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1 Introduction

1.1 Biology of the cellular prion protein (PrPC)

1.1.1 The Prnp gene and its expression pattern

The human Prnp gene encodes for a prion protein containing 253 amino acids (aa) and is located
on the short arm of chromosome 20. Prnp is a member of the Prn gene family that also includes
Prnd, encoding the protein Doppel (Moore et al. 1999), and Sprn, encoding the protein Shadoo.
Both proteins share some structural similarities with PrPC (Schatzl et al. 1995; Watts and Westaway
2007).

Although in various species the Prnp gene comprises two to three exons, the PrP open reading
frame itself is always encoded within a single exon (Basler et al. 1986; Gabriel et al. 1992; Hsiao
et al. 1989; Westaway et al. 1987). The other exons contain non-coding sequences including the
promoter and the transcription initiation site. The Prnp promoter is driving constitutive expression
of PrP¢ in many different tissues, with the highest levels being found in the central (CNS) and
peripheral nervous system (PNS). In the CNS, expression of this gene is limited not only to neurons
but is also present in astrocytes (Hartmann, Martins, and Lima 2013; Lima et al. 2007), in
oligodendrocytes (Bribian et al. 2012; Moser et al. 1995), and in microglia (Adle-Biassette et al.
2006).

An alignment of the Prnp gene sequence of more than 40 various species shows that Prnp is
remarkably conserved in vertebrates, indicating the evolutionary importance of PrP¢ (Bendheim et
al. 1992; Prusiner 2004).

In people with genetic/familial forms of prion disease, such as familial Creutzfeldt-Jakob disease
(FCJD), Gerstmann-Straussler-Scheinker (GSS) syndrome, and fatal familial insomnia (FFI), more
than 30 mutations in the Prnp gene have been identified. Indeed, Prnp was established as the only
causative gene for different prion diseases (reviewed in Takada et al., 2016). Importantly, some of
these mutations may alter the structure of the prion protein (PrP) and favor misfolding into an

abnormally shaped pathogenic isoform, known as PrPS. Among those, the codon 129


https://en.wikipedia.org/wiki/Chromosome_20_(human)

polymorphism (M129V, rs1799990) is the most relevant genotypic variant, which is a recognized

genetic marker for susceptibility to human prion diseases (Goldfarb et al. 1992).

1.1.2 Biogenesis, trafficking, localization, and structure of PrP¢

The PrP® mRNA is initially translated by free ribosomes in the cytosol. The first 23 aa act as the
N-terminal signal peptide which, once synthesized, is recognized and bound by signal recognition
particles of the rough endoplasmic reticulum (ER). After binding to this receptor at the ER, protein
synthesis continues and the PrP polypeptide chain translocates into the ER where the
posttranslational modifications of immature PrP starts by addition of up to two N-linked glycans
(at the Asn-181 and Asn-197 of human PrP) in its C-terminal region, attachment of a C-terminal
glycosylphosphatidylinositol (GPI) anchor and proper folding of the protein before transport to the
Golgi apparatus. Then PrP continues along the secretory pathway (Haraguchi et al. 1989; Stahl et
al. 1987; TURK et al. 1988). Like other secretory proteins, before reaching the plasma membrane,
PrPC is subjected to different quality control steps to ensure its correct folding and posttranslational
modifications. In case of a misfolded state, it may get retrotranslocated out of the ER into the

cytosol, where it is degraded by proteasomes (Ma and Lindquist 2001; Yedidia et al. 2001).

After PrPC transits to the cell surface, it is bound to the cell membrane via its GPI anchor. At the
cell surface, the majority of PrPC is found in detergent-resistant regions called lipid rafts
(Gorodinsky and Harris 1995; Naslavsky et al. 1997; Vey et al. 1996). However, labeling of surface
PrP¢ molecules showed that not all PrP® molecules remain on the cell surface (Shyng, Huber, and
Harris 1993) but rather that a relevant fraction of all PrP® molecules constitutively cycles between
the plasma membrane and endocytic compartments. Indeed, endocytosis may have a large impact
on the physiological functions of PrP® (see 2.1.3). In this regard, clathrin-coated pits and vesicles
have been shown to be the primary structures responsible for the endocytosis of PrP® (Lainé et al.
2001; Shyng, Heuser, and Harris 1994). After its internalization via coated pits, PrP¢ can be found
associated with the transferrin receptor, indicating that it can recycle back to the cell surface by
recycling endosomes (D’Souza-Schorey et al. 1998; Ghosh et al. 1998). PrP¢ can also be
alternatively endocytosed via the caveolin-mediated endocytic pathway. Caveolar vesicles
containing endocytosed PrPC do not contact compartments containing transferrin receptors, may
originate from lipid rafts and are delivered to late endosomal/lysosomal compartments via
endosomes (Madore 2002; Sunyach et al. 2003).



The mature cellular form of the prion protein is composed of a flexible and unstructured N-terminal
half (aa 23-110) and a globular C-terminal domain that contains three a-helices, two short
antiparallel -sheets, and interconnecting loops (Cohen et al. 1994; Haire et al. 2004; Riek et al.
1996). In mammals, depending on the species, the N-terminus has a variable number of octapeptide
repeats. Each octarepeat is able to bind divalent metals such as copper or zinc. Some of the
suggested physiological functions of PrP¢ have been related to its metal binding features
(Millhauser 2007). There is also a disulfide bond between residues 179 and 214 (Zahn et al. 2000).
In addition, PrPC contains two N-glycosylation sites at residues 181 and 197 which are variably
occupied. This results in three different glycoforms corresponding to un-, mono-, and
diglycosylated PrP¢ which are usually all found to varying degrees in a given biological sample
(Williams, Stadtman, and Moskovitz 2004).
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Figure 1: A schematic outline of the structure of the cellular prion protein including the 'unstructured' N-terminal half (grey) and
the glycosylphosphatidylinositol (GPI) anchor. The loop connecting the second B-sheet and the third a-helix is indicated by the
black arrow octarepeat region. Taken from (Aguzzi and Heikenwalder 2006).



1.1.3 A multitude of physiological functions suggested for PrP¢

In order to study the physiological roles of PrPC, different Prnp knockout mouse lines (and
knockouts in other species) have been generated, such as the mice models of Zurich I (Bueler et
al. 1992) or the models of Edinburgh, also known as Npu (Manson et al. 1994). Surprisingly these
mice develop and breed normally and do not have major abnormalities except for their absolute
resistance to prion infection. Although they display subtle alterations in behavior and present with
a peripheral neuropathy at late age, their normal appearance seems either to rule out that any
physiological function for PrP¢ is essential for life or gives the impression that it is redundant
(Bueler et al. 1992); (Manson et al. 1994); (Bueler et al. 1993).

Despite many years of research investigating the physiological function of PrP® in various cellular
and animal models, the exact biological role of the protein still remains unclear. Several studies
have suggested roles for PrP® in numerous processes. Some of the potential functions are briefly

described below:

Stress-protection: Several studies suggested a PrP¢-mediated protection of cells in serum-free
conditions (Kim et al. 2004; Kuwahara et al. 1999; Wu et al. 2008), against staursporine-induced
apoptosis (Lopes et al. 2005; Zanata et al. 2002), and in other conditions of oxidative stress, such
as in the presence of high levels of reactive oxygen species (ROS) (W Rachidi et al. 2003; Zeng et
al. 2003).Moreover, PrP¢ expression in primary neurons, astrocytes, and cell lines has been
associated with lower levels of damage following exposure to various oxidative toxins
(Anantharam et al. 2008; Bertuchi et al. 2012; Brown et al. 1997; Dupiereux et al. 2008). A possible
mechanism is that PrP¢ modulates the activity of the antioxidant enzymes that convert ROS into
less toxic products. PrPC has also been implicated in the response to ER stress, which is caused by
an accumulation of unfolded/misfolded proteins within the ER (Halliday and Mallucci 2014). The
involvement of PrP¢ in the cellular response to oxidative stress could explain the putative
protective effect of PrPC expression following stroke which results in reduced infarct volume (Shyu
et al. 2005; Spudich et al. 2005; Weise et al. 2004, 2006).

Neurite outgrowth: Potential explanations for this suggested role include interactions of PrP¢
with STI1 (Lopes et al. 2005), neural cell adhesion molecule 1 (NCAML1) (Santuccione et al. 2005),
epidermal growth factor receptors (Llorens et al. 2013), integrins (Loubet et al. 2012), laminin
(Graner et al. 2000), and metabotropic glutamate receptors (mGIuRs) (Beraldo et al. 2011). The

4



proposed mechanism is that PrP¢ prevents these partners from inhibiting the RhoA branch (ras
homolog gene family, member A) of the ROCK pathway (Rho-associated protein kinase) (Loubet
et al. 2012), consequently permitting RhoA’s activation. The latter then stabilizes the actin
cytoskeleton, which in turn develops neurites (O’Connor, Duerr, and Bentley 1990). Activation of
the extracellular signal-regulated kinases 1 and 2 (ERK1/2), Akt, and protein kinase C (PKC)
signaling pathways may also be involved in mediating PrP®-dependent neurite outgrowth (Beraldo
et al. 2011; Caetano et al. 2008; Llorens et al. 2013; Lopes et al. 2005).

Metal ion homeostasis: Among the more widely accepted functions of PrPC is its role in the
cellular homeostasis of divalent metal ions such as copper and zinc, which bind to the octapeptide
repeat region of cell-surface PrPC. This interaction has been implicated not only in the maintenance
of the cellular Cu?* homeostasis (Brown et al. 1997; Hornshaw, McDermott, Candy, et al. 1995;
Hornshaw, McDermott, and Candy 1995), but also in the regulation of NMDA receptor activity
(Gasperini et al. 2014), astrocytic glutamate uptake (Brown and Mohn 1999), as well as protection
against oxidative stress (Walid Rachidi et al. 2003; Watt et al. 2007).

Roles in the immune system: Although prion diseases are primarily neurodegenerative disorders,
there is also considerable interest in understanding the physiological functions of PrP¢ in the
immune system, since. PrP® is highly expressed in different immune cells, including T-
lymphocytes, natural killer cells, macrophages, and mast cells (Durig et al. 2000; Haddon et al.
2009). PrP¢ has also been suggested to be involved in inflammatory responses (Haddon et al. 2009)

and in regulating immunological quiescence (Bakkebo et al. 2015).

