achieve significance
for the 100 KDy fragment (68% increase in AD, pr = 0.07). None of the C-terminal immunore-
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active reelin species displayed significant changes between AD subjects subgrouped by
APOE genotypes.

Furthermore, we confirmed the presence of the ~500 kDa reelin species (see Figure 1B)
immunoreactive exclusively to the N-terminal antibody in AD cases in a total of 34 out of
43 CSF samples from AD patients across all the APOE genotypes, whilst the species was
undetectable in the 14 NDC cases analyzed (Figure 2A).

Despite the fact that the AD subjects displaved differences in age compared with
NDC subjects, the age of the subjects failed to correlate with the levels of the reelin species.
Differences in reelin were not detected when the cases were subgrouped by gender,

There were no clear correlations between the levels of the reelin fragments with the
levels of AB42 in either of the groups considered individually. Interestingly, in the NDC
APOE £3/¢3 subgroup, the levels of the major 180 kDa N-terminal fragment of reelin and
T-tau correlated (R = (.73, p = 0.020), This correlation was also significant in all the AD
subjects subgrouped by APOE genotypes: £3/£3 (R = (L61, p = 0.016), £3/e4 (R = 0.85,
p=0001), and £37/e4 (T-tau with 180-kDa reelin: R = 0.59, p = 0.025). These results are in
good agreement with a previous study also indicating that 180-kDa reelin levels correlated
positively with T-tau protein in CSF [ 18]

2.3. Occurrence of the 500 kDa Reelin Species in Culture Media of Ap42-Trented Cells

To validate the ~500 kDa reelin species and its association with the pathologic condi-
tion, we tested the potential occurrence of this species in a cellular model treated for 2 days
with 2.5 uM AB42 or an Afsc peptide, as described above. Culture media from HEK-293T
cells over-expressing reelin were analyzed by Western blotting with an N-terminal reelin
antibody. The characteristic N-terminal fragments were present in the culture media of cells
over-expressing reelin, despite an important percentage of fragments being trapped with
AR aggregates in pellets from the media of the cells, as described previousty [19]. Interest-
Ingly, an immunoreactive reelin band of similar molecular mass to that of the ~500 kDa
species identified in AD CSF samples appeared in cells treated with the amyloidogenic
AP42 peptide, while the soluble reelin species present in the cells treated with the Apsc
peptide lacked the 500 kDa form {(Figure 7).

HEK-293 CSF

500 kDa

420 kDa
310kDa

180 kDa

Figure 3, The 500 kDa reelin species was present in cell medium of HEK-293T treated with AB42. A
representative blot showing the reelin immunoreactive bands detected with an N-terminal antibody
from HEK-293T cells overexpressing reelin treated with A2 or an Apsc peptde. CSF samples
from NDC and AD subjects were included to monitor the potential occurrence of the =500 kDa
species. When the cells were treated with Ap42 peptide, a eeldin immunoreactive band resembling
the ~500 kDa band present in AD CSF was detected; this band was not present when the cells were
treated with the Afse peptide. Arrowhead indicates the ~500 kDa band,
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2.4. Determination of CSF apoER2 in AD Subjects Subgrouped Iy APOE Genalype

The full-length apoER2 receptor has not been described in CSF; however, soluble
apoER2 fragments were seen in human and ovine CSF [19]. This soluble fragment is
generated after reelin binds to a receptor and induces apoER2 proteolvtic cleavage 4] The
anti-apoER2 Y186 antibody specifically recognizes the entire ligand-binding ectodomain of
the apoER2 receptor [37] (Figure £A).

Y186
A _ 4
APOER?2 |} ucann smome posan

e3jed s3/e8 eA/rd
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Figure 4. Characterization of apoER2 in CSF samples from AD. (A) Schematic representation of the
apoER2 receptor and the epilope recognized by the Y186 antibody used in the study. ApoER2 is
composed of a signal peptide (5P}, followed by a ligand-binding domain containing an EGF-like
region, an O-linked sugar domain (OLS), a transmembrane (TM) segment, and a eytoplasmic domain
(Cyt). ApoER2 is processed by a-secretase upon ligand binding, generating a soluble ectodomain
fragment (~70 kDDa). (B) Representative blot of human CSF samples from AD subjects subgrouped
by APMOE genotype (15 APOE ¢3/¢3, 13 APOE e3/¢4, and 15 APOE ¢4/ ed subjects) and resolved
with the indicated Y186 antibody. (C) Densitometric quantification and statistical analysis of the
Immunoreactivity and the 70 kDa ecto-apoER2 fragment. Samples are separated by APOE genotype:
APOE ¢3/3 (white), APOE ¢3/ed (grey), and APOE £4/:4 (black). * p < 005,

This antibody confirmed the existence of a ~70 kDa apoER2-soluble fragment, ecto-
apoERZ, in all the CSF samples analyzed (Figure 1B). Due to limitations in the available
C5F sample volumes, the study of ecto-apoER2 levels was restricted to the AD collections
subgrouped by APOE genotype. A previous report from our group demonstrated lower
levels of ecto-apoER2 in AD CSF compared to those in age-matched controls [35], but this
stucy did not address the influence of APOE genotype.

Significantly higher levels of ecto-apoERZ were detected in AD APOE £3/ €3 subjects
compared to APOE £4/£4 samples (28% decrease, p = 0.019), whereas in the comparson
with APOE £3/ 54 subjects, the trend was maintained bult significance was not achieved
(19% decrease, p=0.073) (Figure 4C).

3. Discussion

In this study, we analyzed different reelin species in the CSF of patients suffering
from AD. The 420 kDa reelin band, attributable to the full-length species, was seen to be
decreased in the CSF from AD patients, while the levels of reelin fragments displayed
distinct changes. Intriguingly, a 500 kDa species not vet described in other studies was seen
to be present exclusively in AD samples,

I'revious studies from our group have demonstrated increases in reelin protein and
mRNA levels In brain frontal cortex extracts from AD patients and individuals with
dementia associated with Down syndrome [17-19,39,40]. Reelin levels have also appeared
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to be increased in AD Tg2576 mutant mice and in cell cultures treated with amyloidogenic
AB42 peptide | 19.39], Overall, our earlier studies have indicated that the more abundant
180 kDa reelin fragment appears to be slightly mcreased in the CSF of AD subjects, but this
trend has not reached statistical significance in some reports [17,15,59]. In cells exposed to
ApR42 with increased cellular reelin protein levels, a reduced amount of soluble reelin was
detectable in the culture media, probably because notable amounts of secreted reelin were
“trapped” with the AP fibers [19]. Indeed, in the AD brain, considerable amounts of reelin
appeared to be trapped in insoluble AS aggregates [40], and reelin immunostaining was
observed in the amyloid plaques of APP/PSI transgenic mice [41]. Thus, changes observed
in the frontal cortex might not be reflected as clearly in the CSF from AD patients, It is
worth mentioning that some studies have found contradictory results in which decreased
reclin expression was associated with AD [42,43]

Several studies have indicated that dampened reelin signaling activity could contribute
to the progression of AD (reviewed in [44]), Nonetheless, while reelin abundance could
be elevated in the AD brain, we demonstrated that the Interaction of reelin with AB
hindered its biological activity [19], A common feature in our previous studies has been
the description of altered reelin glycosylation and oligomerization in the brain and CSF
of AD subjects, which compromise the ability to transduce signals through the apoER2
receptor [15,20,39]. Thus, despite reelin levels being higher, the protein is inefficient in
signal activation, The possibility that the generation of reelin and apoER2 proteolytic
fragments after effective ligand-receptor interaction could also be affected has not been
addressed until now.

In this context, the hypothesis of this study was that the analysis of reelin fragments
in CSF could be informative of altered proteolytic processing and a subsequent impairment
in signaling,

In previous studies addressing potential changes in the levels of reelin in AD CSF,
the results have focused on the 180 kDa N-terminal fragment and the 100 kDa C-termvinal
fragment [17,18,33]. The full-length 420 kDa reelin and the less abundant 310 kDa frag-
ment have been studied to a lesser extent due to difficulties in their detection due to weak
staining. In this study, reelin species were detected with fluorescent-based imaging after
SDS-PAGE and Western blotting. This technique provides a wider linear dynamic range
than chemiluminescent detection [45], including a greater upper linear range of detec-
tion [46]. Moreover, all the analyses were performed on individual aliquots stored frozen
at —80 °C, avoiding thawing—freezing cycles and limiting heating in the preparation of
the samples for electrophoresis to 2 min since these pre-analytical and analytical factors
can influence the measurement of reelin, particularly for full-length protein and large frag-
ments [15,34]. Furthermore, in this study we optimized the resolution of the less abundant
immunoreactive reelin bands of higher molecular mass by resolving the electrophoresis
on 4-15% polyacrylamide-gradient gels (in previous analyses, 6% polyacrylamide gels
have been used). These changes allowed us to enhance the resolution for a more reliable
quantification of 420 kDa species and less abundant reelin fragments. We determined that
the 420 kDa full-length reelin exhibited a pronounced reduction in the CSF of AD patients,
whilst the 310 kDo N-terminal fragment presented a striking increase, suggesting a boosted
rate of reelin proteolvsis; however, the major N-terminal fragment of 180 kDa did not
appear to be altered. Moreover, while the 100 kDa C-terminal fragment also increased, the
250 kDa fragment appeared clearly reduced in CSF samples from AD patients. Glven that
multiple proteolytic events allow the release of reelin fragments, the interpretation of these
results is complex.

Experimental evidence has demonstrated that reelin is internalized following receptor
binding [12] and subsequently suffers proteolytic processing [26], but little is known about
the identity of the protease(s) in charge of the deavage or the sequence of proteolytic events
at N-t and C-1 sites, Moreover, increasing evidence has indicated that extracellular matrix
metalloproteinases act as reelin proteases. The association between dysregulated reelin
proteolysis and disease progression is recurrent.
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A study proposed that extracellular matrix ADAMTS-3 metalloproteinases were more
than likely the proteases that cleaved reelin in vivo at the N-t site, originating the 180
kDa (NR2) fragment [47]. On the other hand, other studies have found that ADAMTS-2,
ADAMTSA, and ADAMTS.5 are potential enzymes that could cleave reelin at the N-t site
(discussed in [28,48]). ADAMTS-4 and ADAMTS-5 are also able of cleaving reelin at the
C-t site, whilst the serine protease tissue plasminogen activator (tPA), as well ag meprin «
and B, are other potential reelin cleavage proteases at its C-t site [49,50], originating the
310 kDa fragment that appeared 1o be particularly increased in this study. Interestingly,
meprin B is also a sheddase for the amylold precursor protein (APP) [51,52]; moreover,
meprin § appeared to be increased in the brain of AD patients {53]. Meanwhile, the
alternative C-t protease of reelin, tPA, appeared to be decreased or unchanged in the
brain [51], CSE, and plasma of AD patients [55,50]. In this puzzling scenario, as mentioned
above, it is assumed that the main protealytic processing of reelin occurs following apoER2
binding and, subsequently, reelin fragments are re-secreted [26]. The major reelin fragment
generated following reelin-apoER2 interaction is the 180 kDa (NR2) fragment. The identity
of the protease(s) that cleaves reelin in the endosome remains unknown, and it may oc may
not be the same as the extracellular matrix metalloproteinases.

A previous in vitro experiment demonstrated that N-terminal fragments could form
larger complexes that, despite binding well to receptors, did not induce efficient signal-
ing [21]. Thus, differences in the relative abundance of 180 and 310 kDa N-terminal frag-
ments in AD CSF could be related to a higher formation of these complexes in the patholog-
ical brain. Regardless, the large imbalance in the C-terminal fragments in AD CSF strongly
suggests a dysregulation in reelin processing by extracellular matnix metalloproteinases

Our improved determination of the largest reelin species enabled the identification
of a novel =500 kDa reelin immunoreactive species that has not vet been described, The
=500 kDa reelin species were immunoreactive to the N-terminal antibodies but were not
recognized by the C-terminal antibody. We hypothesized that these reefin species probably
represented part of the multimers of N-terminal fragments suggested by in vitro exper-
iments [21]. These species are stable under denaturing conditions but are seen in very
low amounts and are sensitive to heating during electrophoresis preparation, a common
feature for all reelin species resulting in laddering | 18,34], which complicates further anal-
vsis. These large reelin species were present in ~80%, of the AD cases and in a HEK-293
cellular model over-expressing reelin treated with AB42 but were absent or very weak in
the NDC cases and in the media of cells treated with a scrambled Af peptide. Despite the
fact that HEK-293 is not a neuranal (-like) cell line, it is a widely used cellular model for
over-expressing and studying reelin, as it shows the capacity to form N-terminal fragments
and large multimers. In a previous study, reelin multimers were induced by chemical
crosslinking [21]. Here, we replicated the occurrence of the ~500 kDa reelin in AD CSF
by treating the cells with amyloidogenic AR42. Interestingly, complexes of several CSF
proteins, such as presenilins [57,58], cholinesterase [59], and apoE [60,61], formed under
amyloidogenic conditions appear to be particularly stable. Reelin interacts with AP both
invitro [62] and in vivo [19], as it Is recruited into amyloid fibrils; thus, we hypothesized
that Ap plaved a direct role in the formation of the 500 kDa reelin species detected in AD
CSE. A full characterization of sald species is necessary for a correct interpretation of their
potential pathological significance. As mentioned, we cannot discard that the 500 kDa reelin
species were mostly composed by the 180 kDa fragments, which may offer an alternative
explanation for the imbalance in the generation of N-terminal reelin fragments.

Furthermore, the APOE genotypes of the analvzed samples were considered in our
analysis. In the AD group, only the 310 kDa reelin fragments exhibited lower levels in
APOE €4/ ¢4 when compared with APOE £3/¢3 individuals, Interestingly, the levels of
the ecto-apoER2 fragments also appeared to be decreased in APOE 4/¢4 when compared
with APOE ¢3/c3. ApoE competes with reelin for binding to apoER2 and VLDLR, and
apoER2 also participates in the internalization of apoE-containing lipoprotein particles to
incorporate cholesterol and other lipids that are essential for normal neuronal function in
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the cell [63,64]. Interestingly, apoE3 and apoEd consistently inhibited reelin from binding
to VLDLR and apoER2; this study also indicated that apoE interfered with the ability of
reelin to activate a Dabl-dependent signaling pathway [12]. A later study also saw that,
unlike reelin, apoE failed to elevate apoER2 processing [65], whereas others have found
that the Dabl-dependent pathway was activated by apoE [66] and that apoE and apoER2
co-localized in endosomes [67].

Canonically, only dimeric ligand-binding induces effective signaling and the subse-
quent clustering of apoER2 [65]. The amino acid substitution of Cys-112 by Arg in apoE4
leads to the inability to form disulfide-linked homodimers and may Impact some of the
biological roles of apok, particularly on receptor-binding activity [69]. Thus, despite similar
affinities of apoE3 and apoE4 isoforms o the receptor | 12,66], monomeric apoE4 can interact
with appER2 but may fail to drive signaling and subsequent reelin and apoER2 protealytic
processing; this would explain why the APOE ¢4/ ¢4 individuals displayed lower levels of
apoER2 and 310 kDa reelin compared with APOE £3/£3 individuals. Thus, apoEd could
block apoER2, impeding the binding of reelin. In this regard, was reported that apoE4
caused prolonged retention of the receptor inside the cell and impained the signaling cas-
cade [70]. Interestingly, in a recent study, the levels of membrane-bound apoER2 C-terminal
fragments appeared to be significantly lower in AD extracts from advanced Braak stages
of APOE ¢4 noncarriers, but not in carriers [40]. Thus, we hypothesized that, in APOE
é4 carrlers, apoER2 proteolysis was hampered, resulting in a reduction in ecto-apoER2
fragment release.