Myelin maintenance: It was previously shown that neuron-specific re-expression of PrP® was
sufficient to rescue the demyelination phenotype observed in aged Prnp0/0 mice (Bremer et al.
2010). More recent work from Aguzzi's group on their new co-isogenic PrP-KO mice rather
question all the other suggested functions, but the role in myelin maintenance seems to hold true.
They have shown that PrP® promotes myelin maintenance through an interaction between its
extreme N-terminal region (residues 23-33) and the G-protein coupled receptor 126 (GPR126) on
the surface of Schwann cells in the PNS (Kiiffer et al. 2016). However, the molecular mechanisms
by which PrPC affects myelin integrity need to be determined conclusively. It is conceivable, that
the proteolytically released N-terminal part of PrPC (termed N1 fragment.) is responsible for this

effect.



1.2 Pathological conditions associated with the prion protein

1.2.1 Prion diseases are fatal and transmissible encephalopathies

1.2.1.1 Overview

Prion diseases, also known as transmissible spongiform encephalopathies (TSEs), are a group of
rather rare, progressive, and fatal neurodegenerative disorders affecting a wide range of mammals,
including Creutzfeldt-Jakob disease (CJD), fatal familial insomnia (FFI), Gerstmann-Straussler-
Scheinker (GSS) syndrome, and Kuru in humans, Scrapie in sheep and goats, bovine spongiform
encephalopathy (BSE) in cattle, and chronic wasting disease (CWD) in cervids. Although the
clinical symptoms vary among the different prion diseases, there are some similarities in the
characteristic neuropathological hallmarks of brain damage between all of them including
significant neuronal loss, widespread spongiform degeneration of the brain parenchyma, synaptic
alterations, atypical brain inflammation, and the accumulation of prion aggregates (Budka 2003;
Imran and Mahmood 2011b, 2011a). Prion diseases have different causes: (i) they can have
sporadic/idiopathic origin, which accounts for most cases in humans or (ii) they can be due to a
genetic mutation in the Prnp gene that destabilizes the physiological structure and tends to misfold
the protein (genetic/familial cases). In addition, (iii) transmission of the disease can occur through
exposure to the infectious agent (i.e. the “prion”), for instance by consuming contaminated meat
products (Aguzzi and Calella 2009; Prusiner et al. 1998) or by environmental exposure, as prions

can potentially persist in the environment for many years (Saunders, Bartelt-Hunt, and Bartz 2008).

1.2.1.2 Prion diseases in humans and animals

Sixteen different variants of prion disease have so far been reported, nine in humans and seven in
animals. The etiology and host range for these disease variants are summarized in Table 1.1. CJD,
the first prion disease described in humans, occurs in sporadic, familial or iatrogenic forms. Other
TSEs in humans such as familial CJD, GSS, and FFI have been shown to be associated with

specific PRNP gene mutations.

The degenerative tissue damage caused by prion diseases is characterized by four features,
spongiform changes, which are due to vacuolization, severe neuronal loss, astrocytosis, and
formation of synaptic aggregates or amyloid plaques (consisting primarily of the misfolded PrP*

isoform discussed below). Interestingly, these features are common with prion diseases found in



animals. These similarities encouraged the first attempts to transmit the human prion diseases
“Kuru” and CJD to primates (Beck et al. 1973; Gajdusek, Gibbs, and Alpers 1966), followed by
GSS transmission in 1981 (Masters, Gajdusek, and Gibbs 1981), and transmission of CJD to guinea
pig in 1986 (Kim and Manuelidis 1986). These neuropathological features have formed the basis
of the histological diagnosis of human prion diseases for many years, although it was recognized
that prion diseases can be enormously variable between individual cases (Jeffrey, Goodbrand, and
Goodsir 1995).

Human prion diseases

Disease Distinctive clinical features Etiology

Progressive cerebellar ataxia and (in contrast to most . o o
. o . Ritualistic Cannibalism /
Kuru cases of sporadic CJD) dementia is a less prominentand o
L Transumption
usually late clinical feature

Spontaneous PrP¢ >Prp%

Sporadic . . i . .
Dementia, myoclonus, cerebellar dysfunction conversion or non-identified

Cib . .
somatic mutation

Depends on mutation petitions either resembles
Familial CJD sporadic CJD, or personality change, dementia and Mutations in PRNP
Parkinsonism

Depends on mutation, patients either (i) have gait
GSS abnormalities and ataxia, (ii) Spastic paraparesis and Mutations in PRNP
dementia, or (iii) Ataxia, Parkinsonism, and dementia

FFI Sleep disturbances and autonomic dysfunction Prnp haplotype 178N-129M
New Onset with psychiatric symptoms and delayed Infection with prions of BSE
variant CJD  development of neurologic signs origin
Animal prion diseases
Disease Host species Causes
Scrapie sheep, Goats, Infection with Prions of unknown origin
Mouflons
Transmissible mink Mink Infection with Prions of unknown origin
encephalopathy (TME) g
Chronic wasting disease Cervid Infection with Prions of unknown origin
(CWD)
Bovine spongiform Infection by feeding with meat-and-bone meal products
Cattle . . .
encephalopathy (BSE) containing mammalian prions
Exotlc'ungulate Infection by feeding with meat-and-bone meal products
spongiform Nyala, Kudu containing mammalian prions
encephalopathy (EUE) & P
Feline spongiform Cats Infection with prions with BSE origin

encephalopathy (FSE)



Table 1.1: Overview of human and animal prion diseases. Modified from (Belay 1999; Imran and Mahmood 2011a, 2011b).

1.2.1.3 Features of pathogenic PrPsc

Strong evidence indicates that the infectious agent of prion diseases exclusively consists of PrPS
(with "Sc” referring to Scrapie, a prion disease of sheep), an abnormally folded and pathogenic
isoform of the physiological PrP® (Cohen and Prusiner 1998; Deleault et al. 2007). The misfolded
conformation of PrP*¢ has distinct biological and physicochemical properties, including resistance
to proteinase K (PK) digestion, increased hydrophobicity, and a strong tendency to aggregate
formation which causes atypical brain inflammation (Cohen and Prusiner 1998; Taylor 2000).
According to the seeding-nucleation model, preexisting or acquired PrPS¢ oligomers catalyze the
conversion of PrP¢ molecules into the growing PrPS fibrils, with the breakage of the latter
providing more templates (or “prion seeds”) for the conversion process. This process of prion
propagation and spread in the brain results in the pathogenesis of prion diseases (Collinge and
Clarke 2007). Spectroscopic measurements of PrP¢ from purified fractions of hamster brain
showed that PrPC has a high a-helix content (42%) and has almost no B-sheet content (3%) whereas
PrP¢ purified from hamster brain infected with the scrapie agent is composed of only 30% a-helix
and 43% [-sheet (Pan et al. 1993).

1.2.2 Alzheimer's disease

Alzheimer’s disease (AD) is the most common neurodegenerative disorder, responsible for 50 to
75% of cases of dementia in elderly persons above 60 years old, and according to the recent report
from the European Institute of Women’s Health it has prevalence of 10.5 million Europeans in
2015 and estimated to reach 18.5 million by 2050. The current prevalence in the U.S. is about 5.7
million Americans and it has been estimated that by 2025, the number of people over 65 with AD
will reach 7.1 million in the U.S., which is an almost 29% increase from the current prevalence;
by 2050, the population affected is expected to even grow further to 13.8 million, which is an
enormous public health issue (Alzheimer’s 2016; Prince M, Wimo A, Guerchet M 2015). AD is a
multifactorial disease with involvement of environmental, dietary, and genetic factors, and is
characterized by progressive impairment in short-term memory interfering with daily life activities
as well as impairment in other cognitive aspects such as language, spatial orientation, decision-

making abilities, behavioral changes, and ultimately, motor function difficulties.



The pathology of AD is characterized by two major protein abnormalities in the brain of affected
individuals including (i) the extracellular accumulation of amyloid B (AP) plaques and (ii)
intraneuronal deposits of neurofibrillary tangles (NFTs). Insoluble AP plaques are formed by
aggregated AP peptides that derive from the abnormal “amyloidogenic” cleavage of the amyloid
precursor protein (APP) into hydrophobic AP peptides, whereas NFTs are composed of hyper-
phosphorylated tau protein aggregates accumulating in the neuronal cytoplasm, leading to
destabilization of microtubules and axonal transport (Small and Duff 2008). Based on evidence
from familial AD cases, AP is thought to be the trigger of the disease process (Selkoe and Hardy
2016). However, both of these two proteinopathies can trigger oxidative stress, microvascular
dysfunction, blood-brain barrier (BBB) disruption, and may induce the activation of an
inflammatory response within the brain, ultimately resulting in neuronal damage and

neurodegeneration (Scheltens et al. 2016).

Interestingly, in addition to its essential role in prion diseases (Brandner et al. 1996; Bueler et al.
1993), PrP¢ also plays important role in other neurodegenerative conditions such as AD (Fluharty
et al. 2013; Scott-McKean et al. 2016). Some studies indicate an influence of PrPC on the
neurotoxicity of oligomeric species of Ap (Laurén, David A. Gimbel, et al. 2009; You et al. 2012).

The underlying mechanism of this interaction in AD is still under discussion (see 2.3.4).

It has also been shown that PrP® negatively regulates the activity of beta-site APP-cleaving enzyme
1 (BACEL) thereby reducing the amyloidogenic processing of the amyloid precursor protein (APP)
to AP (Griffiths et al. 2011; Parkin et al. 2007).

1.3 Proteolytic Processing of PrP°¢

1.3.1 Conserved proteolytic cleavages generate various PrP fragments

It has already been known for decades that PrP¢ undergoes endoproteolytic processing and many
important physiological functions have been suggested for these cleavages and their resulting
fragments. However, the physiological significance of PrP¢ proteolytic cleavage has not yet been
entirely elucidated. Under physiological conditions, PrP¢ is subjected to at least four different
evolutionary conserved proteolytic cleavage events that release biologically active PrP fragments.
Here, | review the four cleavage events: a-cleavage as the major processing event with relevance

to this thesis, p-cleavage, membrane-proximate shedding, and the recently discovered y-cleavage.
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The a-cleavage of Prp¢

On the route to the cell surface, o-cleavage occurs on a fraction of PrP® molecules during the late
secretory pathway (A R Walmsley et al. 2009; Zhao et al. 2006) and is performed by still unknown
protease(s) cleaving between amino acids H110 and V111 (in the murine sequence) of PrPC. This
cleavage results in two biologically active PrP fragments possessing distinct functions: It releases
the flexible N-terminus of PrP¢, a soluble fragment of approximately 11 kDa (the so-called N1
fragment) from the globular C-terminal part (the C1 fragment) which remains attached to the
membrane via its GPl-anchor and is approximately 18 kDa in size (Altmeppen et al. 2011; Bremer
et al. 2010). Given the importance of this thesis, the biological relevance of both the a-cleavage
and, in particular, its resulting N1 fragment will be introduced in more detail below (see 2.3.2

onwards).
B-cleavage

Another processing event occurring on PrP is the B-cleavage, which is less prominent than a-
cleavage under physiological conditions. It takes place at the end of the octameric repeat region
(Q90 in the murine sequence), producing a soluble N2 and a membrane-bound C2 fragment of ~9
kDa and ~20 kDa, respectively. In fact, C2 fragments were found to be the main cleavage product
of PrP in neuroblastoma cells under both prion infection and ROS-mediated stress conditions
(Caughey et al. 1991), as well as in the brains of CJD patients (Chen et al. 1995; Jimenez-Huete et
al. 1998). This indicates a rather pathophysiological relevance. In contrast to the C1 and N1
fragments derived from the a-cleavage, there has so far been no suggested physiological function
for theC2/N2 fragments (Guillot-Sestier et al. 2009; Sunyach et al. 2007).

Membrane-proximate Shedding of PrP¢ by the metalloprotease ADAM10

The third physiological cleavage of PrP<, that has recently gained attention by our and other groups
in the field, occurs in the close vicinity of the GPl-anchor and results in the release of the almost
full-length (fI) and soluble protein from the plasma membrane. This cleavage is mediated by
ADAM10 (A disintegrin and metalloproteinase domain-containing protein 10) (Altmeppen et al.
2012; Borchelt et al. 1993) and is termed “shedding’. The cleavage site (between Gly228 and
Arg229 in the murine sequence) and the responsible protease were found in cells (Taylor et al.
2009) and mice (Altmeppen et al. 2011) and later confirmed in vitro (McDonald et al. 2014).
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Interestingly, in addition to fl-PrP®, ADAM10 is also capable of shedding the N-terminally
truncated C1 fragment resulting from a-cleavage, which further expands the variety of PrPC®-

derived proteolytic fragments (Linsenmeier et al. 2018; Wik et al. 2012).
y-cleavage:

Recently, the fourth cleavage of PrP¢ called y-cleavage has been identified (Lewis et al. 2016).
This cleavage releases an N-terminal fragment (N3) of ~20 kDa and leaves a small GPI-anchored
C3 fragment of ~5 kDa at the membrane, indicating that the cleavage takes place in a region
between amino acids 170 and 200 (Haigh and Collins 2016; Lewis et al. 2016). However, the
responsible protease and the exact cleavage site remain to be identified (Taguchi et al. 2009).
Interestingly, y-cleavage seems to exclusively involve unglycosylated PrPC, indicating that the
glycosylation pattern of PrPC has a strong impact on the activity of the responsible protease
(Kojima, Konishi, and Akizawa 2014; Lewis et al. 2016). Moreover, the Golgi apparatus and the
trans-Golgi network, as well as the endocytic recycling compartment, have been suggested as likely
locations for this cleavage. While the prevalence and relevance of this cleavage in different species,
tissues, and cell culture models require further exploration, the finding of increased C3 amounts in
CJD brain samples might point towards a mainly pathophysiological role of this cleavage (Lewis
et al. 2016).
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Figure 2: Schematic representation of murine PrPC and its proteolytic processing. After removal of the N-terminal signal sequence
(aa 1-22; grey box on the left) by signal peptidases at the ER membrane and the C-terminal signal sequence for the attachment of
the GPl-anchor (aa 231-254; grey box on the right), the mature PrPC contains an octameric repeat region (aa 51-90; dark green), a
neurotoxic domain (aa 105-125; red box), a hydrophobic core (aa 111-134; dotted box), a disulfide bridge (between aa 178 and
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213), and two variably occupied N-glycosylation sites (aa 180 and 196). The three most important cleavage events are indicated by
arrows. (1) a-cleavage gives rise to a soluble N1 fragment of 11 kDa and a membrane-bound C1 fragment of 18 kDa. Of note, this
cleavage destroys the neurotoxic domain and exposes the hydrophobic core as the new N-terminus of the resulting C1 fragment.
(I1) B-cleavage at the end of the octameric repeat region produces N2 (9 kDa) and C2 (20 kDa) fragments. (III) ADAM10-mediated
shedding close to the GPI-anchor results in the release of nearly full-length PrP from the membrane. (1V) y-cleavage resulting in a
large N-terminal fragment (N3) of ~20 kDa and a small GPI-anchored C3 fragment of ~5 kDa. Modified from (Altmeppen et al.
2012).

1.3.2 The a-cleavage of PrP¢ and its biological relevance

The a-cleavage is the main proteolytic processing event on PrP¢ under physiological conditions.
Depending on the cell type and brain region, 5-50% of total PrP® molecules undergo o-cleavage,
which therefore may be considered a major and irreversible post-translational modification of PrP¢
(Chen et al. 1995; Shyng et al. 1993; Westergard, Turnbaugh, and Harris 2011).

Several functions of PrP® have been attributed to the N-terminal part of the protein. For example,
a variety of ligands was shown to bind to different motifs of this part (reviewed in (Beland and
Roucou 2012)). Therefore, PrP¢ a-cleavage can act as a regulator of these functions, highlighting
its physiological importance.

One of the best characterized functions of PrP¢ to date is a role in myelin maintenance, which
seems to be substantially linked to its a-cleavage. A function of PrP¢ in the myelin maintenance of
peripheral nerves was reported; mice lacking PrP¢ showed a chronic demyelinating polyneuropathy
(CDP) at higher age (Baumann et al. 2007; Bremer et al. 2010; Shmerling et al. 1998). More recent
data then showed that the flexible N-terminal part of PrP® acts as a specific ligand for the G protein-
coupled receptor Adgrg6, which promotes myelin homeostasis in the PNS (Kuffer et al. 2016).
Furthermore, a-cleavage was shown to be increased in brains of AD patients, with a significant
positive correlation between the levels of a-cleavage and guanidine-extractable AB strongly
supporting the hypothesis that PrP¢ o-cleavage is an endogenous neuroprotective feedback
mechanism in response to AD (Béland et al. 2014).

Importantly, the a-cleavage takes place within the neurotoxic domain (red box in Fig. 2) of PrP®
(amino acids 106-126 in human and 105-125 in murine sequence) which builds the structural
prerequisite for the conformational conversion of PrPC to PrPS¢ (Chen et al. 1995; Gasset et al.
1992; Prusiner 1998). In addition to this neurotoxic domain, studies in prion infected animals
revealed that, after conversion of PrP¢ to PrPS¢, a-cleavage is completely impaired. A potential

explanation is that steric hindrance in the misfolded, beta-sheet-rich PrPS¢ prevents the responsible
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protease from getting access to the cleavage site. Recent reports using different experimental setups
and prion strains show that transgenic mice expressing C1 in the absence of full-length PrP¢ were
not susceptible to prion infection did not accumulate PrP*¢, and did not show any signs of
neurodegeneration, thus C1 seems to be inconvertible to a PrP> form and even acts as a dominant

negative inhibitor of the prion conversion process (Lewis et al. 2009; Westergard et al. 2011).

1.3.3 Approaches to identify the responsible protease have failed so far

Despite many years of studies, there is still controversy regarding the identity of the protease(s)
responsible for the a-cleavage, a so-called a-PrPase. Initial reports suggested an involvement of
lysosomal serine proteases (Shyng et al. 1993) or a calpain-like activity (Barnewitz et al. 2006) for
this cleavage in vitro, but in vivo data could not confirm any of these candidates (Barnewitz et al.
2006; Hachiya et al. 2011; Shyng et al. 1993).

Most of the current work on the identification of the protease(s) responsible for the a-cleavage of
PrP° focuses on ADAM10 and ADAM17 (Vincent et al. 2000, 2001). Interestingly, in the case of
ADAML17, not only has its contribution to a-cleavage been suggested, but a regulatory mechanism
has also been investigated in detail (reviewed in (Checler 2012)). However, a relevant involvement
of ADAML17 could not be confirmed by other laboratories (Endres et al. 2009; Taylor et al. 2009).
Recently, ADAMS was identified as the functionally relevant a-PrPase in skeletal muscle, though
it should be noted that the expression levels of both PrP¢ and ADAM family proteases are much
lower in muscles than in the brain (J Liang et al. 2012), meaning the involvement of ADAMS in
a-cleavage still remains controversial. It is likely that interspecies and inter-tissue differences exist
(Klein and Bischoff 2011) and may explain discrepancies between experiments and publications.
Of note, sequence differences at the cleavage site (H111/M112 in humans compared to H110/\V111
in mice) may account for such interspecies differences regarding the a-cleavage with ADAM
family proteases (Collins et al. 2009; Mohan et al. 2002).

1.3.4 The released N1 fragment and its (neuro)protective character

Despite all the uncertainty regarding the identity of the a-PrPase, several recent findings highlight
the physiological importance of this cleavage event. Some neuroprotective functions initially
attributed to the expression of PrPC in general (Milhavet et al. 2000; Notari et al. 2004; Pushie and
Vogel 2008; Watt et al. 2005) may, in part, be mediated by soluble N1. In fact, it has been shown

that N1 has a neuroprotective effect by inducing anti-apoptotic signaling in neurons through the
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p53 pathway both in vivo and in vitro (Guillot-Sestier et al. 2009) and it protects against oligomeric
AP -mediated toxicity in cultured cells (M. V. Guillot-Sestier et al. 2012). The underlying

mechanism still needs to be further investigated.

N1 has been shown to bind diverse membrane receptors and interact with a broad range of binding
partners, contributing to cellular communication with its charged polybasic cluster region (for
binding to glycosaminoglycans) and its copper-binding octameric repeat domain (Jones et al. 2004;
Sunyach et al. 2003).