In APOE ¢4/ ¢4 subjects, the generation of proteolytic fragments of reelin only ap-
peared to be significantly reduced for the 320 kDa N-terminal fragment compared with
APOE £3/ €3, but nonsignificant trends were observed for reduced 180 kDa and increased
420 kDa levels. Similarly, the 100 kDa C-terminal fragment appeared to be nonsignificantly
reduced in APOE ¢4/c4 compared with APOE £3/¢3. Altogether, in agreement with de-
creased ecto-apoER2 generation, the results indicated that, in APOE £4/£4 AD patients,
the efficiency of the reelin fapoE signaling pathways had a basal compromise due to the
inability of apoEd to biologically interact with the recepton. However, the effect of different
APOE allelic variants on reelin signaling was mare difficult to decipher due to the possi-
bility that APOE allelic variants may also affect the activity and levels of reelin-cleaving
metalloproteinases. For instance, apoEd displayed a weaker ability to inhibit the function
of matrix metallopeptidase 9 (MMP-9) than apoE2 or apoE3, given that MMP-@ expression
and activity was elevated in the cerebrovasculature of both human and animal AD brains
from specimens with the APOE 4 genotype [71]. A study showed that MMP-9 could
induce reelin processing at both the N-t and C-t sites indirectly through the activation
of ADAMTS-4 [51]; however, another study failed to demonstrate the effect of MMP-9
inhibitor Il on reclin cleavage [72].

In conclusion, we demonstrated the existence of an imbalance in reelin fragments in
the CSF of AD patients, and we discovered an aberrant reelin species associated specif-
lcally with the amyloidogenic condition. This aberrant 500 kDa reelin species probably
represented stable complexes of N-terminal fragments. Moreover, in AD patients with
an APOE 4/ 14 genotype, the generation of reelin and apoER2 fragments appeared to be
distinctly different. Our results confirmed that reelin levels were altered associated with
AD, probably reflecting an impairment in signaling. Our results also suggested that these
changes may result, at least in part, from the activity of reelin-cleaving metalloproteinases.
Interestingly, increasing reelin activity has been proposed as a therapeutic option for AD to
protect against Ap [62,73.74], as well as for others neuropsychiatric disorders [ 75]. In fact,
reelin supplementation can enhance cognitive ability and synaptic plasticity [76]. However,
for an effective acute activation of the reelin pathway, in addition to designing an adequate
supplementation strategy, it seems necessary to monitor its efficiency in a pathological
context where Ap can interfere in the signaling, and the upregulation of reelin-cleaving
metalloproteinases can reduce its effect. Thus, the determination of altered CSF reelin and
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apoER2 fragments may also be applicable as biomarkers for disease progression and for
the efficiency of therapeutic agents targeting reelin.

4. Materials and Methods
4.1. Humum CSF Samples

Human CSF samples were provided by the Clinical Neurochemistry Laboratory
(Molndal, Sweden). CSF was cbtained through lumbar puncture and collected in polypropy-
lene tubes. It was gently mixed to avoid gradient effects, centrifuged at 2000 g for 10 min
at4 °C to remove cells and other insoluble materials, aliquoted, and stored at —8) °C
until use. The cohort studied consisted of CSF samples from 43 AD patients subgrouped
according to their APOE genotype: 15 AFOE €3/€3 subjects (4 female/11 male; 79 + 2 of
age), 13 APOE e3/e4 subjects (10 female /3 male; 78 + 1 of age), 15 AD APOE £4/ ¢4 subjects
(9 female/6 male; 74 + 1 of age), and 14 non-disease control (NDC) subjects (9 APOE €3
(2 APOE e3/¢2 and 7 APOE £3/¢3; 5 temale/4 male; 69 4 2 of age) and 5 APOE ¢3/¢4
(2 female /3 male; 62 + 5 of age)). No sample calculation was performed. The patients were
designated as AD according to CSF biomarker levels using cut-offs that were >90% spexcific
for AD: Ap42 < 550ng /L and total tau (T-tau) > 400ng /L [36] (see Table 1), The samples
werne retrospectively selected to balance age, sex, and APOE status.

All the AD patients fulfilled the NIAA-AA criteria for dementia [15]. Exclusion criteria
were refusing lumbar puncture or neuropsychoelogical investigation and current alcohol
or substance misuse. No blinding was performed in this study. This study was not pre-
registered, The variants rs7412 and r=429358 (which define the £2, ¢3, and, ¢4 alleles) in the
APOE gene were genotyped by mini-sequencing, as previously described in detail [77].

4.2. Cell Cudture and A Treatment

The effects of AR42 on cellular reelin levels were tested in HEK-293T cells that were sta-
bly transfected with reelin (kindly provided by Drs. E. Soriano and L. Pujadas, Department
of Cell Biology, University of Barcelona, Barcelona, Spain). No further authentication was
performed in the laboratory. A maximum of 5 cell passages was used. To obtain conditioned
cell culture medium, 2 = 10° cells/dish were grown in six-well plates in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Giboo),
100 pg/mL penicillin/streptomycin (Gibco), and 250 pug/mL G418 (Sigma). After 24 h, the
medium was changed to a modified Eagle’s Minimum Essential Media (Opti-MEM; Gibeo),
and the cells were treated with 2.5 pM f-amyloid 1-42 peptide (A§42) or a pB-amyloid
scrambled control peptide (Apsc; AIAEGDSHVLKEGAYMEIFDVOQGHVFGGKIFRVVDIL-
GSHNVA) (American Peptide Co., USA) for 2 consecutive days without changing the
medium, After 3 days, the cell medium was filtered through 0.2 pm pores and concentrated
with an Amicon Ultra 100kDa size exclusion filter (Merk Millipore, Darmstadt, Germany),
followed by analysis using Western blot [19,20].

4.3. Western Blot

For the analysis of reelin under denaturing conditions, CSF samples (13 pl) or culture
media (13 uL) were resolved on 4-15% gradient SDS-PAGE (Mini-PROTEAN" TGX™ Precast
Gels; Blo-Rad) and transfersed to 0.45 pm nitrocellulose membranes (Bio-Rad). The samples
were boiled at 98 “C in reducing Laemmli SDS samptle buffer containing 2-mercaptoethanol
(Thermo Scientific™) for only 3 min, given that storage and heat affect reelin determi-
nation noticeably, particularly through fragmentation of the full-length species [18,34],
Likewise, freezing-thawing cvcles before electrophoresis were avoided. The transferred
proteins were detected with fluorescent-based Imaging using an anti N-terminal reelin
mouse monaclonal antibody (1:1000; Millipore MAB3366; epitope 164-189; clone 142) or
an antl C-terminal reelin rabbit monoclonal antibody (1:1000; Abcam ab13%691; epltope
3250-3350). The transferred proteins were also detected using a Y186 antibody for apoER2
(rabbit monodonal anti-N-terminal apoER2 186 antibody; 1:4000; generously provided by
Prof. Johannes Nimpf, Department of Medical Biochemistry, Max F. Perutz Laboratories,
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Medical University of Vienna, Vienna, Austria). Pre-stained molecular weight markers for
electrophoresis were obtained from Thermo Scientific (PageRuler™ Plus, ref codef 26,620,
or HiMark pre-stained protein standard, ref code# LC5699). A control CSF sample that
was previously aliquoted was included into every blot and was used to normalize the
immunoreactive signal between immunoblots. The immunoreactivity of each individual
band of reelin was corrected with the immunoreactivity of the 180-kDa band (in the case
of N-terminal bands) or with the 100-kDa band (in the case of C-terminal bands) from the
control sample, reducing interblot variability and allowing for comparisons across blots.
For apoER2, the immunoreactivity of the 70 kDa band was also corrected using the same
strategy. The blots were then probed with the appropriate conjugated secondary IRDye
antibodies (IRDye 680RD goat anti-mouse and [RDye S800RD goat anti-rabbit] and recorded
with an Odyssey CLx Infrared Imaging system (LI-COR Biosciences GmbH). Multiplex
fluorescence with the two independent antibodies served to simultaneously assess N- and
C-terminal reclin. Band intensities were analyzed using LI-COR software (Image Studio
Lite). To estimate the quotients between the different reelin bands of each sample, the
unprocessed immunoreactivity for each of the bands was considered. All the samples were
analvzed in duplicate. All the samples were determined at least in duplicate {duplicates in
separate gels) and distributed in the gels to ensure comparison by disease condition and
APOE genotype. The distribution of the samples in the gels was performed by a member of
the team, and the experiment was performed by another, the experimenter, in a blind way:

4.4, Measwrement of T-taw and A42 by ELISA

The levels of the AD core biomarkers T-tau and AP42 were measured in the CSF
using INNOTEST ELISAs (Fujirebio Europe, Gent, Belgium). All the samples were ana-
lyzed as part of a clinical routine by board-certified laboratory technicians following strict
procedures for the batch-bridging, analysis, and quality control of the individual ELISA
plates [75].

4.5, Statistical Analyses

All the data were analyzed using GraphPad Prism 6.0 (GraphPad Software, San Diego,
CA, USA). The Kolmogorov-Smirmov test was used to analyze the distribution of each
variable, ANOVA was used for parametric varables, and the Kruskal-Wallis test was
used for nonparametric variables for comparison between the groups. Student’s i-test
for parametric variables and the Mann-Whitney U test for nonparametric variables were
employed for comparison between the means of two groups and for determining p-values.
Outliers were not excluded. For correlations, Pearson and Spearman tests were used. The
results are presented as means £ SEM.
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Abstract

Background: Members of the low-densty lipoprotein (LDL) receptor family are invalved in endocytosis and in
transducing signals, but also in amyloid precurser pratein (APP) processirg and B-amyloid secretion, ApoER2/LRPS &
a member of this family with key rales in synaptic plasticity in the adult brain ApoERZ 1s cleaved after the binding of
its ligand, the reelin protelr, generating an intracellutar domain (ApoER2-ICD) that modulates reellin gene transcilp-
tien itsell. We have analyzed whether ApoER2-ICD s able to regulate the expression of other LDL recaptors, and we
focused an LRP3, the mast unknown member of this family, We analyzed LRP3 exprassian in middie-aged indivicluals
(MA) and in cases with Alzheimer’s disease (AD)-refated pathology, and the relation of LRP3 with AP

Methods: The effects of full-length ApoER2 and ApoER2- KD oversxpression on protein levels, In the presence of
recombinant reelin or AR42 peptide, were evaluated by microaray, GRT-PCRS, ard western blots in SH-5Y5Y cells.

LRP3 expression was analyzad in human frontal cortex extracts from MA subjects (mean age 518448 years) and
AD-related patholegy subjects [Braak neurchbrllary tangle stages -1, 68 44382 years, lll-1V, 804 £+ 8.8 years V-\,
765497 years] by gRT-PCRs and western blor LRP 3 interaction with other proteins was assessed by Immunoprecipt
tation. In CHO cells overexpeessing LRP3, protein levels of full-length APP and fragments were evaluated by western
blots Chloroquine was empioyed ta block the lysosamal/autophagy function

Results: ‘We have identified that ApoER2 overexpression Increases LAP3 expression, also after reelin stimulation of
ADOER2 signaling. The same occurred following ApcER2-ICD overexpression. In extracts from subjects with AD-related
pathology, the levels of LRP3 mRNA and proteln were lower than those In MA subjects. Interestingly, LRP3 transfection
In CHO-PS70 calls Induced a decrease of full-length APP levels and APP-CTF, particulatly Inthe membrane fraction. In
coll wpernatants, levels of APP fragments from the armyoidogenic (SAPPa) or non-amyloidogenic (SAPPS) pathways,
as well as AP peptides, were drastically reduced with respect to mock-transfected cells. The Inhibitor of lysasomal/
autophagy function, chloroquine, significantly Increased full-fength APF, APP-CTF, and sAPPa levels

Conclusions: ApaER2/reelin signaling regulates LRP3 expression, whose levels are affected in AD; LRP3 is involved in
the regulation of APP levels.

Keywords: sAPP. ApoER2, ApoER2-ICD, Beta-amylold, Alzheimer's disease, Chloraquine, Differential centrifugation,
Adtephaqy
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members are involved in synaptic plasticity regulation
and neuronal migration (extensively reviewed In [1-6]).
LDL receptors are related to Alzheimer’s disease (AD)
pathogenesis as receptors of apolipoprotein E (apoE)
[7]. being the APOE4 varlant the largest known genetic
risk factor for late-onset sporadic AD [8, 9]. Addition-
ally, several members of the LDL receptor family are able
to modulate the amylodd precursor (APP) proteolytic
pracessing, either by regulation of the generation of the
B-amyloid peptide (AR} or through AR clearance [10-13].

An Important member of the LDL receptor family,
ApoER2/LRPS, can exert a modulatory effect in tran-
scriptional expression, ApoER2 interaction with its
ligand, the reelin protein, drives to a sequential proteo-
Iytic processing, resulting in the cleavage of the receptor
by a-secretase, which generates a membrane-tethered
C-terminal fragment (ApoER2-CTF), followed by the
cleavage by y-secretase. The action of y-secretase gen-
erates an intracellular domain fragment {ApoER2-ICD)
capable of decreasing the expression of reelin mRNA (14,
15]. Using the same brain extracts as in [14], we found
later that the generation of ApoER2-CTF appeared lower
andl, accordingly, reelin expression resulted higher with
respect to those in control brain extracts [16].

In this study, we have further explored the modulatory
transcriptional activity of ApoER2/reelin signaling, and
we have observed that this pathway can modulate the
expression of the LDL-related protein 3 (LRP3). LRP3 is
probably the most unknown member of a new subfamily
of LDL receptors [17], whose precise role in the central
nervous system s still undetermined. We have estimated
LRP3 expression in the frontal cortex of middle-aged
(MA) individuals and in cases with Alzheimer's disease
(AD)-related pathology, and after overexpression in CHO
cells. We have demonstrated that LRP3 is abke to modu-
fate APP expression.

Material and methods

Human brain samples

This study was approved by the ethics committee of Uni-
versidad Miguel Herniandez de Elche, Spain, and it was
carried out In accordance with the WMA Declaration
of Helsinki. Brain samples (frontal cortex; see Table 1)
were obtained from the Brain Bank of the Institute of
Neuropathology, Bellvitge University Hospital. Cases
with AD-related pathology were considered those show-
ing neurofibriilary tangles (NFT) and/or senile plaques
with the distribution established by Braak and Braak at
the post-mortem neuropathological examination [I8].
These were categorized as Braak NFT stages 1-11 n = 14,
1 female/13 males, 684 + 88 years; Braak stages HI-IV,
n = 14, 7 females/7 males, 80.4 =+ 8.2 years; and Braak
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stages V-VI, n = 12, 5 females/7 males, 76.5 = 9.7 years.
Cases at NFT stages I-1I showed no or moderate num-
bers of senile plaques (mostly scores 0 and A); cases at
stages HI-1V usually had moderate numbers of senile
plaques (mostly score B); cases at stages V-VI had heavy
senile plaque burden (mostly score C; Table 1). Cases at
stages I, [1, and 111 did not have cognitive impairment;
three cases at stage [V had moderate cognitive impair-
ment, and cases at stages V and V1 had suffered from
dementia. Special care was taken not to include cases
with combined pathologies to avoid bias In the patho-
logical series. Samples from middle-aged (MA) subjects
(3 females/8 males; average age 51.8 + 4.8 years) corre-
sponded to individuals with no neurological diseases and
no evidence of NFTs and senile plaques. The mean post-
mortem interval of the tissue was ~8 h in all cases, with
no significant difference between the groups.

A major concern in the design of the study is the age
of the different groups of human cases. MA individu-
als are younger (51.8 & 4.8 years) when compared with
cases with AD-related pathology (NFT [-11 684 + 8.8,
1HI-1V 804 + 82, and V-VI 765 = 9.7), This selection
is due to the fact that the majority of individuals aged 65
years or older have stages 1-111 of NFT pathology, and,
therefore, it is difficult to have samples of age-matched
controls without AD-refated pathology and morbidities
considered in the selection of NFT series that could have
an impact on the resules [20].

Cell cultures
SH-SY5Y cells, a human neuroblastoma cell line, were
seeded at a density of 1x10° cells/well in 6-well plates
and cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with Glutamax (GIBCO Thermo
Fisher Scientific, Rockford, USA), 1% heat-Inactivated
fetal bovine serum (FBS), penicillin (100 U/ml), and
streptomycin (100 pg/ml) in a 5% CO, incubator, To
neuro-differentiate  the cells, all-trans-retinole  acid
(RA, Sigma-Aldrich Co, MO, USA} was employed. RA
enhances neuronal markers, reelin and ApoER2 expres-
ston [21, 22]. Ten micromolar RA diluted in DMEM with
1% FBS was added every 2 days. After 6 days, cells were
treated with recombinant reelin, 12 pg/mi for 24 b, Other
cells were treated with suspensions of B-amylosd 1-42
(AB,2) or scrambled control peptide {Apsc; AIAEGDSH-
VLKEGAYMEIFDVQGHVFGGKIFRVVDLGSHNVA)
(both from Anaspec Peptide, Eurogentec) in DMEM with
1% FBS, for two consecutive days without changing the
media, at a final concentration of 500 nM, 1 pM, or 5 uM,
Non-differentiated SH-SY5Y cells were transfected
with Lipofectamine 3000 (ThermoFisher) following
manulacturer’s instructions, with a construct encoding
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Table 1 (continued)
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and sanile plague staging (0-C) (18, 19) Age {y years), gendar im male ffemabe),
postmortem FM. b howest 5P senie plaques, APOE AROE alleles. €2, £3, and od}

full-length ApoER2 (pEGFPN1-Mues smusenlus ApoER2,
residues 1-842) and ApoER2-ICD-HA expressing only
the cytoplasmic domain (residues 728-842) (both gener-
ously provided by Dr W. Rebeck; see ref. [23, 24]), or with
GFP/cDNA3.1 as mock transfection as in [14] for 48 h,
After 24 h post-transfection, some CHO-PS70 cells were
treated with 10 pM chloroquine for another 24 b,

CHO cells stably overexpressing wild-type human
APP (CHO-PS70, [25]) were grown in DMEM® contain-
ing 10% FBS, 0.1% Puromycin (Sigma-Aldrich), and 0.2%
G418 disulfate salt (Sigma-Aldrich). CHO-PS70 cells
were transfected with full-length human LRP3 cDNA
(3xFLAG-LRP3 in pCMV7.1: a kind gift from Christine
Lavole, [26]) for 48 h. After 24 h post-transfection, some
CHO-PS70 cells were treated with 10 pM chloroquine
for 24 h,

Brain membrane-enriched fractions

Brain cortex samples were homogenized using a polytron
Heidolph RZR-1 at 600-800 rpm, in a glass potter apply-
ing 10-15 pulscs in buffer at 10% (w/v) (Hepes ImM,
sucrose 0,32 M, ChMg mM, EDTA 1mM, NaHCO,
ImM, PMSF, protease inhibitors (Cocktail Complete
EDTA free, Roche), antiphosphatase inhibitor (PhosS-
TOP, Sigma)). The homogenate was centrifuged at 1000
g during 20 min at 4°C. The supemnatant {post-nuclear
fraction) was centrifuged at 13000 <g during 15 min at
4°C, The supernatant {cytosolic fraction) was aliquoted,
and the resulting pellet (membrane-enriched fraction)
was resuspended in buffer (Hepes ImM, Cl,Mg mM,
EDTA 1ImM, NaHCO; ImM, PMSFE protease inhibi-
tor cocktall (Sigma-Aldrich), antiphosphatase inhibitor
{Sigma-Aldrich)).

In some CHO-PS70 cells, we performed a differential
centrifugation. After homogenization of cell extracts
in sucrose buffer (0.32 M sucrose, 10 mM Tris pH 7.4,
EGTA. 1 mM NazVO,, 5 mM NaF, | mM EDTA, 1 mM
Hepes), the homogenate was centrifuged at 1000 xg for
10 min, The supernatant was centrifuged at 15000 xg for
15 min. The resultant supernatant (fraction containing
mainly the plasma membrane and soluble proteins from
the cytosol) and the pellet {containing mainly membranes
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from the endoplasmic reticulum, mitochondria, lys-
osomes, peroxisomes, and endosomes) were quantified
and stored.

Microarray analysis

Gene expression was analyzed 48 h after transfection
with human full-length ApoERZ, using microarrays Sure-
Print G3 Human Microarrays (1D 039494, Agilent Tech-
nologies, Spain) and pecformed by Bioarray SL [http://
www.bloarray.es). The concentration and purity of the
total RNA extracted were measured by a NanoDrop spec-
trophotometer, and RNA quality was determined with
the kit ReK Screen Tape {(Agilent Technologies, Spain),
The estimated RNA integrity number ranged between
9.5 and 9.7, Each sample (four samples and four controls)
was labeled with Cy3 using the One-Color Microarray-
Based Gene Expression Microarrays Analysis v6.6 (Agi-
lent Technologies, Spain). Data were imported to the
linear models for microarray data Bloconductor software
(Limma, Marray, affy, pcaMethods and EMA). Raw data
were first subjected to background subtraction, then to
within-array loess normalization. Fnally, across-array
normalization was performed. Normalized data were fit-
ted to a linear model. The significance of the gene expres-
sion changes was analyzed according to the adjusted p
value (adj. p < 0.05).

qRT-PCR analysis
RNA was extracted from human brains, SH-SY5Y cells,
or CHO-PS70 cells using the TRIzol™ Reagent in the
PureLink™ Micro-to-Midi Total RNA Purification Sys-
tem (Life Technologies, Carlshad, CA, USA) follow-
ing the manufacturer’s instructions. SuperScript™ 11
Reverse Transcriptase (Lite Technologies, Carisbad,
CA, USA) was used to synthesize ¢cDNAs from this
total RNA (2 pgl using random primers according to the
manufacturer’s instructions. Quantitative PCR ampli-
fication was performed on a StepOne™ Real-Time PCR
Svstem (Applied Biosystems, Thermo Fisher Scientific,
Rockford, USA) with TagMan probes specific tor human
LRP3 (assay ID: HSO1041220 ml), LDLR (assay 1D:
HS00181192_ml) {Applied Biosystems, Thermo Fisher
Scientific, Rockford, USA), and human /85 as a house-
keeping gene {Applied Biosystems, Thermo Fisher Scien-
tific, Rockford, USA) for the human brain and SH-SY5Y
cell samples, In CHO-PS70, mRNA expression was
measured with primers for human APP (forward: AAC
CAGTGACCATCCAGAAG  reverse:  ACTTGTCAG
GAACGAGAAGG) and for glyceraldehyde 3-phosphate
dehydrogenase (GAPDH, forward: AGAAGGTGGTGA
AGCAGGCAT; reverse AGGTCCACCACTCIGTITG
CTGT) to normalize the expression levels of the target
gene by the ACt method curves.
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APOE genotyping was performed by gRT-PCR accord-
ing to a previously described method [27].

Recombinant reelin

HEK-293T cells stably transfected with full-length mouse
reelin clone pCrl or GFP (mock) (kindly provided by Dr.
E. Soriano, Department of Cell Biology, University of Bar-
celona, Barcelona, Spain) were seeded in 175-cm” flasks
at a density of 10x 10" cells/flask. After 3 days in culture
in Optimem, the supernatants were filtered through 0.2-
pm pores and concentrated with an Amicon Ultra 100-
kDa size exclusion filter (Merk Millipore, Darmstadt,
Germany). For quantification, a coomasie gel was loaded
with different volumes of the concentrated supernatants
as well as with different bovine serum albumin solutions
to perform an extrapolation.

Westemn blotting

Brain membrane-enriched fractons, SH-SY5Y extracts,
or CHO-PS70 extracts (30 pg) were run on SDS-PAGE
(75%, 12%, precast 4-15% gradient, or Tris-tricine 16%)
after bolling at 98°C for 5 min in 6x Laemmli sample
buffer, Proteins were transferred by electrophoresis to
nitrocellulose membranes and detected with antibodies
against the C-terminal of LRP3 (mouse, 1:100, Sigma-
Aldrich, St. Louis, MO, USA), N-terminal of LRP3
(rabbit, 1:100, Sigma-Aldrich), Flag (mouse, 1:1000,
Sigma-Aldrich), C-terminal of LDLR (rabbit, 1:200,
Sigma-Aldrich), C-terminal of ApoER2 {rabbit, 1: 2000,
Abcam, Cambridge, UK}, C-terminal of APP (rabbit, 1:
2000, Sigma-Aldrich), N-terminal of APP {rabbit, 1: 2000,
Sigma-Aldrich), sAPPa (mouse, 1:1000; IBL, Hamburg,
Germany), sAPPS (rabbit 1:1000; 1BL), LC3B (rabbit,
1:2000; Abcam), or a-tubulin (124000, Sigma-Aldrich) as
a loading control. Primary antibody binding was visual-
ized with fluorescent secondary antibodies {IRDye, 1:
10000), and images werne acquired using an Odyssey CLx
Infrared Imaging system {LI-COR Biosclences GmbH).
Representative whole blots are shown as Supp Fig 1.

Immunoprecipitation

Brain extracts {100 pL) or CHO-PS70 extracts (50 pL) were
incubated on a roller for 2.5 h at room temperature with
100 pL of magnetic beads (Dynabeads, Merck Millipore)
coupled to the C-terminal LRP3 (mouse, Sigma-Aldrich)
for brain extracts, C-terminal APP (rabbit, Biolegend) for
CHO-PS170 extracts, or mouse/rabbit [gG (negative con.
trals). The input, bound, and unbound fractions were ana-
Iyzed by western blotting using specific antibodies.

Immunofluorescence

CHO-PS70 cells overexpressing LRP3-flag were washed
with cold Hank-buffered salt solution and hxed with 4%
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Table 2 Expression of 9enes upregulatad by fulength ApobR2 averexpression
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paraformaldehyde and 0.1 M EGTA for 10 min. To stain
the plasma membrane, cells were incubated with WGA-
FITC (WGA: lectin from Triticum vadgaris, FITC (uo-
rescein) conjugate, Sigma-Aldrich) for 15 min at room
tempecature, and the nonspecific sites were blocked
with 10% (w/v) bovine serum albumin for 30 min. No
permeabilization steps were included before or during
the incubation with the primary antibodies. Celis were
incubated with a primary antibody against Flag (1:200;
mouse; Sigma-Aldrich) for 1 h, followed by the second-
ary antibedy (1:200, Cy5 antl-mouse; GE-Healthcare} for
1 h. After washes with PBS, cells were incubated briefly
with Hoechst dye to label nuclei (Invitrogen). Pictures
were acquired in a Leica SPEIl upeight TCL-SL confocal
microscope using an oil-immersion 40x objective

Double-labeling immunofluorescence and confocal
microscopy

The frontal cortex and hippocampus of 14 cases at Braak
NFT stages 0-1, 1V, and V-VI and senile plaque stages
0-C were uvsed in the study. Formalin-fixed, paraffin-
embedded, de-waxed sections, 4 pm thick, were stained
with 2 saiturated solution of Sudan black B (Merck) lor
15 min to block autofluorescence of lipofuscin granules
present in cell bodies and then rinsed in 70% ethanol
and washed in distilled water. The sections were boiled
in citrate buffer to enhance antigenicity and blocked
for 30 min at reom temperature with 10% fetal bovine
serum diluted in PBS, Then, the sections were incubated
at 4°C overnight with combinations of primary antibod-
ies: LRP3-C-term (Sigma-Aldrich, ref SAB1300316, poly-
clonal rabbit, diluted at 1:50) and apoER2 {Invitrogen,
rel MAS-36130, mouse monoclonal, diluted 1:50). After
washing, the sections were incubated with Alexad88 or
Alexa546 (1:400, Molecular Probes) fluorescent second-
ary antibodies against the corresponding host species,
Nuclei were stained with DRAQS™ (12000, Biosta-
tus). After washing, the sections were mounted In an

dork and conrobs, a4 well the o) o [p vadus acdpsted for madtiph Teting) s indicated

Immuno-Fluore mounting medium (ICN Biomedicals),
sealed, and dried overnight, Sections were examined with
4 Leica TCS-SL confocal microscope.

Statistical analysis

The distribution of data was tested for normality using a
[YAgostino-Pearson test. ANOVA was used for paramet-
ric variables and the Kruskal-\Waliis test for non-paramet-
ric variables tor comparison between groups, A Student’s
1-test for parametric vartables and a Mann-Whitney U
test for non-parametric vardables were employed for
comparison between two groups and for determining p
values, For data analyzed using unpaired Student's ¢-test,
a Welch's correction was employed in data with different
standard deviations. Correlation between variables was
assessed by hinear rvegression analyses, The results are
presented as the means &+ SE, and all the analyses were
performed using GraphPad Prism (version 7; GraphPad
Software, Inc). p value < 0.05 was considered significant.

Results
ApoER2 overexpression increases the expression of LRP3
SH-SY5Y cells were transfected with full-length ApoER2,
and after 48 h, 2 microarray was performed. Among
the genes affected, we focused on the analysis of LDL
receptors and apolipoprotein-related genes (Table 2),
The receptors LRP3 and LDLR appeared significantly
upregulated, both of which are members of the LDL
receptor family, Upregulation of LRP3 was confirmed
by gRT-PCR, with a significant increase in mRNA LRP3
level compared to its expression in non-transfected cells,
However, increments in LDLE mRNA expression were
not significant when assessed by gRT-PCR (Fig. 1a),
Although SH-SY5Y cells secrete redlin to the media
and it can act in a paracrine mode, recombinant reelin
was employed to treat overexpressing-ApoER2 cells to
potentiate the ApoER2 signaling. This treatment induced
ApoER2 cleavage and, consequently, reduced the amount
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of full-length ApoER2 and increased the generation of
the ApoER2-CTF. Importantly, reelin treatment Induced
an increment of LRP3 protein levels (Fig 1b), In RA
neuro-differentiated SH-SY5Y cells, reelin treatment was
also able to induce an Increase in LRP3 protein levels
compared to non-stimulated cells (Fig. 1ch.

Expression of ApoER2-ICD upregulates LAP3 expression
We considered the possibility that increments of LRP3
expression were induced by ApoER2/ICD, a fragment
with transcriptional regulatory activity |14, generated by
the proteolytic cleavage of ApoER2-CTF, This small frag-
ment was observed in ApoER2-overexpressing cells after
treatment with reelin {Fig. 2a). Thus, we overexpressed
2 chimeric ApoER2-ICD (amino acid residues 728-842)
and measured LRP3 expression, LRP3 mRNA expression
and protein levels Increased significantly with respect
to non-transfected cells (Fig. 2b—d}, while LDLR mRNA
levels were not significantly affected by ApoER2-1CD
{Fig. 2e).