Moreover, N1 production was shown to interfere with the neurotoxicity of AP oligomers, the
proposed neurotoxic entity in AD. Recently, two motifs (residues 23-27 and 95-110), both located
within the N-terminus of PrP, have been reported to build a high-affinity platform for the binding
of toxic AP oligomers (Chen, Yadav, and Surewicz 2010; Laurén, David A Gimbel, et al. 2009).
Thus, in addition to the neuroprotective signaling, this effect might in part be achieved by soluble
N1 blocking and sequestering AB oligomers in the extracellular space, thereby preventing binding
of these toxic conformers to cell surface PrP® and subsequent neurotoxic signaling pathways (M.
V Guillot-Sestier et al. 2012). Interestingly, this blocking and neuroprotective function of N1 might
not be limited exclusively to AB oligomers but could be a more general mechanism of protection
against toxic, B-sheet-rich conformers found in different neurodegenerative proteinopathies
(Resenberger et al. 2011). In fact, by releasing soluble N1 fragment, a-cleavage might have a dual
protective function in this context first of all by releasing neuroprotective N1 in the extracellular
matrix, the toxic oligomers can be blocked and sequester. Secondly, a-cleavage is reducing full-
length PrPC at the cell membrane which is required as a receptor, not only in prion disease
(Brandner et al. 1996; Mallucci et al. 2003) but also in other neurodegenerative conditions (Chung
et al. 2010; Gimbel et al. 2010; Laurén, David A Gimbel, et al. 2009; Resenberger et al. 2011). In
line with this, expression of N-terminally truncated or deleted constructs that are unable to undergo

a-cleavage leads to toxicity in transgenic mice (Li et al. 2007; Shmerling et al. 1998).

Taken together, the aforementioned neuroprotective aspects of the N1 fragment, it seemed
reasonable and promising to study its biological roles and therapeutic potential in much more
detail.
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2 Materials and Methods

2.1 Materials

2.1.1 Instruments

Name Company

7500 Fast Real-Time PCR system Applied Biosystems
Analysis balance (MC1 Research RC210P) Satorius

Centrifuge (F45-24-11) Eppendorf

Chemi Doc MP imaging system BioRad

Confocal microscope (TCS SP5) Leica

Fine balance (CP3202S) Satorius

Freezer (-80°C) (UF80-450S) Colora Messtechnik GmbH
Hot plate stirrer (lkamag RCT) IKA

Incubator (Heraeus) Thermo Scientific

Light microscope (DMD 108) Zeiss

Magnetic stirrer (Variomag mono) Thermo Electron Corporation
Microplate spectrophotometer (uQuant) BioTek

Microscope (Eclipse TS 100) Nikon

Microwave (R334-W) Sharp
Gel-electrophoresis chamber BioRad

Nanodrop ND 1000 Wilmington

Automated cell counter Thermo Fisher Scientific
Odyssey Imaging System LI-COR Biosciences

pH meter (CG 840) Schott

Pipettes Eppendorf

Table-top centrifuge (5415R) Eppendorf
Thermocycler MyCycler PCR BioRad

Gel documentation system Analytik Jena US
NanoZoomer digital slide scanner Hamamatsu

2.1.2 Consumables

 Name Company
6, 12, 24 and 96 well-plates Thermo Scientific
Coverslips Menzel
Disposable pipettes (2ml, 5ml, 10ml, 25ml) BD Biosciences
Microscopy slides Roth
Whatman paper BioRad
Nitrocellulose membrane 0.2 pm BioRad
Novex® Bis-Tris Gele (4-12 %) Life Technologies
Parafilm SPI Supplies
PCR tubes Rapidozym
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Sterile filter (0.22um) for syringes

Roth

Cell strainer 70 um

Falcon

Syringes (10 ml, 30 ml and 50 ml)

BD Biosciences

T25 and T75 cell culture flasks

Sarstedt

2.1.3 Chemical reagents and buffers

Name Company

0.05% Trypsin-EDTA

Gibco

1 kb DNA plus ladder

Life Technologies

10x Fast Digest Green Buffer

New England Biolabs

10x T4 DNA Ligase Buffer

Thermo Scientific

10xDreamTaq Buffer

Thermo Scientific

2-propanol

Roth

2X SYBR® Green PCR Master Mix

Applied Biosystems

Synthetic human AB42 Genic Bio
Acetic acid Roth
Acrylamid solution (Rotiphorese 30%) Roth

Agarose Invitrogen
Ammonium persulfate (APS) BioRad
Ampicillin (Amp) Sigma-Aldrich

B-Mercaptoethanol

Thermo Scientific

Bovine serum albumin (BSA)

Roth

Bromophenol blue

Merck

DAPI Flouromount G

Southern Biotech

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich

dNTP mix

Sigma-Aldrich

Dulbecco’s Modified Eagle Media (DMEM) High Glucose

Life Technologies

(4.5g/1)

Dulbecco's phosphate-buffere saline (PBS) Gibco
EDTA (Ethylene diamine tetra-acetic acid) Applichem
EDTA free protease inhibitor cocktail Roche
Ethanol J.T. Baker
Ethidium bromide Roth

Fetal bovine serum (FBS)

PAA Laboratories

Glycerol

GE Healthcare

Instant milk powder

GranoVita

Opti-MEM

Life Technologies

PAGE Rule Prestained Protein Ladder (10-170kDa)

Fermentas

Paraformaldehyde (PFA)

Merck
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Sodium azide

Sigma-Aldrich

Sodium chloride (NaCl) Sigma-Aldrich
Sodium deoxycholate Sigma-Aldrich
Sodium dodecyl sulfate (SDS) Bio-Rad

Super Signal West Femto Substrate

Thermo Scientific

Super Signal West Pico Substrate

Thermo Scientific

Tetramethylethylenediamine (TEMED)

Roth

Triton X100

Applichem

Tween 20

Roth

TRIzoIR Reagent

Life Technologies

2.1.4 Commercial kits

Name Company

GeneJet PCR purification Kit

Thermo Scientific

High Capacity cDNA Reverse Transcription Kit

Applied Biosystems

QIlAprep® Midiprep Kit

Qiagen

QIAprep® Miniprep Kit

Qiagen

Large fragment DNA recovery Kit

Zymoclean™

QuicChange Lightning Site-Directed Mutagenesis Kit

Agilent Technologies

QuicChange Il XL Site-Directed Mutagenesis Kit

Agilent Technologies

In-FusionRHD Cloning Kit

Clontech

Pierce Co-Immunoprecipitation (Co-IP) Kit

Thermo Scientific

PNGase F digestion Kit

Roche

Standard cDNA Synthesis Kit

Thermo Scientific

2.1.5 Software

Name Company

LAS AF Lite Leica
Office 2010 Microsoft
Prism 6 GraphPad
Quantity One BioRad
NDP.View 2 Hamamatsu

QuantStudio™ Design & Analysis

Applied Biosystems

Image Studio Lite Version 5.2

Li-Cor

Mendeley

Mendeley Ltd.
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2.1.6 Media and buffers

Name
RIPA buffer

Recipe

50mM Tris Base, pH=8, 150mM NaCl, 1% NP40, 1mM EDTA, 0.1% SDS
and 1% Na-deoxycholate

Laemmli Buffer (4x)

240mM Tris Base pH 6.8, 8% SDS, 40% glycerol, .2% bromophenol Blue,
5% B-mercaptoethanol, ,

MES/SDS Buffer (10X)

97.6 g MES, 60.6 g Tris Base, 10 g SDS, 3.6 g EDTA, in 1 litter ddH20

Resolving gel buffer

1.5M Tris Base pH= 8.8, 1% SDS, in 100 ml ddH20

Stacking gel buffer

0.5M Tris base pH= 6.8, in 100 ml ddH20

Running Buffer (10X)

0.25M Tris Base, 1.92M Glycine, 1% SDS, in 1 litter ddH20

Blotting Buffer (10X)

250mM Tris Base, 1.92M Glycine, in 1 litter ddH20

TBS-T(ween)

100mM Tris Base, 1.4M NaCl, pH= 7.4, 1% Tween-20, in 1 litter ddH20

2.1.7 Antibodies

Catalog Company Species MW Dilution Blocking
-Nr. (kDa) buffer
CREB (86B10) 9104 Cell signalling Mouse 43 1:1000 5% milk in
TBST
P-CREB (Ser133) 9191 Cell signalling Rabbit 43 1:1000 5% BSA in
TBST
p44/42 MAPK 4695 Cell signalling Rabbit 42, 44 1:1000 5% BSA in
(Erk1/2) (137F5) TBST
P-p44/42 MAPK 9101 Cell signalling Rabbit 42,44 1:1000 5% BSA in
(Erk1/2) TBST
(Thr202/Tyr204)
HSP70 (D69) 4876 Cell signalling Rabbit 70 1:1000 5% BSA in
TBST
HSP90 4874 Cell signalling Rabbit 90 1:1000 5% BSA in
TBST
cPLA2 2832 Cell signalling Rabbit 95 1:1000 5% BSA in
TBST
P-Cpla2 (Ser505) 2831 Cell signalling Rabbit 95 1:1000 5% BSA in
TBST
p38 MAPK Antibody | 9212 Cell signalling Rabbit 43 1:1000 5% BSA in
TBST
P-p38 MAPK 4511 Cell signalling Rabbit 44 1:1000 5% BSA in
(Thr180/Tyr182) TBST
(D3F9) XP Rabbit
mAb
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elF2a Antibody 9722 Cell signalling Rabbit 38 1:1000 5% BSA in
TBST
P-elF2a (Ser51) 9721 Cell signalling Rabbit 38 1:1000 5% BSA in
Antibody TBST
Fyn Antibody 4023 Cell signalling Rabbit 59 1:1000 5% BSA in
TBST
P-Src Family 2101 Cell signalling Rabbit 60 1:1000 5% BSA in
(Tyr416) Antibody TBST
Akt (pan) (40D4) 2920 Cell signalling Mouse 60 1:2000 5% milk in
Mouse mAb TBST
P-Akt (Ser473) 9271 Cell signalling Rabbit 60 1:1000 5% BSA in
Antibody TBST
SAPK/INK Antibody | 9252 Cell signalling Rabbit 46, 54 1:1000 5% BSA in
TBST
P-SAPK/INK 9255 Cell signalling Mouse 46 , 54 1:2000 5% milk in
(Thr183/Tyr185) TBST
POM1 - Prof Dr. Aguzzi, | Mouse 17, 25-35 1:2000 1x Roti block in
Zurich, TBST
Switzerland
Pom2 - Prof Dr Aguzzi, Mouse 11, 25-35 1:2000 1x Roti block in
Zurich, TBST
Switzerland
6D11 808001 Biolegend Mouse 11, 25-35 1:2000 1x Roti block in
TBST
Anti mouse/rat beta | 826801 Biolegend Rabbit 95 1:1000 1x Roti block in
amyloid (sAPP TBST
alpha)
6E10 803002 Biolegend Mouse 4-130 1:1000 1x Roti block in
TBST
B-actin(C4) MAB1501 | Millipore Mouse 43 1:3000 in 1x Roti block
in TBST
B-catenin 9582s Cell signalling Rabbit 92 1:1000 in 1x Roti block
Synaptophysin ab32594 | abcam Rabbit - 1:200 1% BSA in
PBST
Anti-MAP2 antibody, | M9942 Sigma-Aldrich Mouse - 1:500 1% BSAin
Mouse Monoclonal PBST
IRDye 680 RD 925- LICOR Anti-Rabbit - 1:10000 in 1x Roti block
Donkey anti-Rabbit 68073