Expression levels of LRP3 in AR42-treated cells

On the contrary to the upregulation of LRP3 mRNA
and protein that we observed after overexpression of
full-length ApoER2 or ApoER2-1CD, we expected to
find less LRP3 expression in AfdZ-treated cells, due
to the fact that AP teatment reduces the generation of

L L
Control ApoER2-ICD
Fig. 2 ApatR2-CD Incroxes LAPS exprowion aRopresentathve wesitern blot showing the expression of ApaER2KD sfter transfection with
ful=lergth ApoEfZ cDNA (ApoER2) and redin tieatmesz (1 2pg/ml ApaERZ + ressling for 24 b in STESYSY ceds, Far comparbvom, the expoession of the
ADGER2-KD cordlnut (ApoERZ-1IC0D] is also shown b Western ot and € quartifcation of LRP3 proten expressaon after ApoE R2-1CD transtection
INSHAYSY cells Tububn was vsed & an ntemal conmal (n = 6 for each conditicn, 9 < 0001 r1est). d qRTACK analyss shaming the espressian of
LIP3 miA 1o = 7 far each candzion, *p < 04%, rtest) and @ LDLR mANA (n = 10 for each conditicn) after rardfection with GFF dDNA (cantrol} anc
ARSER2-KD CONA in SH-STYSY cells. Note that the X aos in d begins ot S0% 185 was used as s internal control for mRNA expression

Control ApoER2-ICD

ApoER2Z-CTF [16]. In agreement with this view, we found
that treatment of neuro-differentiated SH-SYS5Y cells
with 1 pM and 5pM AR42 decreased the LRP3 protein
levels, but 500 nM did not have the same effect, In com.
parison to scrambled peptide treatment (control, Fig. 3a),
Five micromolar AB42 also reduced LRP3 mRNA expres-
sion (Fig, 3b).

Expression levels of LRP3 in AD brain
Next, we examined LRP3 levels in human frontal cortex
extracts. Considering all cases with AD-related pathoi-
ogy, LRP3 mRNA expression was lower with respect to
MA subjects (p = 0.02; t-test) (Fig. 4a). However, when
cases with AD-related pathology were categorized by
Braak NFT stages, the reduction was significant only at
Braak stages NFT [-11 (p = 0,03; t-test), while NFT 11I-1V
or NET V-V displayed the same trend but falled to reach
statistical significance (p = 0.10; p = 0.15, respectively,
t-test). No significant modifications were found between
Braak stages NFT -1l and NFT W~V or NFT V-VI (p
= 0.56; p = 0,65, respectively, t-test; Fig. 4b). Despite the
difference in age between MA and AD-related pathology
cases, age did not correfate with LRP3 mRNA in MA (#
= 11; R = 0.058, p = 0.87) or AD-related pathology Indi-
viduals (n = 40; R = 0.067; p = (.68),

Gender did not contribute to differences in LRP3
mRENA  expression elther. The comparison between

129



Cuchillo-1bafer et al Az Res Thesapry  (2021) 13181 Page Bof 17

A  Ctr 500nM 1uM  5uM
S T S e LRP3

— — — —tupulin 1267
<§ 1004 — N
gizs- EE 78+ .
5 1 — gg e
@ B
gs ™ 2 2s-
- g 504 s
[ v T
£ 2. Control  SuMAp
. 0

L .
Ctr 500nM 1uM  SuM
Fig. 3 AR4 reguces LAPY expression, & Quantification and westem blot showing the exprezsian of LR? 3 protsines in newo-diffessntiated SH-SYSY
cele méated ith 5 UM APA 2 or soramidled ABA2 (Control) Tubulin was used a5 an inteeral cortdd (n = 9 oreach canditon, *p < 005, Hest. b
| QRT-PCR anayys horaing expression of LRP3 mBENA in neuo-dMereniated 5H-5Y5Y cele tmated with 500 M 1uM 5 i ARAD or scrambled AB42
| (controfl 185 was wsed as an intermal control for mANA expression (p = 8 for each condrion, p < 005 t1est)

J

LRP3 mRNA
relative expression (%)
.
LRP3 mRNA
relative expression (%)

Q
o
o

A
Ad

A

oRB8ABRBI

MA  AD-r Y VW
5 Ct-LRP3 NI-LRP3 _merge D __MA  NETIN NETILIV NET VA

*Da) ; =
s BEE=SNES=
D D e e b

E Fow, 200,
1 : R
3 £ 3 100, <
1 Sl
2% g
g o . LY

(AL v v
Fig. 4 Low levweds of LRPI in AD fionital conec a gRTHCR aralyshs shoming expression of LRPI mBENA 1 brain extracts fram WA and Albwe=mer's
diswease-redated (AD-) subyects, and b categunacs by Drass NET stages. (=4, 101V, ond V=¥1) 185 was used as aninteynal controf for mINA espression
Cre 1) for M s 1214 for esch AD-r Braak stage, %n < 005, ttest Sar MA v AD-r, -teet with Welch's comection for MA v AD-r |-}, € Westem bilots
dhowing diffesere LAF3 immuncoeactiveies in human conex exiracts Two bands were observed usng an aoti-C-tovminal LRFS, but a $ngle band
wars abserved when an ani-N-terming LAP3 was used, al between 70 2and 100kDa One of the hands imenuramacted w both antibodies, thely
representreg te fuldengrh recepuar. Accordingly, the overlapping band (*) was selectad for guantification d Western Blot uvng an ant-C-terminal
LIP3 i braey extracts froms MA and AD-r subjacty, Categanzed by Siaax’s s1ages INFT =1 MFT 1=V, and METV-VT1 and quantfcation of the et
bard (maked wirk a * ) Tubeibn wars wsed a5 an temal contral (0= 11 %1 W& 0 = 10-11 for gach NFT Baar's stage, *p < G 05, Mann\Yhimey testl
| @ cfRT-RCH analyss showing expression of LDLA mANA in bran extracts from MA and AD f subects, catagoeizad by Sragks stages 185 wan used a6
any interng control for mdA, eoparessian (o= 9 far WA n = 10 fareach Srask’s stage)

130



Cuchillo-lbaiez eral Al Res Thevapy  (202)) 13:18)

fernales and males from MA and from AD-related pathol-
ogy groups was not statistically significative (p = 0,13,
one-way ANOVA), When female values were subtracted
from both groups, LRP3 mRNA expression in males
was still different between MA and AD-related pathaol-
ogy overall (p = 0.042, t-test), However, the difference
observed In Braak stages I-1l falled to maintain statistical
significance, probably due to the smaller sample size (p
= 0,060, ¢-test). Braak stages NI-1V and V-VI remained
without differences in males compared to MA males (p =
0.20 and p = 0.22, respectively, f-test). The APOE geno-
type did not account for LRP3 mRNA expression either
(p = 0.47 e4 carriers v non-ed carrier AD-related cases),

To evaluate LRP3 protein levels in the cortex from
MA and cases with AD-related pathology, membrane-
enriched fractions were isolated from brain samples,
Due to the lack of reports about LRP3 in the brain, two
antibodles were tested to corroborate the identity of
LRP3 immunoreactive bands (Fig, 4cl. We found that
LRP3 expression levels were lower at Braak stages 111
compared to those in MA individuals (p = 0048, t-test,
Fig. 4d). No further differences were seen at stages -1V
and V-VI when compared with MA (p = 0,11 and p =
0.12, respectively, ¢-test) and compared with Braak NFT
stages |-11 {p = 0.84 and p = 0.26 respectively, t-test).

The estimated expression of LDLR mRNA was not
significantly different between MA  individuals and
AD-related pathology subjects when the extracts were
compared overall (p = 0.73 Mann-Whitney) or when
compared discriminating Braak stages (p = 0.73 onc-way
ANOVA; Fig, 4e¢).

LRP3 interacts with apoE and APP, but not with reelin

in the human brain

Double-labeling immunofluorescence and contocal reso-
tution showed that the LRP3 antibody recognized small
granules localized in the cytoplasm and proximal den-
drites of all neurons, and around the nucleus of ghal cells
in the hippocampus and frontal cortex. ApoER2 antibody
also showed small granules in the cytoplasm of newrons
and small glial cells. The immunostaining was variable
in the MA group and in cases with NFT pathology with
marked individual disparities, probably due to the vul-
nerability of the protein to the pre-mortem status and
post-mortem delay (Fig. 5a). This individual variabil-
ity did not permit any attempt to quantify inter-group
immunostaining densitometry.

We also evaluated, by means of Immunoprecipitation
assays, whether reelin acts as a ligand for LRP3, as it
does for ApoERZ in frontal cortex extracts from MA and
AD-related pathology cases. Reelin was not co-lmmuno-
precipitated from any brain extracts. We next assessed
whether LRP3 interacts with apoE and APP, in the same
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way as many members of the LDL receptor family do,
After immunoprecipitation, both proteins were co-
immunoprecipitated with LRP3 in MA and cases with
AD-refated pathology (Fig. 5b).

LRP3 modulates APP expression levels

We tested whether LRP3 was able to influence APP pro-
cessing and AP generation in a similar manner to other
members of the LDL receptor family. In order to do so,
we overexpressed LRP3 in CHO-PS70 cells, a cell line
that expresses the wild-type APP770 isotorm. LRP3 was
located at discrete areas of the soma and in the plasma
membrane of CHO-PS70 cells {Fig. 6a). Moreover, LRP3
and APP co-immunoprecipitated in these cells {Fig. 6b).
Overexpresston of LRP3 did not affect APP mRNA levels
(Fig. 6¢), but it drastically reduced full-length APP lev-
els, as well as APP-CTF in cell extracts (Fig. 6d). In the
supernatant, the levels of sAPPa, sAPPE, and soluble AR
decreased in transfected CHO-PS70 cells compared to
maock-transfected cells (Fig. 6e). Interestingly, when lyso-
somal function was impaired by chloroguine, full-length
APP and sAPPx levels increased in a significant manner
with regard to non-treated cells (p = 0.0044; p = 0.031,
respectively, f-test; Fig. 7). sAPPP levels showed a ten-
dency to be higher than non-treated cells (p = 0.065),

To determine in more detail whether LRP3 is involved
in APP degradation by lysosomes, we performed a dif-
ferentlal centrifugation of CHO-PS70 cell homogenates,
Two different fractions were obtained: a cytosol and
plasma membrane-containing fraction, and an intracelly-
far membrane-containing fraction. In CHO cells overex-
pressing LRP3, full-length APP levels were lower in both
fractions, but APP-CTF levels were lower only in the
intracellular membrane-containing fractions compared
to those in CHO controls (Fig. 8a). Treatment with chlo-
roquine did not affect APP levets in CHO cell controks in
any fraction (Fig. 8b}. In CHO cells overexpressing LRP3,
full-length APP and APP-CTF levels increased In the
cytosol and plasma membrane-containing fractions after
chloroguine treatment. This coukd indicate that chloro-
quine is affecting LRP3 capacity of inducing APP endocy-
tosis from the plasma membrane as observed in Fig. 8a.
However, only APP-CTF Jevels were higher than those in
CHO controls in the intracellular membrane-containing
fractions (Fig. 8c). This could Indicate an accumulation of
APP-CTF in vesicles such as endosomes or autophago-
somes, whose fusion with lysosomes is inhibited by
chloroquine.

Discussion

Qur results suggest that reelin signaling, through the
cleavage of Its receptor ApoER2, can ultimately influ-
ence the expression of other liporeceptors, such as LRP3,
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A LRP3

Many LDL receptor family members, such as ApoERZ,
LDLR, LRP1L, LRP1b, LRP6, and SorLA (LRP11), as well
as other alternative apoE receptors such as Trem2, arve
y-secretase substrates [28, 29]. For many of these recep-
tors, the nuclear translocation of the respective 1CDs and
their transcriptional functions have been demonstrated
or Inferred |13, 30-32]. Here, we demonstrate that reelin-
induced generation of ApoER2-ICD, as well as ApoER2-
ICD overexpression, increases LRP3 expression. This
supports a link between ApoER2 processing and the reg-
ulation of the alternative apoE liporeceptor LRP3

In frontal cortex extracts from AD, where ApoER2/
reelin signaling is impaired and ApoER2 processing is
lessened (reviewed In [33]), we found lower LRP3 protein
and mRNA levels. LRP3 expression was mainly affected
at early Braak stages of NFT pathology [stages 1-11), in
which the wtans-entorhinal region shows neurofibril-
fary tangles and neuropil threads |18]. However, since
the same decreasing trend was determined in advanced
Braak stages, additional studies are needed o determine
whether LRP3 decrease s only an early phenomenon
associated to AD-related progression.

In the mcroarray, after overexpression of full-length
ApoERZ, the expression of another LDL receptor family

ApoER2

Page 100f 12

Merge

LRP3
‘reelin

APP

apoE

member, LDLR, also appears to be upregulated, Inter-
estingly, both LRP3 and 1LDLR are encoded by genes
located on chromosome 19, locus 19q13 [34, 35]. The
APOE gene also maps in chromosome 19, on locus
19q13.32 [36], in a cluster together with the apolipopro-
tein Cl and C2 genes. Genetic linkage studies suggest
the presence of AD risk genes on chromosome 19 that
would act in an independent manner from apoE, such
as ABCA7(19p13.3) and C33 (19q13.41) [37]. Indeed,
LDLR was analyzed as a potential AD risk factor, but
the study concluded that the genetlc variants in LDLR
did not make a significant contribution to AD risk in
the general population [38]. Interestingly, recent multi-
plex proteomics studies have identified that LDLR levels
are modestly decreased in CSF from eary AD patients,
suggesting that this receptor could represent a new
specific biomarker for AD [39]. Other genes encoding
LDL receptor family members, such as LRPL, LRP1b,
LRP2, LRP4, LRP6, and SorLA, have been associated
to AD risk (reviewed in [13]), as well as ApoER2 [40].
Despite the results from the microarray study, the gRT-
PCR failed to corroborate the modulation of LDLR by
ApoERZ and did not find changes on LDLR eéxpression
in AD extracts.
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The reelin receptors ApoER2 and VLDLR are core
members of the LDL family that share the same extracel-
lular domain structure, the ligand binding-type repeat
domains (LBDs) and the EGF-precursor homology
domains. The intracellular domain of cach of the core
members contains at least one NPxY (Asn-Pro-X-Tyr)
motif, which plays a role in protein Interaction/signal
transduction [41-43] and endocytosis [44]. In compari:
son, LRP3 is smaller than the core members of the LDL
receptor family. LRP3 belongs to a subfamily, together
with LRP10 (murine LRPY), LRP12, and Lrad3 (ST7/
Migl3). These subfamily members are characterized
by the sole presence of LBDs and CUB-demains (which
binds Complement, Uegf, and Bmpl) in their extracel-
lular domain and lack the EGF-like rvepeats [131 The
short LED in LRP3 is likely the domain responsible for
the co-immunoprecipitation of apoE, as this is the com.
petent region that binds several ligands [45]. However,
reelin did not co-immunoprecipitate, In the same manner
as receptor-associated protein (RAP), another ApoER2
ligand, which dees not bind to LRP3 either [17, 34, 45,
46). In the Intracellular domain, LRP3 lacks the NPxY
motifs, but instead contains a similar tyrosine-based
sequence (EDFPVY) [34, 47]. Therefore, the domain

10T, CHO Sontsa () showing the expre<sion in the SLPDEMALaT §

6 for each cordmon, *n< 00!, =-rest)

by which APP is able to interact with LRP3 is yet to be
determined, In vitro data showed that the extracetlular
domain of LRP10 interacts with APP [48], while Lrad3,
the LDL receptor family member with the shortest extra-
cellular domain [49], is also able to interact with APP and
to modulate APP processing pathways. ApoER2 and APP
are linked extracellularly by binding different domains of
F-spondin [50] and intracellularly through the adaptor
proteins Dab-1 and Fe65, which interact with the NPxY
motif of ApoER2 and APP |24, 51, 52]. Therefore, more
studies are needed to explore the direct or indirect inter-
action between LRP3 and APP.