IgG
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IRDye 800 CW 925- LICOR Anti-Mouse | - 1:10000 in 1x Roti block

Donkey anti-mouse 32212

[s] €]

Anti Rabbit IgG HRP | W401B Promega Anti-Rabbit | - 1:5000 in 1x Roti block

conjugate

Anti-mouse IgG HRP | W402B Promega Anti-Mouse | - 1:5000 in 1x Roti block

conjugate

Donkey anti-Rabbit, | R37118 Invitrogen Anti-Rabbit | - 1:5000 1% BSAin

Alexa Fluor 488 PBST

Goat anti-Mouse, | A-21127 Invitrogen Anti-Mouse | - 1:500 1% BSAin

Alexa Fluor 555 PBST

2.1.8 Primers
Mutagenesis at a-cleavage site

R N1 STOP CGCAGCCCCTGCCTAATGCTTGAGGTTG Mutagenesis at a-cleavage site

F1-Exone2 GAGCTGAAGCATTCTGCCTTCC Forward primer for genotyping

R3-PrP GATCTTCTCCCGTCGTAATAGGCCT Reverse primer for genotyping

F-control PrP ATGGCGAACCTTGGCTACTGGCT Control Forward primer for genotyping

R-control PrP CATCCCACGATCAGGAAGATGAGG Control reverse primer for genotyping

R-HGC-Seq TGTACATTTCCCAGGGCCCATCAGTGC Reverse primer for sequencing the
insert in HGC

F-Xhol-N1 GCTCTCTGGCTAACTCGAGAACCCACTGCTTACTG Primers for taking out N1 cDNA from
pcDNA3.1

R-Xhol-N1 CAGTAAGCAGTGGGTTCTCGAGTTAGCCAGAGAGC | Primers for taking out N1 cDNA from
pcDNA3.1

F-Bglll-N1 CTCAAGCATGTGGCAAGATCTGCGGCAGCTGGGG Primers for taking out N1 cDNA from
pcDNA3.1

R-Bglll-N1 CCCCAGCTGCCGCAGATCTTGCCACATGCTTGAG Primers for taking out N1 cDNA from
pcDNA3.1

F-mRPL13 CGGAATGGCATGATACTGAAGCC gPCR

R-mRPL13 TTGGTGTGGTATCTCACTGTAGG gPCR

F-N terminus ATGGCGAACCTTGGCTACTG gPCR

R-N terminus CTGAGGTGGGTAACGGTTGC gPCR
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2.2 Methods

2.2.1 Ethics Statement

All animal experiments in this study were carried out in accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the German Animal Welfare Act on the
protection of animals. Procedures were done in accordance with the guidelines of the animal
facility of the University Medical Center Hamburg-Eppendorf and approved by the Committee on
Ethics of the Freie und Hansestadt Hamburg (permit number 84/13).

2.2.2 Constructs used for in vitro studies

To generate the N1-coding plasmid, the pcDNA3.1(-)/Zeo expression vector containing the coding
sequence of the mouse Prnp gene (generated by former lab student Dr. Clemens Falker) was used.
A stop codon at amino acid (aa) 111 was inserted using the QuickChange Site-Directed
Mutagenesis Kit (Agilent Technologies). To clone the construct expressing the N1-Fc fusion
protein, the pFUSE-mIgG1-Fcl vector with a CMV promotor and the CH2 and CH3 domains of
the 1gG heavy chain were purchased (InvivoGen). The sequence coding for aa 1-110 of mPrP was
subcloned into the pFUSE vector in such a way that the Fc tag is linked to the C-terminus of the
PrP-N1 sequence with a short hinge region in between. To generate the N1-Nb construct, the cDNA
coding for aa 23-110 of mPrP was subcloned into the pCSE2.5 construct containing an IgKappa
leader, a linkage region, a single chain variable domain, and a His/Myc tag at the very C-terminus

(the Nb construct was provided by the group of Prof. Dr. Nolte, Immunology, UKE Hamburg).

2.2.3 Generation of TgN1 and TgN1-Fc mice

To generate transgenic mice overexpressing the N1 or N1-Fc constructs, the previously described
half-genomic expression construct (mPrP-HGC;(Fischer et al. 1996)) was used. For TgN1 mice, a
stop codon was inserted into the murine Prnp sequence coding for aa 111 in the mPrP-HGC using
the QuickChange Il XL Site-Directed Mutagenesis Kit. For TgN1-Fc mice, the N1-Fc sequence
from the above mentioned pFUSE vector was subcloned into the mock HGC after introducing new
restriction sites in both constructs using the QuickChange 11 XL Site-Directed Mutagenesis Kit.
Before pronuclear injection of the final constructs into the embryos, N1ImPrPHGC and
N1FcmPrPHGC vectors were first cut with Sall and Notl to remove the pBlue script sequence. The
pronuclear injections into C57BL/6J mice were kindly performed in the Transgenic Mouse Facility
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(ZMNH, UKE, Hamburg). Positive heterozygous animals were subsequently selected by
genotyping using genomic DNA obtained from tail biopsies. All primers used are listed in Table
2.1.8 above.

2.2.4 Preparation of murine brain homogenates

Fresh or frozen brain tissue from TgN1 or WT littermates was used to prepare 10% (w/v)
homogenates on ice using RIPA buffer freshly supplemented with Complete EDTA-free protease
inhibitors (P1) and phosphatase inhibitor (PhosStop) cocktails (Roche). Importantly, samples used
for PK digestion for PrPS¢ detection in prion-infected samples were made in RIPA without P1 and
PhosStop. Samples were homogenized 30x using a Dounce homogenizer and incubated on ice for
15 min, shortly vortexed, and incubated for another 15 min prior to centrifugation at 12,000 g at
4°C for 10 min. Supernatants were either further processed for immediate SDS-PAGE or stored at
-80°C. Total protein content was assessed by Bradford assay (BioRad) following the

manufacturer’s instructions. Primary neuronal cultures

Monocultures: Primary neurons were prepared from transgenic mice and WT littermates at
postnatal day 0 to 1 (PO-P1). Briefly, after dissecting out the pups’ brains, meninges were removed
from both hemispheres. Brain tissues were then washed once with pre-cooled dissecting media
(DM; 1x HBSS, 1% penicillin-streptomycin, 10mM Hepes, 0.6% glucose solution). The brains
were cut into smaller pieces using sterile surgical scissors and the tissue pieces were transferred
into a 60 mm dish with 45 mL DM plus 0.5 mL pre-warmed 2.5% Trypsin (Thermo Fisher
Scientific) for incubation at 37°C for 15 min under mild horizontal agitation.

After Trypsin digestion, 100 pL per dish of sterile 1 mg/mL DNasel was added into the dishes and
gently swirled. Trypsin and DNasel enzymatic activity were then quenched after 1 min with 5 mL
of Glial Growth Medium (GGM; DMEM + 0,6% glucose solution, 1% penicillin-streptomycin,
10% FBS). The solutions were mixed very well by gently pipetting up and down 2-3 times (on-
dish trituration), transferred into new 15 mL falcon tubes and centrifuged for 5 min at 1000 rpm at
RT.

After carefully decanting the supernatant, the pellet was re-suspended in 5 ml Neuronal
Maintenance Medium (NMM; 1% Glutamax with a final concentration of 2 mM, 2% B27 serum

supplement, 1% penicillin-streptomycin, in 50 ml with Neurobasal medium). The trituration step
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was carried out by gently pipetting the neurons up and down 20 times. After filtration through a
70 pm cell strainer, the neurons were seeded onto PLL-coated dishes (Poly-L-lysine
hydrobromide, Sigma Aldrich). The media was changed after maximum 4 hours of incubation at
37°C and 5% CO». The next day, cells were treated with 10uM of the mitotic inhibitor
fluorodeoxyuridine (FUdR, Sigma Aldrich) overnight in order to eliminate non-neuronal cells. On
day 5 post dissection, neurons, and conditioned media were either harvested for analysis of protein
expression or neurons were treated overnight with 5 uM proteasomal inhibitor (MG132), or left
untreated in OptiMEM, followed by harvesting neuronal lysates and the respective conditioned

media.

Co-culturing neurons on an astrocyte feeder layer: For morphological assessment, hippocampal
neurons were co-cultured with hippocampal astrocytes following a previously published protocol
(Kaech and Banker 2006). Astrocytes were prepared 3 weeks before the neuronal dissection day.
For the preparation of the astrocytes, the hippocampi of four WT newborn mice (PO to P1) were
pooled together. After the first centrifugation step, the brain tissues were gently triturated with a 5
ml pipette using GGM. The dissociated cells were filtered through a 70 um cell strainer, seeded
into a T75 flask, and maintained up to 8 weeks in culture with weekly medium changes. One day
before dissection of neurons, three wax dots were dropped per well in a 12-well plate which was
irradiated with UV light for 20 min under the cell culture bench for sterilization. Approximately
80,000 astrocytes (assessed by cell counter (Thermo fisher)) were seeded between the wax dots in
1ml NMM. The next day, ~60,000 neurons were plated on 18 mm glass coverslips pre-coated with
PLL. After 4 h to allow the neurons to adhere to the coverslips, the latter were carefully placed
face-down on top of the wax dots in the plates containing astrocytes in order to keep the neurons
incubated above the astrocyte feeder layer. The next day, the neurons were treated with 10 uM
FUdR. Every three days, half of the NMM was exchanged with fresh media. On day 15 of co-
culture, cells were isolated from the astrocyte by bringing the coverslips back in a new 24-well
plate. Neurons were then treated with monomeric APz dissolved in DMSO (GenicBio Synthetic

Peptide) with the final concentration of 5 uM for 12 hours.