We observed that overexpression of LRP3 decreased
the Jevels of full-length APP and APP-CTF in the frac-
tion containing the plasma membrane, as well as AR
and soluble APP fragment levels generated after amy-
loidogenic and non-amyloidogenic processing pathways,
In CHO-PSTO cells overexpressing LRP3, chloroquine
treatment Increased the levels of full-length APP and
APP-CTF in the fraction containing the plasma mem-
brane, and of sAPPa in the media; furthermore, APP-
CTF levels in the fraction containing inteaceHular vesicles
were higher when autophagy was inhibited compared to
non-treated cells. This suggests that LRP3, described as
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an endocytosis receptor |34], could be involved in APP
processing through lysosomal degradation/autophagy
mechanisms, The blockage of LRP3-mediated APP inter-
nalization by chloroquine could explain the increase in
sAPPa levels, but not sAPPP, as it has been proposed
that the cleavage of APP by a-secretase occurs mainly at
the cell surface [53], and also the Increase of APP-CTF in
intracellular vesicles, as endesomes would not be able to
fuse with autophagosomes, thus leading to the accumu-
lation of APP-CTE Core members of the LDL receptor
family have also been associated with APP trafficking and
internalization, thus determining APP proteolytic pro-
cessing and Af production, which could play a role in AD
pathogencsis [54-57]. For example, LRP1 increases APP
endocytosis and generation of AP [58-60], while LRPIB
retains APP at the cell surface [61]. ApeER2 s able to
alter APP subcellular distribution, increasing the gen-
eration of AB; this effect depends on the integrity of the
NPxY motif in ApoER2 [62]. In @ mouse model in which
the ApoER2 Isoform lacks three LBDs, the non-amylol-
dogenic processing of APP predominates [63], In this
line, LRP1 endocytosits Impairment favors non-amyloido-
genic processing of APP due to reduced internalization,

SS==Zzas
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resulting in less extracellular AP |64, 65). Additionally,
mechanisms related to the APP secretory pathways are
also possible, such as for LRPL, whose retention in the
endoplasmic reticulum by the expression of a specific
motif leads to a decrease in full-length APP and CTF lev
els at the plasma membrane as well as in AP secretion [§,
66]. A direct downregulation of APP mRNA would be
unlikely given our gRT-PCR data.

Interestingly, LRP1 has been shown to constitute a
major regulator of tau uptake and spread [67]. Therefore,
the potential tau-LRP3 interactions appear to be an inter-
esting possibility to study, A thorough investigation of
possible interactions of LRP3 with AD hallmarks and key
proteins could serve to decipher the physiological role
and potential participation in pathological processes of
this LDL receptor family member.

LRP3 expression is highest in skefetal muscle and in
the avaries, but it is also present at relatively high levels
in the brain and heart, among other tissues [17]. LRP3
has been Involved so far In osteogenic and adipocytic
differentiation [68], and systemic use of steroids has
been assoclated with site-specific differential meth-
viation of the LRP3 gene [69], but s role in neuronal
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activity is still unknown. LRP3 has been ldentified as

to define the significance of LRP3 expression In the
a gene upregulated for a short window of 2 h, exclu-

brain in aging and AD-related pathology with disease

sively following learning, in the rat dentate gyrus [70].
To chlarify LRP3s biological functions, it is essential

progression. An alteration in the expression of LRP3
may influence the processing and expression of AP

135



Cuchillo-lbafwz e ol Az Bes Thevapyy  (2021) 13:181

affecting its synaptic function and, therefore, contribut-
ing to the AD pathology,

Conclusions

ApoER2/reelin signaling is able to regulate LRP3 expres-
ston, and LRP3 reduces APP protein levels, Includ-
ing SAPP fragments and AR peptide. The mechanism
involved is yet to be determined, although it may be
related to APP endocytosis. This study could contribute
to find new strategles in aging and AD research, given
that LRP3 modulation could participate in the regulation
of AR levels.

Limitations

The main limitation of this study is the scarce knowl-
edge of the physiological function of LRP3 in the brain,
as there are few reports about it as a neuronal recep-
tor, We employed a well-characterized brain collection,
but it would be interesting to validate our findings with
an alternative collection of post-mortem cortex sam-
ples from MA individuals and cases with AD-related
pathology. Despite the difference in age between non-
demented and control subjects, age does not appear to
be related with decreased LRP3 expression in the AD-
related pathological group, but the validation of the data

in age-matched groups is desirable. Development of

in vivo knockouts or knockdowns of LRP3 would con-
tribute to the understanding of the mechanism that links
this receptor and APP, given that, for example, knock-
down of LRPI0 led to increased processing of APP to
generate A [48].

Abbreviations

AR J-Anrdand protein [amino ocid tedoues 1425 AL Alzhe imess dlace.
AFFE Armwyioid § precursor peotslng Apog: Apaspaprorein E AQcERV/LAPS
Apdipoprcten £ receptar 2 ApafR2- 00 ApofR2 nitrecpioplamic daman
ApERLCIT ApofRD C-termingd fagment; 00 Oriloroquane LICR: Low-
cdensty §paproatin recepoor, NCx Noo-dermented, VLDLR Very loa-density
lpaoeoten ieceptor.

Supplementary Information

Theankng versan contars sugplementary mateyid avaiobie at hitpe//doe
o 10 1A 1 195021005015

Page 140f17

Acknowisdgements

W thank Prof T, Coran (Epgtey bslmne, Unsser oty of Nebraska Medicad
Center, Omahay USA)L | Nmpt IMax F, Department of Medcal Biochemesry
Medical University of Menna, Autrial W, Rebeck (Geargeiown Unnersity Med
e Corvter, Winhangion, DO, USAL wnd C Lavce (Gupas it OF P muscor-
ogy and Physiciogy, Untapmty of Shwrbroake, Custted, Canaow) fon genrously
proviang cDNAS. We thaok Dr. £ Sanano and L Fuadas Department of Tl
Bidogy, Unkersity of Barcelona, Barcstona, Spain for providing HEK- 25937 cels
A by Dol tecd With seedn COHA s LFP W Thack Pol Ancies-Benno amd
Mieganta Carmoes Depatment of Menakogy and Espetimentdl Therapeutics,
Unmersty of Rarcedanay for techncal el

Codu avalabiliity
Nt sppicadn

Authors’ contributions

Cooceptusdzanon 5N and 104 Formal anslyss and srnaesgotion 104, ML, SE,
ILE T and IV Humae bram sousce andd analysts: I Wting af the angeal
ora't preparatore 3 and 104 Writing, seview, and editing all authors. Fund-
Ing acuidticn I8 The ashoes) read and appoved the final maresorpn.

Funding

This work was supported by grangs from the Fondo de Invessgadongs
Sanitarias PN 500665 and PHT2O1 359, co-funded by the Fando Earapeo de
Desarabo Megioral FEDER Trwesting = your lutuee"LCBERSED Qrab-

tuln ce Salud Cartoy 1L Sperrd and fom the Direcord Genersl de Clanci |
Investigack, Senerirar Vaknclana (ACO,202 13030 'We atsa ackoosodqe
financial weoor flom the Spansh Minkzero de Ecancmia y Competitivl
tod, theough the "Seveo Othos” Wrogromme for Conties of Cxosliengs in
ARD 155V- 2 70220

Availabiity of data and materials
NI data and matenals suppon thair putinhed cliems ond comgry with Nesd
stanciarch.

Declarations

Ethics approval and consant to participate

Thasi study wink spparoved By the ¢hics commatee of Usrverikiad Ague!
Howmdndkez 42 Bl Spary and £ was camed out 0 Sccondance with the
Dechiration of Helsral,

Ethical standards

The experimects comply with TR cumant b of The countsy n which My
vl parior med Span

Cansent far publication
Not spokcalie

Competing interests
The authory declare thae they have no comaeting Toacrerts.

Author details

"Instiuto do Newrociendx de Adcarae, Unherdcad Figus Heirandez de
Elcte L5, Sant Joan dilacant, Spain “Cerga de irvestigoccn Domédadea
en fed sobre Erdermedocies Nerodegenerattons KKIBEANEDE, Macrdd, Span
TInamare do Iradstaaacsan Sanitaeu v Skambdica do Alante [SABLALL AR
cante, Spain ‘Instinig de Newsoparciogla, Howpital Unnersitaro de Selwige,
Unnersddad de Boeteory, Mospitalet de Liobregat. Baroeions, Soain

Additional file 1: Supplemental Figure 1. oo falions whok bioe
Whole blots hrom S3H-575Y cell extracrs, burman homtal comex from nen-
demented and Alcheimer's dsease subgects, and from (0 ool exracts
aned Supsmaranes Th antdbedly o mpharpet I ewery Lot 1 oindcated, T =
el input, 8 = bowrd fraction, U = unBicund fction BC Dound facton
of the regottve conmol U bound fracnon of the negative comrol

Additionad file 2. Comolee miooamy

Feceived 10 Fubrusry 2021 Accoptod: 10 October 2021
Published online: 02 November 2021

Redorarnoes

1 Walkron F, Hedig C, Schwetzers A Naceds N, Josger S Martin AM «< ol
LA mockd otes APP saffching song sarly compartmerés af the sece-
Lowy pokirmay. Newabd Do 20083118507 Avallable from: hirpa /7
poboned nchi s nPLQaw1E5 59203/ Cned 2010 Cec 27

136



Cuchillo-1baries e ol AL Res Therapy

3.

mn

1

12

13

14

15

16

17

18

19

(2021113981

Ghat-Frambul M, BovhimeCagan A, Lz G 0an X Hez J, W haskon
DM rvoherrant of the Apoerd and Lip ! eceatons in medating the
paathological eftects of Apold In yro Curr Nzheimes Bes. 201411 545- 457
Bemham Science Publishers 11d. Availible from; hittpoAwaw ncbinim
PG pubrsd/ 925 1 S5 Ciieed X0 fsbi 13
Kien L Yooy B Basab | KIm 2 Apofipapictn £ in syraptic plasticiny vl
Alrhermers deesses poteritial ool ubar and mokecu b mecharsms Mol
Ceds 2014:833-40 Korean Sooety fur Moeouar and Cellulsr Bctogy.
Awababihe S NG wwne DO N Qo BUbIrecdl/ 2 $ 558504 Ciedd
XM Febs 13
Bock HH, e F Cananicl and noorcanonvcl resdin signaling Fram Cell
Newsosct 2016100166 Frontien Media SA_ Avallable fram hige//weaw.
vt rdm rehgon/pdermedi 2 A iR, Cited 020 Feb 13
Lane-Dromoenn C Hewz ) Buideg o betier bigod-brar beetier. Dile
0170031808 elile Simnoes Futikaucos Lich Awsilbbie fom: hirpo!!
Werneh pubimed/ 28993392 Cred 2020 Feb 13
Moy P Her2 ), Bock HH, Masecular reescharysims of [popeai i iecepion
sgraling Coll Mol Life 5o 2005621192012 X538 Sprnger. Al like
oML MAADS MRS O ngercony/ e 10100740001 8005523 1 -2 Ced
221 anla
Hevz LOhen Y. Beehry, [Ropea i meepton antd synapln plastedty, s
e Neurosd), 00807 850-5 Avadatsbe fromy Bxpy/Famewenchi nlm reh
Qow/pubmec)' 17053810, Ciied 2019 3 23,
Schmeche! DE, Saunders AM Strirtmactes W, Cran S5 Hulette CM, oo
St ol inoreayed ot S-peptide depos@on n comtitl cantex s
8 corequence of apol popeaten Egenotype i late-orest AlFwsmes
cheaxie. Froc Mam Acad 5ol U S AL 1993909645953 Kational Acackemy of
Scinces
Pt O Dlab £ Menoo [ Sarboss M, Menkangas A Kiel L et o Conver-
genoe of genes ard celulsr pettraays dysregulsted Inautism spectium
chsoeders Am J HUm Genet. 2008 9447799 foailabie trom hog s/ Ark)
nghuibetse e com /retrey e RIVS00079797 14001 505 Ched 2010 40 14
Jaeer 5 Atk CULFurctioral role of Kpopeotein recepaons in Alher
mersdrsase CurmrAlzheimer Res. 200851525 Avatlable frome httpyy
warw retinimon b pavpubmed RIS8027 Cred X20 Feb 13
Mar2ao AW, Bu G Lipdpsaen secopaass and chaisteml iy APP 1t
Nching ani proteci/1k [rocesung, mphcations far ALnamess dssxe
Semin Cell Dew Sl 200520420151 -200 Haevier Lad Avaddable frome
B A ncbirdn b gov/putrred/ 1904 800, Ciled 2020 feby 1)
Lane-Donoea C Fhillgs GT, Hérz 1 Maw than chakstesal tranoemers,
N aecegnons in TNS function and neaodsgeneation. Newon
H148X771-87 Arsthble from: hivpo!Awwew nctd nim nih gov/pubmed/
25184175 Cited 020 Fen 13,
Patdamp T, ‘Waswst TR, Herg | Funcnona soies of the interaction of APP
2t Hipopeaten recoptons. Front Mol Newoscl 201710 54 Hootiers Media
SA Avzityble fram hnpa'Avrswencbinim niugony/pu bmed /28298835
Ciad 0 Fed 13
Batmaceda Y Cuchlio- I, Pulsdas L Gacia-ayiiin M5, S
O, Nt L et o, ApcERD processng by preseniin-1 maduiartes redia
espresson. FASEDN J 2014,78(21 154354
Teekese £ g O Pever P Nodani [, Of S LUW, ot ol LEP - el e stedt
reoan i enbances Sgnatuee undednng Ramng asd rremcey forma-
o Newron 201586506710 Cell ress. Avadable froo RETRUAwws
ncherimnih gowipubmedi 25292301 Cired 7020 Feh 13
Mata-Btaguer T Cuthilio-lbater | Calero M, Fermer | Samz-vialem J
Docreased gensmcn of Cramingl fragments of ApcERY and Incrasved
1oely Capeoso0n 1 NZhemer's duedse FASER | JONE 32 352696 Al
atve from e/ feven fase ty arg/dow 101 095201 70073684 Citnd
2018 jan 10,
Bartle MA, Maher WA MoCormick 1L STV 13 o noreel lowy-den ity lipopro-
1IN roceptorcelaad protetn (LAF) sith a cytaplismac sall that nreracts
vath proteing ielated 10 signal taracuction pt rwaeys. Siochemistry.
KNIAZI2/0-02 Avatable o httpo/ pubs.acy orgddobesbs 10 1021/
Ea3adsly. Ched 2016 Feb 22
B Braak . Nowoparhaiog ol Saoeen of Nzhamen el
changes Acta Newopaehol 10978223059 Avallable from: oo/ Avaw.
oot rim reh gowpobemedy 1 759558 Creo 2018 Jul 15,
Brook H Al |, Ardoerger T Kot eschmar 4 Died Tregicl K. Sing-
NG Of Nihursar A6esa-wsoctaned nawabolliny pathoiogy wing
patffin secticns and Immunocytochemitry. Acta Neuropathel:

20

2.

22

n

1

e

7

3

i3

35

Page 15017

K11 25389404 Avasalibe Sy NI /v wr s bn b b o puts-
el | ES0S06 Cirad 2019 A4 15,

Ferimt | Defining Alzhe imer &5 0 COMymon 2005 300d RERDIeQen et
process not nevtably Iracing to dementia Pog Neumtiol 20329738~
51 Avalabie froom: Ferps pbenmle inlou i gow 135997/, Cred
W21 Sap 2T,

Chen ¥, Nundabovc M. Agis-Baiboa RS, Ainna G, Grayson OR. Indurton

of tre ieelin promoter by retinalkc ockd s mediated try Spl., J Neusochem
2007, W3 EA0-055 Avelbatsie fieis HITps //petrmmed i b nim nd gove') Toss
0407 Grod 2021 Ape 8

Jormsd A, Hassund K, Cowtam [, Bickstrom A Vasangs M. The rennak
20 and hiin-derived neucoaphic factor diffeentiated SHEYSY ced
brve o model Tor AlRbwtmer s chsdase ke Sau phosphontasen Bochem
Bophyy Res Commun, 2004319993 1000 Avsi ke fromm; hupripuls
et ocEA DI GOV 15 | A0SO Ciesd 01 A 12,

Dumanks 2, Cha H) Song B2, Tiotter S, Speaey 4, Lee Y, & al Apok
revepin 2 regulsies sstuprve ano denc e apine famwiion PLoS One
00000 17208 Avolabie frierr e /peatrnnd st nben ndh gow/ ) 147
Jaas Clred 2020 Mar 22,

Hoe H-5 Wessney U, Betfert U, Bechey AG, Matsuoka ¥, Rebech GW
Fapondin nisntion with the spolipapristen Ereceptor Apatr2 aflects.
processang of anmybond iracursor proten Mol Cell flicd. X05259055-64
dvalabie from PETpYAwwwncolnim neh gow/pubened 163275 78, Cited
2020 Feb YA,

X Y. Phaeg A shotoderko ©, Oton M Podinmy MEB, Tegioe OF, ot al
Enharced peoduction and cligo mertestion of the 42 reddue amyloid -
proten by Chinese hamster Ovary colls Stably expeessiig mutant pres-
nlins J Bl Chem. 1997,272 797 7-82 Arnerican Society Yot Slochemisry
ans Mooy by Biclogy: Avalalyke froen: i,

Cond 2020 D 20,

Brodieur | Lankn H, Bouchey R, Tt C StLous SC Gagron H,

et Calreas binds 30 LFF0 and atfectsirs endasamal soting Traffc

AN 01056 114 Blackwrd! Munkagand. Avaitatse from: Ritpay/pub-
mecd nc bl nim nih gov 19457050V, Cred 2020 Dec 26
Cabera O, Lo Albert |, Rodtiguez Martin A, Weiga 5 Calero M- A Gasr
ANATOET COCTN Method for A ID00 I # BOTYPnG i an altena
fre t0 AFOE Qenotysing for patent soieening and wrtification, 52 Rep
J01&311 11 -8 Nature foblisring Group, Avotable from: https//pubened.,
B N GSW 2905420 1/ Cited X021 Jun 15

LG A Saun CAL ypshorotum sobdaes and thae inplcanions fodiug

deedopment ) Azhetmers dsesse CorTop Mad Chem 20011101813
27 Avallable frome; Fetp2 S nebl nim rih gov/pubmed? 21510835
Ced X000 Feb 14,

Ghrer G, Lichtirehakie SE TTe sulsiiane reperTone OF y5ed i Tass s i
in. Semin Cedl Dey Edal 20201052742 Ehevier Lza.

W & Johrescn GAY. Saguiiird proteolytic processng of LAFS nesuts in
wlerir of i e el ol comatt, ) Mevrocbeert JOOTIO1AS17-20 Avadibibe
Forre o vwwew ke b ndvgonpadimad | 7336746, Cied 2020 Febs 13,
Wy FAWoiat £, Motz 2L, Boucher B Ihe LOL recepor refinsd procein
LAP) farmly: an chd famiy of proters with new sty siological functions
Ann Neo, 2007392 16-20 Avslabie brom: hitgr Ay e bxonbm ré guyy
ptmed/ 1 7457719 Coad 2020 b 13

Wakabayash T, De Seooper 8 Presend o members of the y-socretase
quarets, but part-time 50k 511 100 Pryslology. 70082 347194204
Prwsokogy Bethescah Avaliatrle Sorm: nttpeS'putimed notrimonth gow?
TRGP03/ Cired 2000 Dex 26

Cuchiloiberex | Bamacoda ¥ Matar Balagues T, Lopes Fant |, S3ez Vako
L st e In Azhermers diease. oreased fevets bat impained signabing
when moee & less | Alcheimers O 201652003810 Aver | pbiee from:

W fovew e srg/ yeevet/o M Rt ve 28l nsssigapresdda = 110
A233/AD- 151 19, Cited 2000 M 36,

Khi H KIm O-H Fyita T Endo Y, Seekd S, Yamamono TT.cCNA clanng of

1 e low-deradty poprotein iecepror-related moten and mapprg

of ity gere L RPH 0 chromesame bands 1091 2-g11.2 Genomicy

19655 1132 -5 Avaitabi Brm: NIps Wanve 0Chi nien nin gesgrubmang/
9503042, Clited 2019 Fe2 22

bocke UL Beoram AT, Goldaten A Assigrvment of the buman gene

for the Yow densky §popeotain recepior ta chromasome 19 syrtery

of Qe ptor, & Eand, and & geoetc chisans. FYoc Natl Acad 501 U S A,
198441 282630

137



Cuchillo-lbafwz e al Az Bes Thevapy  (2021) 13:18)

3r

30

al

a2

EE

45

47

n

Sy DL Beook 11, Marwactth AL, Hanbey G, Safar st M, Hatpwr PS Gorwe
rapping axd chiomesame 107 Med Geest 198625710 Avlaliie
froere hetpuAwww nch indmunch oo pabimed/ 308 1 714 Crind 20)0 Feb 14
Mocena-Grvu S, Memander | Heiimann-Heimboch & Aue 4, Fosende-
Roca M, Madedn A, o ol Gerormewice serafican rak faan o o
mosema 10 and the APCE ous, Dncatanget 30188 245%90-600 it
Joumals LLE. Avarlabier hom: it W wsonc b nim nin gow putrme o/
29572490 Cted 2020 Febs 14,

Brertzam L Hwad M, McGueen MB.Aarkinan M, Myl K, Sacker [Let o,
Towe LDUA Macus i Alzbwirmee s dhsoases o faraly Dased stuchy s meta-
analgse af case-conmnl data Newohid Aging 2007281821 -4 Hsevrr
Inc. Avatlatrie hrom: it wwwenchinim nin gowpubmedy 16373661,
Cied 7000 Fel 14

Whebyn COL Mattsscn N Nagie MY, Visacaghavan 5 Hyde C el S,
o1 o, MUTplex pecesomios identines noves CSFand plasnia tlamarkess of
early Azhemeradoess Acta Neviopathel Commun. 2019,7:169 Biotded
Central L1 Avatskde Sorm hitp/wawownction sronigone i bered/ 1054
MY, Gited 2020 Fetn 14

Ma 5L NG HE Baum L Pang JC5 Oriu HIK, 'Woo | et o, Low-denity
Fpoprotein mceptorretated proten 8 (apolpoproten £ receptor 2) gens
potymorphame N Alzbermers dissase Neumas) L1 2002332 216-8
Barvser fredand Lidd

Tramensdort! M, Boeg JF Mamgols & Herz L. Interacnon of oyeosoic adap-
toe proneing with neurcnal dpclipaomotein E recoptan and the amyicid
precunar proten ol Chem 19898273 23550-00

Howel BW Liries LM, Trank fl, Gertler FB, Cooper M. The disabiied 1
phaschatyosne bincing domam binds 1o the intesnal zanon sgrak
of transmembane glycogioteirs and 20 phasohol pids. Mol Cot Bl
19951551 75-28 Amesican Souely for Micictialogs. Avatable hom:
bt dpubmed nctt nim nih gow/ 103 Y3562 Cred 2020 Dec 200
Goehargt M, Tiommscot M, Nevet MF, Shalton 4 Richarcon 18,
Stockinger'W, ot al. Merractone af the ke dersity lpcprossin ecopnor
gene ey with Cy1nsodc ocaptor and scatiol! protens e dvese
bickogral functicrs n celular communication and dgnal trssciaction )
Bl Chem, 20002 75.25615-24

Cren Wi, Gaickaain 1L, Browen M5 8PXY, a soquence ahen found in
Cytopdasimic s, 15 reguined 1of coated p-mediaten nsmal mation of
thye lowy denaity bpoprobein secepron 2 Biol Chern, 1990205311422
Crary JE, 5000 WO Knser ¥, Knawet O, Samiees EA AR theee LI reoep-
1ee horaiagy mgoes of the LD ecopror-rebsad protsin tind multipe
Igands Bochermistry, 200342 ) 304957 Avalabde fromm mpupubsacs
crg/dollats/ 111 1021/04024 2525 Creg 2019 Feb 22

Drvwkor ST, Bumel] 7T, Low JE Weebwr E1, Bebeck GV Ligand-ncuoeg
Bty pec and heteranypsc custeing of apol popioen E e 2, )
2ol Chem, 20142801 S804 803 American Sockety for Slochemitry and
Molecwar Bclogy Inc. Avarlabie from: betps/pobmedncbinin nih gov/
24755220/ Oited 21X Dec X)

Bowcher B Latkin H, Brodkewr ), Gagnea H Thinaul C, Lavas C,
Intsaceulir trathciung of L5P9 it dependent on two addic chster/
csucine smotifs Hissochem Cefl 8ol 2008730131527 Speinger Yedag
Al sbyde oo hitpasipubemesd rebionim reh gov/ | a6 T 48, Clied
200 Aug 6,

Broceur ), Tnéraun C, Lessand-Beaudoin M, Marcl & Daban §, Lawae ©
LOCRtated peatein 10 (LHPTOI regulates amykaid precursor procein
AV tratficking and processng: evideroe fora roke n Alzheimes s dix
oase Mol Heurodegenes, 2012731 Avallbie Som: s/ pubeeod rets
NN Qo222 734635, Cited J0X0 Ad 31,

Ranganathan 5 Noyes NG, Wsghonnt M, ¥enkies 18, Bxtey FL Hyman 81,
et o LHADE 3 novel low-chemsty dpsprotein recepeor fam ity mem-

ber that madulstes wrdond racurss: proters ralMicng, | Neurasel
200131 1063545 Avadabi o Yom meprc/pubmed nctend m b o/
ZI7955300. Cited 2020 Dec 24,

He A, Sudhof 1 Bincing of F-soondin 10 amylold 4 precursor proten:
o carchchle amylold-fi peecursor proten Tigand il moduiates
w0 precursar protain cavage: Frac Nan Acad S U S A
2004301 2548-53.

Mary 2. Krisnna Beday ¥, Harz | Srovechtx proossing of low derstty
bpagraten seceplorrelated protery medtes regulaled idease of i
milracedula domain, | ol Chemn JO0527 1873643 MWalabio Yo
hatpes/putened et nbm nih gow/| 1907044/, Cited 2030 Aug A

s2

$3

55

b

S8

59

8l

62

ni

‘BS

Page160f17

How HS Trian T5 Matouckea ¥, Howell BW Bebeck G, DABL aratswd i
effects oo arvyoid poecuros proteiy and Apak mecepror 2 traficking and
peocessing | Bol Chom 200028 135 1 76-8%5 BC Papers in Fress. Avallabie
froe: hetpo/Awews Joc ceg/, Cited 2020 Dec 20,
Eavact C Hlonwn-Campyed | Cosvost M, Opgarnee R Tl B tabok 7
et Contribamion Of e eradontemal yunormad s profecdamal systems
In anmytoisS preoursor peoten denwed idgmeres procesing Fant Tl
Neooscl 2018;1 2435 Fonters Mada S0, Avatlable frome wawfrant
Mrunom Clted 2021 An 3.
Kounnis MZ Mo HD Rebeck GW, Bush AL Axgrirses W5, Tart RE ot 4l
LEL receptor-te bned prowsn, a multidunctionsl ApoE receptor, binds
secieted Famyald precursor pecsein ani meclianes s degradation. Cel.
190,82 55140,
Bu G, Gam [, Zestiowtn C LEP iny arryyioed -bets prodction and metabo
fam Ann N Y Achd SO 2000 10843553 Jwva fabi e oo Mpu/swwwacol
ndmunm gov/pubmed! 17185504, Uted 2020 Feb 14
Haltzrman I, Bz L Bu G Apobpoproten £and spolipopien £
tecepions: norrmal bxokagy and tobes in Alzhemer disease. Cold Spring
Harh Perspect Med, 201 222006312 Cobd Speng Haibor Laborsary Press,
Avalatile Som; htepy wawncbl nim nih gow pabmed/ 22333530, Cted
200 Fetr 13
Drang H, Chen W Tan 2. Zharg L Dong 2, Cus Woet al A role of o
cendty ipaproten recepeorreiated peooin 4 (LRPS) N amacytic AR
clearance. J Neuroso, 2020400N-AM 0250-20 Socikery for Newroscence
Avatutie bom: hitpsypobmedtng tl nbrnm gow 3245707, Cled 2020
i
Ulery P, Beers |, Mikhaiienko | Tanci RE Retieck GYW Hyman BT, ot al
Medulibon of Famytaid peecurscr prokin piocesdng by the low
cEnuty ipoproter receptor-related protein [LAPL Svidence thal LW
conributes to the gsthogene so of Alrbermes’s diveewe ) fiol Chemn
2000275410-5
Petrak CU Busse T, Mevran DF, Woggen & a0 EH The cytoplemic
domain of the LOL recepeareitnd paaeasn isguiaes mukioie jteps n
AV mocesdng EMBO ) 300221469150
Cam 1A, Zattanegn OV L Y, Bu G Rapkd eadedyios s of the ke deraity
Fpaeaten secamos feiatod gt rroaddates ool sirtice dsmbu
Hon anc processng of the betar-amaiold precursal protein § 8ol Chem,
20062501 5404-20 fosi labia from: httpdAwvacnct ndmunih gow’
prdrned) | 5 M55G0, Ced 2320 Fel 14,
Cam JA, Zartanati OV Knisely I, Heomenc 5, L1 Y, 3 G Th low dendty
Fpoproten mcepnorreialed gotern | 8 refars Det-annylod precursce
prosedn at the cell surface and seduces evylord-beta peprd de poductiaon
J B Charmy, K04 2 75206.30-40 Ava bk froan hivge!Awww nddi nim nih
Qonfpubenaad 151 26508 Cirad 7020 Fulb 14
Fuenteabe A, Barrly WU, Lee L Cam | Aaya © Bcudero CA et al ApcEid
expresson pcteases Abeta production wh e cecreasng Amylod Precur
sor olsn (AP endocyioss: posxble role i the paelianng of APP
e lipid cafts andin the segudation of Samers sCitase actinty, Mol
Newodegener 2007,2:1 4 fsalable from: hetpy/wvwincol rimsih.oow
7620154, Clted 2020 Feb 14,
Goto J), Tara RE The rode of the low-density Ipopotetn nseptor-
relaned profens [LRFT| i Alhwimer's AB gerwanon: dewlopment of &
coll-bated madel sysiem. J Mol Newrosci 2002:19 37-41 Humana Fest
Avarlibie fiame htipctwawnc b nimonh gow/pubmed /12212791 Cead
N2 Ape 2
Vi God B Stoeck SE, Reekrmans W, Lechar B Geols PLSW, Pracker L
013l LAF L fas 2 piodonm nant 1oke n producton owr dearance of AR v
2 mowae model of Nshiermes dhesse Mol Neurobiol 201%567234.45
Humara Press Inc Avatable fron st/ pubsmecnchLiman bgow!
0410 Cired 2020 Dex 28
Egaent & Ganzades AL Thoma C, Schillng § Schwans S\ Tischai €,
etal Dimerlzation keats 1o changes In APP (amydald precursor proeein)
trathching medoesd by LT and Sorl A Let Mol Uik Sl 20075201 -22
Rk himrser Verdag AG Awiiabie oo ps/ pabimeed nekd rimsih oo/
2B700CASS. Citod 2021 kan 28
Hart U, Stiecker 7 Stonck SE, Thomas C, Rabief V; Janker A, ot & LAF]
moculote: APY mtransuroral transpors and procesing n 22 monomernc
ol et state. Froed Bol Newvncl 2017100118 Fronters Reseorch
Foundation. Avalabig froen harpsstoutsmed ncbe i goy 1849840407,
Cited 2000 Doc 27.