2.2.5 Immunofluorescence staining of primary hippocampal neurons
After aspirating the media, coverslips were gently washed three times with cold PBS. The cells
were then fixed with paraformaldehyde (PFA) solution (2 ml PBS, 1 ml 16% PFA and 1 ml 16%
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Sucrose) for 10 min at RT on a platform shaker at 100 rpm. After three washes with PBS,
permeabilization was performed using 0.25% Triton X100 in PBS for 10 min at RT. Following
three additional washes with PBS, blocking (with 1% BSA + 0.25% Triton X100) was done for
one hour at RT. Coverslips were then incubated with primary antibodies against Synaptophysin
and MAP2 overnight at 4°C while gently shaking. The next day, coverslips were washed three
times with PBS and incubated with fluorescently labeled secondary antibodies for one hour at RT
in the dark.

2.2.6 Quantification of synaptic puncta density using SynPAnal software

Three single neurons per coverslip from each condition (WT and TgN1 derived neurons with or
without AP treatment) were scanned by confocal scanning microscopy using a TCS SP5 system
(Leica). The gain and zoom settings were kept constant for all images acquired from the same
experimental trial. Thereafter, TIFF-format images with merged channels were analyzed to
measure the synaptic punctae along defined dendritic stretches using SynPAnal software with a
semi-automated punctae detection feature. After setting the thresholds for all three channels (DAPI
in blue, MAP2 in red, and Synaptophysin in green), 3-5 dendritic segments from each investigated
neuron were selected for the final measurements. Relative punctae density values were used for

the quantifications according to a previously published protocol (Danielson and Lee 2014).

2.2.7 Cell culture, transfection and treatment of cells

Murine neuroblastoma (N2a) cells were maintained at 37°C with 5% CO- in Dulbecco’s modified
Eagle’s medium (DMEM; Thermo Fisher Scientific) supplemented with 10% fetal bovine serum
(FBS; Thermo Scientific). N2a PrP-/- (PrP-KO) were generated by CRISPR/Cas9 technology and
provided by Dr. M. Willem (LMU, Minchen). N2a cells were transfected by Lipofectamine 2000
(Thermo Fisher Scientific) following the manufacturer’s instructions. Briefly, N2a cells at 70-90%
confluency were treated with transfection mixture (4 pg of the desired plasmid, 10 pl of
Lipofectamine reagent in the total volume of 500 pl OptiMEM) and incubated at RT under the cell
culture bench for about 20 minutes. After changing the media of cells to 1 ml pre-warmed
OptiMEM, cells were treated with the transfection mixture and incubated at 37°C for 4 to 6 hours.
After this incubation time, media was changed again to fresh DMEM with 10% FBS and incubated
overnight at 37°C. After 24 hours, the media was again changed to 1 ml of OptiMEM and incubated
overnight at 37°C. The next day, cells and conditioned media were collected, processed (as
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described below) and subsequently analyzed by biochemical assessment. Antibody treatments of
N2a cells were performed by adding 4 ug of either POML1 or 6D11 to 1 ml media supernatant
(freshly exchanged pre-warmed OptiMEM) for 18 hours.

2.2.8 Cell lysis, harvesting and TCA precipitation of conditioned media, SDS-PAGE

and western blot analysis

N2a cells or primary neurons were washed with cold PBS, lysed using an appropriate amount of
RIPA buffer supplemented with protease and phosphatase inhibitor, and incubated on ice for 15
min followed by centrifugation at 12,000 g for 10 min at 4°C. For SDS-PAGE, cell lysates were
mixed with Laemmli buffer including 5% B-mercaptoethanol and denatured for 5 min at 95°C. For
the analysis of proteins in the conditioned media (of N2a cells or primary neurons), experiments
were carried out with freshly exchanged serum-free media (OptiMEM) overnight. Proteins in
media were precipitated with trichloroacetic acid (TCA). In brief, supernatants were carefully
collected, immediately incubated on ice and mixed with a concentrated protease inhibitors cocktail,
and two mild centrifugation steps were carried out at 500 g and 5000 g in order to remove cellular
debris. Next, 1/100 volume of 2% sodium deoxycholate (NaDOC) was added to each sample and
samples were incubated on ice for 30 min. Afterwards, 1/10 volume of TCA was added to the
mixture and again incubated for at least 30 min on ice. After centrifugation at 15,000 g for 15 min
at 4°C, the supernatant was aspirated and the pellet was air-dried for maximum 5 min. The pellet
was then completely resolved in 100 pL of 1x Laemmli buffer (with 5% of B-ME) and denatured
for 5 min at 95°C.

For SDS-PAGE, denatured samples were loaded on either precast Any kD™ Mini-PROTEAN®
TGX™ Precast Protein Gels (BioRad) or precast Nu-PAGE 4-12% Bis-Tris protein gels (Thermo
Fisher). Afterwards, proteins were transferred to nitrocellulose membranes (BioRad) by the wet-
blotting method and membranes were subsequently blocked for at least 30 min with either 1x
RotiBlock (Carl Roth) or 5% BSA or 5% milk (all in TBS-T) and incubated overnight with the

respective primary antibodies (diluted in the same blocking buffer) at 4°C on a shaking platform.

2.2.9 Co-immunoprecipitation assay
To assess the binding of the N1 fragment to synthetic AB42, a co-immunoprecipitation assay was

performed using the Pierce Co-Immunoprecipitation (Co-IP) kit (Thermo Scientific). Briefly, 50
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ul of AminoLink Plus Coupling Resin were washed three times with 1X coupling buffer followed
by centrifugation at 1000 g for 1 min. After removing the wash buffer, 10 ug of antibody (POM2,
an antibody against PrP; or 6E10, an antibody against Af) were coupled to the resin in each
reaction column and immediately after, 3ul of sodium cyanoborohydride solution was added to
each column under a chemical hood, and incubated for 2 hours at RT on a rotator. After the
incubation, resins were centrifuged at 1000 g for 1 min and the flow-through was discarded. After
quenching the columns again, 3pl of sodium cyanoborohydride solution was again added and
incubated for 15 min with gentle end-over-end mixing. The flow-through was discarded after
another centrifugation step and resins were washed eight times with wash solution. Antibody-
coupled resins were then incubated (at 4°C overnight with end-over-end mixing) with conditioned
media of N2a cells pre-treated overnight with synthetic APs2. The next day, bound
antigens/complexes were eluted and resins with covalently-bound antibodies were washed and

stored at 4°C to be reused. Eluates were then analyzed by western blot (described above).

2.2.10 RNA extraction, cDNA synthesis and gPCR

Mouse brain tissues from forebrain as well as cerebellum (about 100 mg) of adult mice were
collected, homogenized with 1 ml TRIzol, and incubated for 5 minutes at RT. After centrifugation
at 12,000 g for 10 min at 4°C, the upper phase was collected. Next, 200 pL of chloroform was
added to each sample which was vigorously shaken by hand for 15 sec and then incubated at RT
for about 2-3 min. After centrifugation of the mixture at 12,000 g for 15 min at 4° C, the upper
aqueous phase was carefully collected. 500 pL of 100% isopropanol was added to the collected
aqueous phase, which was then incubated for 10 min at RT. After another centrifugation step at
12,000g for 15 min, the supernatant was discarded and the RNA pellet was washed twice with 1
ml of cold 75% ethanol, vortexed, and centrifuged at 7,500 g for 5 min at 4° C. Next, the pellet
was air-dried for 5-10 min, dissolved in double distilled water, and heated at 55°C for 10 min.
Concentration and purity of extracted RNA were assessed by Nanodrop (Thermo Scientific)
measurement. The cDNA was synthesized subsequently according to the manual's instructions

(Thermo Scientific).

Real-time quantitative polymerase chain reaction (RT-gPCR) was done using syBr®Green Kit

(Thermo Scientific). All reagents were added according to the manufacturer's instructions. Samples
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were loaded in triplicates. The relative expression levels of PrP were then calculated by the 2-44¢

method after referring to RPL13 as the reference gene.

2.2.11 Prion inoculation of mice

Intracerebral inoculations of TgN1 mice and WT littermate controls with Rocky Mountain
Laboratory (RML) prions were performed under deep anesthesia with ketamine and xylazine
hydrochloride. Briefly, 10 to 11 weeks-old TgN1 mice (n=10) and littermate controls (n=10) were
inoculated with 30 pL of a 1% brain homogenate containing RML prions (RML 5.0 inoculum,
corresponding to 3 x 10° LD50) into the caudaputamen. Additionally, mock inoculations were also
performed with 30 pl of a 1% brain homogenate from uninfected CD1 mice (no prions) into age-
matched TgN1 (n=5) and littermate controls (n=4). These animals were sacrificed at 241 days post

inoculation (dpi) with no clinical signs.

After inoculation, a special observation was applied until initial recovery. Mice were then checked
regularly and, following the appearance of characteristic clinical signs of prion disease (such as
hind limbs clasping, weakness, and hunched back), observation was even increased to two times
per day. All mice at the terminal disease stage were sacrificed and after dissecting out the brains,
one hemisphere was frozen and analyzed biochemically while the other hemisphere was fixed in

formalin and used for histopathological analysis.