138



Cuchillo-lbafwz e1al AR Res Thevapy  (2021) 13:18)

Ll

68

LU

Harach IN, Luna G Gagorsn £, Acdonant 8 Chalis C SRt e al LR
5 @ rraier regulatoe of Tau uptabe and sosad Nanse, 2000530381 -5
Notowe Research

Eariad | M, Marvkandan M Alyjez NW, Hamam B O R4, Adebmash
A S0l MCIDRNA -G 739 (O Lt Ssfeocun K and acipocylk diffasen |-
o0 of lmmerid e human Bene mamow soomai calk Wi Tagesng
LEFT. Stem Cel #ins. 201 7,2094- 104 Avadatile fram: nitpc//wawichindm
it gowpuomed/ 28380487, Oted 2020 Feb 74

Wan E5, Cru W, Baccaneli A Carvy V), Bactwenman = fennsd 9, ¢ sl

S STernic Srerokd epried 5 askoCated with dMennia! meThstidion

n chinnic ot tve puimonary disease. Am | Respr Crit Care Ve

Page 17 of17

A1 218 24855 Avarladde freye MRTEc meww et dim ndganiputs
red/ 33065012 Clted 2020 Feby 14,

70 Orsubivan NC, MoGettigon PA Shevidan GK, Pckesrg M, Conbey L,
O'Connar 1L et ol Terrponal change in gove expmesiion n the rn
chrtate gy fOBown g pedsivn aearlance mairdng ) Neurod hent.
20071011 33558 Avalabie froe Iiputaww nciiimondogaviouls
e/ V7238358 Ched 2070720 14

Publisher’s Note

Spreger Neture embins eutral wAth rogied 1o jursdctionad calms in pub-
Iaked rmaps and rattutons affiixtiors.

Bnady 10 witent your nmeechl Chooas MU ane benellt brome

© TIVL CONVErseTe Dl ne ST

© LA M 1IN oW Y pape e o Feoeer T Er s AN =

& YU DUTECINN oM JiCeptarce

& LD KO rma a0 et «10h ng U pr anc aomgiad datanyes

O R Open ASOr st WS e abler B inn il RO TIea e

o rracorreett Asbery for 20t remacnrtt owet TIORN Watwie vy eY paar

At DMC, research iy always in progress,

Leam more o omacho 0t Comyaalmssans - BMC

139






DISCUSSION



DISCUSSION

AD is a multifactorial disease that involves many different mechanisms, amongst
which reelin and apoE appear to play important roles. Our studies demonstrate
that both proteins present an aberrant profile associated to the AD condition that
may result in ineffective function, and this has been confirmed by other research
groups. In AD CSF samples, total protein levels, glycosylation, dimerization, and
fragmentation of apoE and reelin differ from control subjects. The articles
included in the doctoral thesis suggest that specific proteins that link apoE and
reelin receptor pathways, such as apoER2 or LRP3, could participate in AD-
related mechanisms.

The first article included in this doctoral thesis was centred on apoE in the
CSF from individuals with AD. We detected a net increase of apoE levels in the
CSF samples of transgenic rats and AD patients. Increased apoE levels in
transgenic rat CSF were also reported in a recent study (Bac et al., 2023),
whereas mainly contradictory results have been presented in studies assessing
apoE levels in AD CSF samples (Cruchaga et al., 2012). In our study, while a
unique immunoreactive band was detected in the transgenic rat, two distinct apoE
glycoforms of 34 and 36 kDa were detected in human CSF. Levels of the less
glycosylated 34 kDa species were found to be particularly increased in AD
samples, leading to an imbalance in the 36/34 kDa ratio, which was lower in AD
patients. We partially validated the results in a second cohort, as higher 34 kDa
apoE levels and a decreased 36/34 kDa ratio were observed in AD samples
compared with controls. Therefore, despite the occurrence of increased total
levels of apoE, the proportion of glycosylated apoE compared to less glycosylated
apoE is reduced in AD, which could hinder the biological roles of the protein, as
adequate glycosylation is essential for the correct functioning of apoE
(Kacperczyk et al., 2021). Interestingly, in the first cohort the APOE ¢4/¢4 cases
presented a higher 36/34 kDa ratio than the AD samples with different APOE
genotypes; however, these differences were not observed in the second cohort.
Anyhow, due to the basal compromise in some of the biological functions of

apoE4, APOE ¢4-carriers may be more sensitive to the alterations in the balance
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of glycoforms, and therefore smaller changes in apoE4 could have more direct
consequences than in apoE3.

Many studies have associated changes in glycosylation to AD, reporting,
for instance, changes in carbohydrate metabolism (Johnson et al., 2020) and N-
glycosylation (Chen et al., 2021) in the pathology, and as such the glycosylation
of proteins has been considered as a potential therapeutic target (Conroy et al.,
2021). Alterations in organelles involved in glycosylation have also been reported
in AD, such as endoplasmic reticulum stress (Imaizumi et al., 2001) and Golgi
fragmentation (Haukedal et al., 2023). The apoE glycoform imbalance detected
in the CSF should therefore come as no surprise, as it coincides with previous
reports in AD describing an aberrant glycosylation pattern in many key proteins,
including APP, BACEL, nicastrin, tau and PS (reviewed in Schedin-Weiss et al.,
2013). For example, the modification of APP O-glycosylation has been linked to
AB generation and, as such, some studies have proposed that maintaining APP
glycosylation status at a state comparable to younger people could protect
against AD (Akasaka-Manya & Manya, 2020). Therefore, the aberrant
glycosylation in apoE leading to the progressive switch observed from the control
condition, characterized by abundant 36 kDa species, to the pathological
condition, in which the presence of 34 kDa species is increased, could explain
the role that apoE plays in AD by slowly losing the protective functions, such as
AB clearance, which are expected to be carried out by the mature 36 kDa species.

We also detected an aberrant apoE species of approximately 100 kDa
exclusively in AD cases, regardless of the APOE genotype, probably representing
dimers, but not linked by disulphide bonds, since they were resistant to -
mercaptoethanol. As discussed earlier (Rebeck et al., 1998), apoE4 lacks the
ability to form stable dimers through the amino acid substitution at position 112
(Arg instead of Cys). Nonetheless, we confirmed the identity of these species as
apoE via immunoprecipitation and mass spectrometry studies. Through trials
under reducing and non-reducing conditions, these high molecular mass species
were also detected in control samples when analysed in absence of the reducing
agent B-mercaptoethanol. Furthermore, using an apoE4-specific antibody, we
identified apoE4 as part of the aberrant dimers in AD cases, but not in disulphide-

linked dimers from control APOE €3/¢4 cases under non-reducing conditions, thus
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indicating that apoE4 only participates in the aberrant aggregates. This
phenomenon was corroborated under native conditions, in which dimers were
detected in APOE €4/¢4 AD subjects, and APOE €3/¢4 AD cases presented a
higher proportion of dimers compared to genotype-matched controls. The
occurrence in human CSF of these SDS-stable dimers is highly unexpected, as
they had only been described previously in vitro (Martel et al., 1997). Further
studies are required to confirm their nature and composition. Interestingly, both
apoE and reelin exhibit aberrant aggregates related to the AD condition. A similar
phenomenon occurs in soluble CSF-PS1 complexes (Sogorb-Esteve et al.,
2018), in which AB oligomers are identified as part of the complexes. Therefore,
we hypothesize that AB oligomers could trigger and participate, as a cross-linking
agent, in the formation of these SDS-stable complexes.

In addition to characterizing these apoE complexes to decipher their
significance, it would be desirable to evaluate the potential of aberrant apoE
dimerization as a read-out for AD progression. In this sense, it will also be of
interest to determine whether apoE immature glycoforms are part of the aberrant
complexes, as immature glycoforms are not expected to participate in disulphide-
linked dimers.

Our preliminary studies in AD brain samples seem to replicate the
imbalance of apoE glycoforms detected in the CSF. Results in AD brain samples
suggest an inability to correctly produce fully glycosylated 36 kDa apoE species,
particularly in samples from the temporal region, displaying a major depletion in
these mature glycoforms. The levels of the less glycosylated 34 kDa species, on
the other hand, remain unaltered in both temporal and frontal regions; thus, the
capacity to synthetize apoE appears to be unaffected, and accordingly an altered
post-translational mechanism is expected. ApoE glycosylation is of great
functional importance (Flowers et al., 2020); therefore, these modifications could
be indicative of a loss of function for apoE in AD, leading to a paradoxical situation
in which apoE is incapable of adequately performing its functions, despite the
increased total CSF levels in AD patients and the transgenic rat model.

Our initial results regarding saline solubilization of apoE, showing less
soluble apoE in AD samples compared to controls, appear to support this

hypothesis: apoE would be retained within the cell, thus hindering its biological
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functions. It is worth noting that no higher molecular mass species comparable to
the 100 kDa band in the CSF were detected in brain extracts, despite being
reported in previous studies (Permanne et al., 1997). These complexes may exist
in the AD brain but could be lost through the solubilization process (e.g.,
sonication); to confirm this, studies are required to assess how sensitive the SDS-
stable aggregates obtained from the CSF are to the chemical treatments and
gentle extraction protocols used for brain samples.

Recapitulating, apoE appears to suffer structural modifications in the
human AD brain and CSF. It is worth noting that the CSF samples are usually
obtained as a means to diagnose AD when the first clinical symptoms appear, so
the structural modifications in apoE likely represent early stages of the pathology.
In the brain, the large depletion of the mature apoE glycoforms in the earliest-
affected areas suggests that these modifications could increase with the
progression of AD. Analysis of ventricular CSF obtained from post-mortem
subjects could be of value to demonstrate the depletion of the 36 kDa apoE
species and the occurrence of apoE aggregates, as demonstrated previously for
other soluble protein aggregates (Garcia-Ayllon et al., 2013).

In the study regarding reelin processing in AD, we detected a decrease in
full-length reelin levels, alongside an imbalance in the levels of reelin fragments
present in the CSF of AD patients, when compared to controls. An increase of
the N-terminal 310 kDa and C-terminal 100 kDa fragments was detected,
indicative of enhanced cleavage at the C-terminal region. However, the N-
terminal 180 kDa reelin fragment levels remained unaltered, whereas decreased
250 kDa C-terminal fragment levels were found, likely pointing towards reduced
N-terminal region cleavage of reelin, which is expected to occur after reelin
binding to apoER2 (Hibi & Hattori, 2009). Our group described an ineffective
binding of reelin to apoER2 in AD (Cuchillo-lbafiez et al., 2016), which could be
responsible for the reduced N-terminal cleavage. This ineffective binding could
lead reelin to be processed by other mechanisms that are independent of its
interaction with the apoER2 receptor, such as the activity of extracellular matrix
metalloproteinases, which may be responsible for the imbalance in reelin
fragments observed in the CSF (Hattori & Kohno, 2021). Therefore, AD samples
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appear to be characterised by enhanced C-terminal region cleavage and reduced
N-terminal region cleavage.

The imbalances detected allowed us to describe quotients for reelin N-
terminal (310 kDa/180 kDa) and C-terminal (100 kDa/250 kDa) fragments that
appear to be higher in AD than in controls, and these quotients could serve as a
better read-out for the pathology than reelin concentrations alone, which present
high inter-subject variability (Botella-Lopez et al., 2010). In previous studies we
focused on the determination in AD brain and CSF samples of the levels of the
180 kDa N-terminal fragment and the 420 kDa full-length reelin, and both were
detected at higher levels in the pathology (Cuchillo-Ibafiez et al., 2016).

In our current study on reelin, we performed a more reliable quantification
of the 420 kDa species, given that we used western blotting with an enhanced
resolution, based on infrared-excitation of the fluorophores attached to the
secondary antibodies, and we optimized the separation between higher
molecular mass species by resolving the electrophoresis on 4-15%
polyacrylamide-gradient gels. These changes allowed us to detect, unexpectedly,
the presence of an additional 500 kDa reelin immunoreactive species exclusively
in AD samples, regardless of the APOE genotype. In previous studies, these
aberrant high molecular weight species of 500 kDa were probably mixed with full-
length reelin (in previous analyses, 6% polyacrylamide gels were used), which
could explain the contradiction in full-length reelin levels between studies (in
previous reports increased full-length reelin was detected, whereas we found
decreased full-length reelin levels). The 500 kDa reelin species appeared to lack
the C-terminal domain, as they were only detected with the N-terminal antibody.

The APOE genotype of the individuals could influence the levels of reelin
fragments, given that apoE proteins are competitors for binding to apoER2.
Accordingly, the levels of the 310 kDa reelin fragment, as well as the levels of
ectodomain fragments of apoER2, appeared to be decreased in APOE ¢4/¢4
subjects. Interestingly, previous results in cultured neurons indicated that apoE4
is probably the most effective isoform in dampening reelin signalling by binding
to apoER2 (D’Arcangelo et al., 1999). Due to the fact that the interaction of reelin
with apoER2 generates fragments of the ligand, this would explain the lower

generation of reelin fragments in APOE ¢4-carriers. On the other hand, apoE2,
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when compared with apoE4, promotes a greater accumulation of the C-terminal
fragments of apoER2 generated after interaction with the receptor (Hoe &
Rebeck, 2005). This apparent contradiction, in which apoE4 binds more efficiently
to apoER2 but fails to effectively activate signalling, including the subsequent
endocytosis and proteolysis of the ligand and receptor, could be related with the
inability of apoE4 to form disulphide-linked dimers. Reelin (Kubo et al., 2002) and
apoE2/3 homodimers (Dyer et al., 1991), linked by disulphide bonds, appear as
the native forms able to bind to receptors. Thus, a basal compromise or impaired
signalling could occur in APOE ¢4/¢4, in which the reelinfapoER2 signalling
pathway could be activated to a lower extent than in APOE €3/e3 subjects.

In sum, the decreased levels of the 420 kDa full-length reelin, taken
together with the aberrant fragmentation and aggregation of the protein, suggest
that reelin signalling is altered in AD, leading to imbalances in the distribution of
species detected in CSF samples.