2.2.12 PK digestion of brain homogenates

For assessment of PrP*¢ levels in prion-infected mouse brains, 10% homogenates (w/v) of the
frontal brain were prepared in RIPA buffer without any protease inhibitors (as this would affect
the enzymatic digestion by PK). Homogenates were prepared by 30 strokes on ice using a Dounce
homogenizer. After centrifugation at 12,000 rpm for 10 min, the resulting supernatants were
collected and 2 pL of each homogenate were digested with 20 pg/mL PK (Roche) in a total volume
of 22 pl of RIPA buffer for 1 h at 37°C under mild agitation. Digestion was stopped by adding 6
pL of 4x Laemmli buffer (plus 5% B-ME) and the mixture was heated for 5 min at 95°C.
Subsequently, SDS-PAGE and western blot analysis were performed with proper technical
controls (i.e., PK-digested sample of a CD1 brain as well as a non-PK-digested RML-infected
sample) as described above. All the work with prion-infected samples was done in our prion lab

with Biosafety level 3.
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2.2.13 Histological assessment of mouse brain sections

Morphological analysis was performed as described previously (Altmeppen et al., 2015). Briefly,
brain tissues were dissected out and fixed by incubating in 4% PFA overnight at 4°C. In the case
of prion- or CD1-inoculated animals maintained in the S2 animal facility, samples were initially
inactivated for 1 h in 98-100% formic acid before exporting them from the respective facility.
Afterwards samples were washed for several times with water to remove formic acid, and then
samples were again incubated with 4% PFA overnight at 4°C. The next day samples were
dehydrated and embedded in paraffin according to standard laboratory procedures. Brain sections
with 4 um thickness were cut and mounted on slides and then stained either with hematoxylin and
eosin (HE) or stained according to standard procedures of immunohistochemistry using the
Ventana Benchmark XT machine (Ventana). Briefly, for antigen retrieval sections were boiled in
10mM citrate buffer (pH 6.0) for between 30 to 60 min. All primary antibodies used in histology
were prepared in 5% goat serum (Dianova), 45% Tris-buffered saline (TBS) pH 7.6, and 0.1%
Triton X-100 in antibody diluent solution (Zytomed). Detection was performed by anti-rabbit or
anti-goat histofine, Simple Stain MAX PO Universal immunoperoxidase polymer or Mouse Stain
Kit (for detection of mouse antibodies on mouse sections). Secondary antibody polymers were
purchased from Nichirei Biosciences. Detection of antibodies was performed with Ultra View
Universal DAB Detection Kit. Of note, experimental groups were stained in one run to avoid

variations between groups.

2.2.14 Statistical analysis

In this study, all statistical analysis of western blot results, morphological quantifications of
dendritic spines and gqRT-PCR results between experimental groups were performed using
Student's t-test. For the incubation times after prion inoculation, the assessment was performed
using log-rank (Mantel-Cox) test for two-group comparisons with consideration of statistical
significance at p values <0.05 (*), <0.01 (**), and <0.001 (***).
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2 Results

3.1 Generation of N1-overexpressing cells

For studying the neuroprotective effects of N1 in vitro, a cell line overexpressing the N1 fragment
first needed to be generated. To do so, a N1 construct was generated by changing amino acid (aa)
111 (of the murine PrP sequence) from a valine (codon GTG) to a stop codon (TAG) using site-
directed mutagenesis, resulting in the expression of a C-terminally truncated fragment consisting
of the ER signal peptide (SP, aa 1-23) and the N1 coding region (aa 23-110). PrP® knockout (KO)
and wild-type (WT) neuroblastoma cells (N2a) were transiently transfected to overexpress N1.
Western blot (WB) analyses were performed on cell lysates and on immunoprecipitated N1 from

conditioned media to check whether or not transgenic N1 is expressed and secreted (Figure 3.1a).

In order to increase cellular secretion and facilitate later purification and detection, tagged N1
variants fused to either the Fc part of murine 1gG1 (N1-Fc) or to a nanobody (N1-Nb) at the C-
terminus were also generated. Of note, because the Fc domain of the IgG dimerizes, N1-Fc forms
homodimers (Figure 3.1b). However, the denatured protein in WB runs at around 36 kDa, which

corresponds to the expected molecular weight of monomeric N1-Fc.

In the case of the Nb tag, three different combinations of N1Nb fusion protein were generated
using two different constructs but with the same CMV promoter: (i) with the original signal peptide
(SP) of murine PrP in the vector pcDNAS3.1; (ii) with a IgKappa leader sequence (instead of the
murine SP) in a pCSE 2.5 vector; (iii) or with the same leader sequence and vector but with an
additional C-terminus 6xHis-tag (N1-Nb +His). WB analysis of these N1Nb variants showed that
secretion of N1-Nb with the 1gGk leader sequence was stronger than with the original signal

sequence of murine PrP¢ (Figure 3.1c).

Interestingly, in both cases, with N1-Fc and N1-Nb, a relevant portion of the fusion proteins present
with a band at ~11 kDa, thus likely corresponding to bona fide N1 fragment. This indicates that a
fraction of the fusion proteins expressed in PrP¢-KO cells undergo an a- cleavage-like processing
event resulting in the secretion of both, expected full-length fusion proteins as well as the cleaved

fragments of N1 and the protein tags alone.
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Figure 3.1: Design and expression of N1 and N1 variants in PrPC-depleted N2a cells. (a) Expression of N1
(aa 1-110 of murine PrP) in transiently transfected WT and PrP-KO N2a cells revealed by WB analysis in
cell lysates as well as in conditioned media after immunoprecipitation (IP) with thePOM2 antibody. (b) WB
analysis of N1-Fc expression in PrP-KO N2a cells revealed high expression and secretion of the N1-Fc fusion
protein as well as separated N1 and Fc fragments. (¢c) Comparison of expression and secretion of different
N1-Nb constructs. Schematic representations of the cloning strategy/construct design of N1 variants are
shown on the right side of each blot. The black stripe between N1 and the fusion tags is a 5GS linkage
region. TF= transfected, @= Non-transfected, KO= PrP knockout, Nb= Nanobody, SP= signal peptide.

3.2 N1 binds Ap and protects cells against Ap toxicity

It has been shown that PrP¢ acts as a receptor for toxic oligomers like AB in AD. Interestingly, N1
contains both of the PrPC binding regions for Ap (aa 23- 31 and 95-110 of murine PrP) (Laurén,
David A. Gimbel, et al. 2009). An AP binding assay was performed to test whether the soluble N1
fragment in our cell model is able to bind synthetic APs2. Interaction of N1 (transiently
overexpressed in N2a PrP-KO cells) with Ap was confirmed by incubating the media supernatants
of N1-overexpressing cells with synthetic ABs2 overnight, followed by co-immunoprecipitation
using antibodies against N1 (POM2) and AB (6E10) (Figure 3.2a). Both antibodies were able to
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co-immunoprecipitate both N1 and AP, indicating that the N1 fragment is necessary and
sufficient for binding to synthetic Ap oligomers. Surprisingly, the signal for transgenic N1 in the
lysates (but not in the supernatant) appeared as a conspicuous double band, which will be discussed
in detail later.

It has also been described that cell surface PrP® in Alzheimer's disease and respective mouse
models partially mediates the neurotoxicity of AB. In contrast, releasing N1 leads to antagonistic
effects on the toxicity of AB: On the one hand, this decreases the amount of receptor for Ap at the
cell membrane (as N1 contains the AP binding sites of PrP); on the other hand, released N1
fragments have a neuroprotective effect against toxicity of AP in the extracellular space.
Importantly, N1 is capable of noticeably suppressing the Ap polymerization process (Nieznanski
et al. 2012). Therefore, we assessed the neuroprotective potential of N1 variants against AP
toxicity. After treatment with AP, N2a cells expressing N1 or N1-Fc showed reduced neurotoxicity
compared to WT-PrP-expressing and PrP-KO N2a cells, based on immunofluorescent staining for
cleaved (i.e. activated) caspase-3, an indicator of cell death (Abraham and Shaham 2004) (Figure
3.2b).
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Figure 3.2: Cell culture-based experiments on the N1/Ap interaction and N1-mediated protection. (a) AB
binding assay was performed after incubating synthetic AB42 with overnight conditioned media supernatants
of N1-overexpressing versus PrP-KO N2a cells, demonstrating the N1/AB interaction (POM2: antibody
against PrP/N1; 6E10: antibody against AB). the green asterisks refer to co-immunoprecipitated proteins (b)
An AP toxicity assay was carried out after treating PrP-KO, WT, or N1/N1-Fc overexpressing N2a cells with
synthetic AB42. Read-out: Counting of cells stained positive for cleaved caspase 3 in immunocytochemistry.

31



3.3 Generation and characterization of TgN1 mice

One of the most important functions suggested for the N1 fragment of PrP€ is a neuroprotective
action not only relevant in AD but also in other neurodegenerative conditions. Since the protease
responsible for the a-cleavage of PrPC has not been identified yet, to assess the role of N1 in prion
diseases in detail, a transgenic mouse model (TgN1) stably overexpressing N1 was generated using
the so called the half genomic PrP construct carrying the prion protein promoter (Fischer et al.
1996) on a wildtype (C57BI/6) background (as endogenous expression of PrP® is essential to study
prion diseases (Bueler et al. 1993)). The construct was used for pronuclear injection of embryos at
transgenic animal facility in ZMNH. Founders were then transferred to the UKE animal facility
where a colony was established. General phenotypic characterization of these mice revealed no
overt behavioral or phenotypic alterations based on body size and body weight (Figure 3.3a)
compared to wildtype (WT) littermates. Copy number analysis of genomic DNA confirmed
overexpression of the transgene in TgN1 mice (with a AACt value of -3.913 corresponding to a
15fold change). Transgenic overexpression was also confirmed by measuring mRNA levels in the
cerebellum (TgN1: 2.34 £0.38; WT set to 1.00 £0.19; n=3; Figure 3.3b) and in the forebrain (TgN1:
3.41 +0.58; WT set to 1.00 £0.15; n=3;Figure 3.3c).
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Figure 3.3: Characterization of TgNl mice. (a) Body size (pictures on the left) and body weight
measurements of male (&) and female (Q) mice show no significant differences between age-matched TgN1
versus WT littermates (n=3). (b, ¢c) RT-gPCR analysis in cerebellum (b) and forebrain homogenates (c) reveal
higher PrP-N1 mRNA levels in TgN1 mice compared to WT control mice (n=3).

wWT TgN1 WT TgN1

Furthermore, WB analysis of forebrain homogenates revealed a significant overexpression of N1
in both young TgN1 mice (8 weeks old mice, 3.8 £0.14 for TgN1; WT set to 1.0 0 £0.12; n=4;
SEM; Figure 3.4a) and an even more pronounced overexpression in aged TgN1 mice (43 weeks:
5.2 £0.44 for TgN1; WT set to 1.00 £0.14; n=4; SEM; Figure 3.4b), whereas levels of full-length
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(f) PrP® (which appears as a typical three banding pattern due to presence of un-, mono- and
diglycosylated forms) and another PrP cleavage fragment of ~20 kDa (likely corresponding to N3
resulting from the recently described y-cleavage (Lewis et al. 2016)) were both unchanged between
genotypes (Figure 3.4 a&b). Of note, in contrast to endogenous N1 in WT brain homogenates,
transgenic N1 appeared as a double band in the homogenates of TgN1 mice reminiscent of the

finding in cell lysates (Figure 3.2a). This aspect will be further investigated and discussed below.
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Figure 3.4: Transgenic overexpression of N1 in TgN1 mouse brain homogenates: Western blot analyses of
forebrain samples of eight weeks-old mice (a; n=4; p=0.00001) and 43 weeks-old mice (b; n=4; p=0.0047)
showing a higher N1 to flI-PrP ratio. POM2 antibody (directed against the N-terminal half of PrP¢) was used
for detection. These data confirm the successful generation of transgenic mice overexpressing high levels of
N1. The endogenous N3 fragment resulting from the recently described y-cleavage of PrPC is readily
detectable in brain homogenates and, as fl-PrPC, does not differ in amounts between both genotypes.