Finally, in the third article focused on LRP3, we described a significant
reduction of the levels of this novel and mainly unknown apoE receptor in the
brain of patients with AD. Moreover, we demonstrated that LRP3 expression is
modulated by the apoER2/reelin signalling pathway. The up-regulation of the
LRP3 receptor is probably exerted by the ICD fragment of apoER2, which is
generated following reelin stimulation, as the up-regulation of LRP3 was also
demonstrated when apoER2-ICD was overexpressed. Nonetheless, LRP3 does
not seem to interact directly with reelin, whereas it may interact with apoE. We
were able to demonstrate that LRP3 expression modulates APP levels, reducing
the levels of APP proteins likely through a lysosomal/autophagy pathway, a
mechanism that has been proposed in previous studies (Cao et al., 2019; van
Acker et al., 2019). This modulation reduced the levels of AR, which is particularly
relevant in the context of AD, but also sAPPa, which has been seen to have
protective effects (Milosch et al., 2015) and has even been proposed as a
potential therapeutic target for AD (Reinhardt et al., 2018). Therefore, any
benefits gained from the reduction in AR could be countered by the lower sAPPa

levels.
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LRP3 could therefore play an important role in the pathogenesis of AD
through its crosstalk with apoE signalling, APP, and the apoER2/reelin signalling
pathway.

ApoE, reelin and LRP3 signalling: A common link

ApoE and reelin are both glycoproteins that are characterized in AD by an
aberrant glycosylation profile and the appearance of SDS-stable complexes.
ApoE, particularly apoE4, interferes in reelin binding to apoER2 (D’Arcangelo et
al., 1991), both as monomeric apoE (Chen et al., 2010) and as dimers (Dyer et
al., 1991). Therefore, the increase of monomers of apoE (especially in APOE
€4/¢4), in addition to the appearance of aberrant apoE and reelin dimers, could
result in increased competition for binding to apoER2, and, as such, reelin
signalling could be hindered. This interference in apoER2 signalling would thus
lead to a complex scenario in which increased levels of the ligands do not
necessarily represent increased signalling efficiency.

ApoER2 proteolytic processing down-regulates reelin expression through
the ICD fragment generated following effective ligand-receptor interaction
(Balmaceda et al., 2014). Therefore, the reduced activation and subsequent
processing of apoER2 that occurs in AD should lead to increased levels of reelin,
however in our study we detected decreased full-length reelin levels. This
contradiction could be explained by the activity of alternative means of reelin
proteolysis that are likely activated through the lack of binding to apoER2, such
as extracellular matrix metalloproteinases (Kohno et al., 2015), which could in
turn also explain the imbalance of reelin fragments detected in the CSF of AD
subjects in our study. Given the importance of the apoER2/reelin-apoE pathway
in protecting against AD progression, through the inhibition of tau phosphorylation
(Hoe et al., 2006) and the regulation of APP levels and, thus, AB generation (Hoe
et al., 2005), the impairment of this pathway may also contribute to the
exacerbation of AD.

As apoER2/reelin signalling increases LRP3 expression, the decreased
activation of the pathway could potentially be responsible for the reduced LRP3
levels detected in the AD brain. These reduced levels could in turn lead to
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enhanced APP and, consequently, increased A levels, thus contributing to the
progression of the pathology, although the increase in sAPPa levels could
potentially counteract this effect. ApoE may be the component that interacts
directly with LRP3, although the nature of this interaction is yet unknown. Further
studies are required to clarify the crosstalk between LRP3 and the apoER2/reelin
signalling pathway, the role of apoE, and the interaction between APP and these
mechanisms.

The apoE glycoform levels and reelin proteolytic processing, taken
together with the formation of aberrant aggregates of both proteins in AD, could
contribute to the altered pathway and play a role in the progression of the disease
by reducing the protective effects of the apoER2/reelin signalling pathway, and
through a new mechanism: the LRP3 receptor. The potential pathway connecting
apoE, apoER2/reelin and LRP3 is illustrated in Figure 11.

In light of these results and taking into consideration the deleterious effects
of apoE4 on many AD-related functions (Yu et al., 2014), and the enhanced
competition for binding to apoER2, the increased risk of developing AD
associated to the APOE ¢4 genotype is comprehensible. Understanding the
mechanisms underlying the imbalance in apoE glycoforms and the formation of
aberrant dimers could therefore provide information regarding the pathogenesis
of AD, and the correction of these alterations may even serve as a therapeutic
target in the future.

The imbalance in apoE glycoforms, alongside the fragmentation profile in
reelin, could serve as read-outs for AD progression and could be assessed in
parallel to the other CSF core biomarkers: T-tau, P-tau and AB42. In this sense,
the high molecular weight species of both apoE and reelin detected could serve
as potential biomarkers for AD. Reelin 500 kDa species were detected in the
majority of AD cases, but were missing in a considerable portion, thus limiting
their potential. The 100 kDa apoE species, however, did appear consistently in
practically all the AD cases, and could thus serve as a potential indicator of AD.
In particular, the detection of apoE dimers in APOE ¢€4/e4 subjects, and the
detection specifically of apoE4 in these complexes in APOE €3/e4 subjects,
presents considerable potential as a read-out for AD. Nonetheless, techniques

that distinguish between specific protein species are required.
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Figure 11. lllustrated pathway of potential interactions between apoE, reelin and LRP3. The
control (above) and pathological (below) situations are illustrated. Reelin interaction with apoER2
leads to the processing of the receptor, forming the apoER2-ICD, which in turn inhibits reelin
transcription. This ligand-receptor effective interaction also activates a downstream signalling
pathway by the phosphorylation of Dab1l, activating PI3K, which, in turn, phosphorylates Akt. Akt
phosphorylation then inhibits GSK3B, thus preventing tau hyperphosphorylation and the
subsequent formation of NFTs. The apoER2/reelin signalling activation also increases the

expression of LRP3, which in turn decreases APP levels and, thus, AR production. ApoE

including apoE monomers (apoE4 and maybe 34 kDa

species) and aberrant dimers (represented as dimers including 34 kDa apoE with unorthodox
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conformation). In AD the appearance of aberrant apoE dimers, alongside the increased presence
of the less glycosylated 34 kDa apoE species, may block the apoER2/reelin signalling pathway.
This blockage would also hinder the activity of the pathway, leading to decreased LRP3 levels,
and consequentially an increased formation of amyloid plaques and NFTs. Reelin proteolysis
through extracellular matrix metalloproteinases also appears to be enhanced, leading to an

imbalance in reelin fragments. Created with BioRender.com

Limitations

All the studies reported in this doctoral thesis present limitations, some of which
are already commented in the articles. The CSF studies for both apoE and reelin
should be amplified in independent cohorts, preferably with a larger sample size,
especially in the control groups, which included fewer subjects than the AD
groups (e.g., 15 AD APOE €3/e4 subjects compared to 5 genotype-matched
controls). In this sense, the inclusion of an APOE €4/¢4 control group would be
very interesting by allowing us to compare apoE4 from control and AD subjects,
as dispatrities in the glycoform balance in this subgroup were detected amongst
cohorts. However, it will be very difficult to obtain control samples with an APOE
€4/e4 genotype, due to the high possibility of developing AD, and as such the
majority of studies tend to distinguish between APOE €4-carriers and non-carriers
(van Harten et al., 2017).

Limitations regarding our studies in brain samples, in addition to the lack
of APOE €4/¢4 cases and APOE ¢€3/¢4 controls in the frontal cortex study, are
focused on the absence of samples from earlier pathological stages in these
cohorts. Extending the analysis with earlier Braak stage subjects and APOE
genotypes would be desirable to enhance our understanding of the role of apoE
in AD.

In the LRP3 study, very little is known regarding the function of the receptor
in the brain and which proteins interact with it; as such, further studies to confirm
our results in other brain cohorts could demonstrate a role for the receptor in AD.
Studies using samples obtained from other brain areas would also be desirable,
as LRP3 expression could vary across the brain in a similar fashion to apoER2
(Gallo et al., 2020).

The techniques used in our studies also present limitations. Western
blotting, even when resolved by quantitative fluorescence, is not a reproducible
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guantitative method like others, such as enzyme-linked immunosorbent assay
(ELISA). The development of new sensitive and fully quantitative techniques that
discriminate between particular species, such as glycoforms and aggregates, is

highly desirable.

Future studies

The functional relevance of distinct apoE species is of great importance. The shift
between the 36 kDa and the 34 kDa apoE glycoforms in AD may result in a
decreased ability of the protein to perform its biological functions. In addition to
the capacity to interact effectively with receptors, apoE glycosylation has been
seen to affect its AB42 binding ability (Chua et al., 2010), and therefore the higher
proportion of these immature glycoforms may also affect the role apoE plays in
AB production and clearance. Studies separating the two glycoforms that assess
the downstream activation of signalling pathways, alongside AB binding and
clearance, are highly desirable. In this sense, a characterization of the
glycosylation pattern of apoE glycoforms will require the examination of their
interactions with different lectins, together with deglycosylation analysis.

The functional implications of the immature apoE species and aberrant
dimers detected in AD, and how they interfere with natural apoE and reelin
dimers, should be explored. As such, it would be interesting to develop a model
(cellular or animal) that replicates the formation of aberrant dimers in order to
understand how they are formed and their potential roles in AD.

In the AD human brain, we presume that the depletion of the 36 kDa apoE
is related to alterations in post-translational mechanisms that do not give rise to
mature apoE forms, but the studies should be completed by measuring APOE
transcription levels, which we presume will remain unaltered. Future studies
should be performed analysing apoE from different brain regions and different AD
pathological stages, to assess the progression of apoE modifications throughout
the brain and the pathology.

Future studies should also attempt to determine whether reelin proteolytic
processing is altered in AD. The extent and regulation of reelin processing by

extracellular matrix metalloproteinases remain unresolved. The functional
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importance of all the reelin fragments described should also be assessed to
determine if they merely interfere in signalling by interacting with full-length reelin
or apoERZ2, or if they have additional roles. How these fragments interact/interfere
in apoER2 signalling could shed some light on the impairment of reelin signalling
in AD. Resolving the nature and composition of the aberrant 500 kDa species is
also of interest.

Our results give rise to new questions in the field of neuronal receptors,
and the exact function of LRP3 in the CNS should be described. It is plausible
that LRP3 is proteolytically processed by secretases, in a similar fashion to the
LRP family member apoER2 and APP. In this case, it would be interesting to
study whether LRP3 fragments have specific functions. Furthermore, LRP3
modulation by apoE isoforms should be further described, and the mechanism by
which reelin/apoER2 signalling affects LRP3 should be deciphered. Knowing
more about the function and regulation of the receptor will help to determine

whether it plays a role in AD pathogenesis.

Final remarks

In conclusion, apoE and reelin both suffer modifications in AD that could be either
a cause or an effect of the disease. These modifications likely impair the functions
of the proteins, leading to an exacerbation of the pathology. As they share
common receptors, the aberrant dimerization of apoE and reelin, and the
imbalance in apoE glycoforms and reelin fragments, may impede effective
reelinf/apoE binding to apoER2, thus inhibiting the protective functions of the
apoER2/reelin-apoE signalling pathway. This scenario leads to the paradox in
which increased levels of the ligand do not necessarily represent increased
signalling, as the pathway appears to be compromised. Novel receptors, such as
LRP3, that interact with key AD-related proteins, including APP, could also play
a role in the regulation of apoE function in the disease process, and therefore
warrant further investigation.

Despite the increased risk of developing AD associated specifically to the
APOE ¢4 allele, the majority of AD patients express the much more common €3

allele, and thus research should not focus solely on the €4 allelic variant. As such,
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in our studies we also found important apoE modifications in APOE €3 carriers,
as originally hypothesized. Therefore, apoE alterations appear regardless of the
APOE genotype, and the risk associated APOE ¢4 allele appears to simply
exacerbate the modifications present in apoE, rather than presenting unique

alterations.
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The results obtained and discussed in this Thesis can be summarized in the
following points:

1)

2)

3)

4)

5)

6)

7

8)

9)

Total apoE protein levels are increased in the CSF of AD subjects, and in
the CSF of transgenic rats, at early stages of the pathology.
SDS-PAGE-resistant apoE dimers appear in AD CSF, in all APOE
genotypes, despite the inability of apoE4 to form disulphide-linked dimers.
In AD CSF samples, the less glycosylated 34 kDa apoE species is more
abundant than in controls, leading to an altered glycoform balance.

The apoE glycoform imbalance and the aberrant dimers are consistent
across all APOE genotypes, and do not appear to be exclusive to the risk
associated APOE ¢4 allele.

The altered apoE glycoform pattern is present in AD brain samples,
especially in earliest-affected brain regions, such as the temporal cortex.
Reelin full-length protein levels and the fragment ratios described (N-
terminal fragment ratio: 310/180 kDa; C-terminal fragment ratio: 100/250
kDa) increase in AD CSF samples.

AD CSF is characterized by the appearance of 500 kDa reelin aggregates
containing the N-terminal domain.

The apoE glycoform imbalance and reelin fragmentation profile, as well as
the aberrant dimers detected in both proteins, could serve as read-outs for
AD onset and progression.

LRP3 is a novel receptor whose expression is modulated by the

apoER2/reelin signalling pathway.

10) LRP3 affects APP levels and subsequent AB and sAPPa production

through an autophagic/lysosomal mechanism.
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Los resultados obtenidos y presentados en la presente memoria de tesis se

pueden resumir en las siguientes conclusiones:

1)

2)

3)

4)

5)

6)

7)

8)

9)

Los niveles totales de la proteina apoE aumentan en el LCR de sujetos
con EA y ratas transgénicas en etapas tempranas de la patologia.

En el LCR de sujetos con EA aparecen dimeros de apoE resistentes a
SDS-PAGE, independientemente del genotipo APOE, a pesar de la
incapacidad de apoE4 para formar dimeros unidos por enlaces disulfuro.
En las muestras de LCR de sujetos con EA se observa un desbalance en
glicoformas de apoE, debido a que la especie menos glicosilada de 34
kDa es mas abundante que en los controles.

El desequilibrio de glicoformas de apoE y los dimeros aberrantes
aparecen en todos los genotipos APOE, y no parecen ser exclusivos del
alelo APOE €4, que esta asociado a un mayor riesgo de padecer EA.

El desbalance de glicoformas de apoE también se observa en muestras
de cerebro con EA, especialmente en las regiones con afectacion
temprana, como la corteza temporal.

Los niveles de reelina aumentan en el LCR de pacientes con EA; tanto los
niveles de proteina completa como las proporciones de fragmentos
descritas (fragmentos N-terminal: 310/180 kDa; fragmentos C-terminal:
100/250 kDa).

El LCR de sujetos con EA se caracteriza por la aparicién de agregados de
reelina de 500 kDa que contienen el dominio N-terminal de la proteina.

El desbalance de glicoformas de apoE vy el perfil de fragmentacion de la
reelina, asi como los dimeros aberrantes detectados en ambas proteinas.,
podrian servir como biomarcadores del inicio y la progresion de la EA.

El LRP3 es un receptor nuevo cuya expresion esta modulada por la via

de sefializacion de apoER2/reelina.

10) EI LRP3 afecta los niveles de APP y la produccién de AR y sAPPa a través

de un mecanismo autofagico/lisosomal.
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As | tiptoed off the plane of existence,
And drifted listlessly,
Through the velvet blackness of Oblivion,
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Gleaming and Empty.

“From the Kettle Onto the Coil” - Deafheaven
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