To further characterize the TgN1 mice under physiological conditions, signaling pathways known
to be associated with PrP¢ were investigated in forebrain homogenates of 43 weeks-old mice.
Biochemical assessment of these samples revealed no alterations in the ratio of phosphorylated
versus total levels of protein kinase B (Akt), eukaryotic initiation factor 2 (eIF2a), or Mitogen-
activated protein kinase (MAP kinase) Erk1/2 (extracellular-signal-regulated kinases) and p38
(Figure 3.5).
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Figure 3.5: No significant changes in candidate PrP-associated signaling pathways between TgN1 and
WT mice. Forebrain homogenates of 43 weeks-old mice were analyzed for the phosphorylation state of
protein members of main signaling pathways related to the prion protein. No significant alterations between
genotypes were observed for Akt, eIF2a, Erk1/2 and p38 under physiological conditions. Quantification of
fluorescence signals (on the right) shows the direct ratio of phosphorylated (P) versus total levels for Akt
which were detected on the same blot with antibodies from different species. When signals were detected on
separate (replica) blots (elF2a, Erk1/2 and p38), ratios were made after initial normalization to the
corresponding B-actin signals. “M” indicates a molecular size marker lane in some of the blots located in the
middle (which, in some cases highlighted by an asterisk, caused an unspecific signal in the red channel).

In addition, histological analysis showed no neuropathological alterations in the brains of eight
weeks-old TgN1 mice compared to WT littermates in terms of overall brain morphology (HE
staining), content and distribution of mature neurons (NeuN staining), and microglial activation
(Ibal staining) as shown here for cortical (Figure 3.6a) and cerebellar areas (Figure 3.6B).
Similarly, no differences in the overall appearance of mature neurons (NeuN) or in the amount of

Mib/Ki67-positive proliferating cells were found in the hippocampus (Figure 3.6c¢).
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Figure 3.6: No overt histological alterations in TgN1 mice. (a, b) H&E staining and immunohistochemical
analysis of microglia (Ibal) and neurons (NeuN) showed no obvious morphological alterations between eight
weeks-old WT and TgN1 mice in cortical (Cx; in a) or cerebellar brain regions (Cb; in b). (c) Likewise,
neuronal density (marker NeuN) and amounts of proliferating cells (assessed by the marker Mib/Ki67) were
similar between both genotypes in the hippocampus (Hc). Scale bars = 100 um.

3.4 Lack of protective effects against prions in TgN1 mice

After confirming expression of the N1 transgene, to study potentially neuroprotective effects of
soluble N1 against prion disease, we performed intracerebral inoculations of mouse-adapted rocky
mountains laboratories prions (RML) into six to eight weeks-old TgN1 mice and WT littermates,
whereas negative controls of both genotypes were inoculated with a non-pathogenic control brain
homogenate (CD1). Unexpectedly, mice of both genotypes showed equal incubation times and

clinical signs typical for prion diseases and reached a terminal disease state at very similar time-
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points (mean: TgN1+RML: 160 £7 days; n=10; WT+RML.: 159 +9 days; n=9; SD), while the CD1
inoculated control group did not show any clinical signs until they were sacrificed at day 240 post

inoculation (Figure 3.7a).

WB analysis was performed on the brain homogenates of terminal prion-diseased mice and CD1-
inoculated control mice from both genotypes. Increased levels of total PrP species (including both
PrP¢ and PrP*) and a shifted pattern of PrP glycoforms demonstrated the prion conversion in
RML-infected mice of both genotypes compared to uninfected controls. Moreover, the appearance
of SDS-stable oligomeric PrP conformations of higher molecular weight supported this finding
(Figure 3.7b,c). Once more, a striking double band for N1 was apparent in the TgN1 brain samples,
with the upper one running slightly higher than endogenous, proteolytically produced N1 in the
WT mice (Figure 3.7b).
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Figure 3.7: Intracerebral prion inoculation of TgN1 and control mice. (a) Kaplan-Meier survival curve of
mice that underwent intracerebral inoculation with mouse-adapted RML prions. Similar incubation periods
to terminal prion disease were detected for TgN1l (n=10) and WT littermates (n=9), whereas the mock-
inoculated controls of each genotype (inoculated with CD1 brain homogenate) revealed no clinical signs until
sacrification at 240 days post inoculation (n=4). (b) Western blot analysis of prion-infected versus non-
infected forebrain homogenates from both genotypes showing an altered PrP glycosylation pattern, increased
total PrP levels, and presence of oligomeric PrPS¢ forms in prion-infected samples compared to non-infected
controls. (¢) Quantification of as total PrP levels (i.e. PrP® and PrPS¢) with significant differences between
infected samples from both genotypes (p=0.0167; n=3).

Noteworthy, slightly but significantly higher levels of total PrP were detected in infected TgN1
versus WT mice (TgN1+RML: 1.63 £0.05; compared to WT+RML: 1.34 +0.04; with non-infected
WT +CD1 set to 1.00 £0.07; n=3; SEM; Figure 3.7c). In line with this, digestion of brain
homogenates with proteinase K (PK), which eliminates all available proteins in the sample except

for the PK-resistant PrPS¢ molecules, showed higher PrPS¢ level in prion-infected TgN1 compared
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to WT mice (TgN1+RML.: 1.32 £0.05; WT+RML set to 1.00 £0.06; n=4; SEM; Figure 3.8). Thus,
increased total PrP levels in TgN1 mice are likely due to slightly increased prion conversion in

these animals.
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Figure 3.8: Western blot analysis of PK-digested samples: Brain homogenates of terminal prion-diseased
mice of both genotypes were digested with proteinase K prior to analysis. Quantification was done by
normalizing the PrPS¢ signals (probed with POM1 antibody) against actin from the parallel blot with non-PK-
digested samples (n=4; p=0.0167). Technical controls (on the left) include a non-digested, RML-infected
brain homogenate and a CD1-inoculated PK-digested brain sample. The shift in molecular weight of PrP
(between the non-digested control and PK-digested samples) and the disappearance of the actin signal in all
digested samples confirm successful enzymatic digestion.

Next, changes in the phosphorylation state of proteins from signaling pathways linked with PrP¢
and shown to be affected in prion diseases were investigated in brain homogenates of WT and
TgN1 mice inoculated with either infectious RML or non-pathogenic CD1 homogenates. For the
MAP kinase Erk1/2 and the Akt kinase, there were no significant changes in phosphorylation state
as a result of treatment or genotype (although Akt showed a tendency of activation upon prion
infection). The Src kinase Fyn was significantly more phosphorylated in mice inoculated with
RML prions (in both WT and TgN1 mice) compared to CD1 WT controls (Figure 3.9a). Of note,
at terminal prion disease the MAP kinase p38 showed significantly higher
phosphorylation/activation in TgN1 mice than in WT littermate controls (TgN1+RML: 2.49 £0.26;
WT+RML set to 1.00 £0.07; n=4; SEM; Figure 3.9b). This difference between genotypes seems
to specifically relate to the prion infection, as it was not detected under physiological conditions
before (Figure 3.5)
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Figure 3.9: Biochemical assessment of candidate signaling pathways associated with prion disease. (a)
No significant differences were detected in the phosphorylation state of Akt and Erk1/2 in prion-infected
samples or between genotypes, whereas Src/Fyn was significantly more phosphorylated in prion-diseased
animals of both genotypes (WT+CD1 vs. WT+RML: p=0.027; WT+CD1 vs. TgN1+RML: p=0.003; n=3). (b)
The only signaling protein that showed a difference in activation between genotypes among the prion-
inoculated animals was the MAP kinase p38, which was significantly more phosphorylated in TgN1 than in
WT mice. (p=0.0032; n=4).

Next, neuropathological hallmarks of prion disease, such as astrogliosis, microglia activation, and
spongiosis were investigated by (immuno)histological examination. In addition to the biochemical
data presented above, these analyses also confirmed full establishment of prion disease in RML-
infected mice compared to CD1-inoculated control mice, as they revealed prion-typical spongiform

lesions in the brain parenchyma and strong activation/upregulation of both glial cell types in prion-

38



diseased mice. However, there were no overt differences between the two genotypes within the
RML-infected animals (Figure 3.10).

Hippocampus Cerebellum
GFAP H&E ‘ Iba1 GFAP H&E Iba1

Figure 3.10: (Immuno-)histochemical assessment of spongiosis and glial activation in prion-infected versus
CD1-inoculated control mice of both genotypes. In terminally diseased mice (+RML), astrocytes (marker:
GFAP) and microglia (marker: Ibal) are highly upregulated in both TgN1 and WT mice compared to non-
infected littermate controls (+CD1). Likewise, spongiosis (vacuoles detected in the H&E-stained sections)
are only evident in prion-infected mice. Hippocampal and cerebellar areas are shown for representation. No
overt alterations were observed between genotypes (n=4). Scale bar = 100 um. Note that the tissue disruption
apparent in some sections is due to technical issues during the staining process but does not affect the
scientific conclusions.

In conclusion, contrasting our expectations, overexpression of N1 in the TgN1 mice did not show
any protection against prion disease. In fact, PrP* levels as well as p38 MAP kinase
phosphorylation were even increased in terminally diseased TgN1 mice, although this moderate
increase did not significantly alter the overall clinical course and incubation times compared to
WT littermate controls. The likely reason for this lack of protection will be presented below
(chapter 3.6).
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3.5 Does overexpression of N1 protect neurons from the toxicity of AB?

It has been shown that the N1 fragment, upon release into the extracellular matrix, can bind with
high affinity to AP oligomers (which are known to be the most toxic A species), thereby blocking
them and protecting neurons from AB-mediated toxicity (Resenberger et al. 2011). In this regard,
the toxicity of AP oligomers, which first causes synaptic impairment followed by neuronal loss in
neurodegenerative conditions, can be assessed at the synaptic level by quantification of the
dendritic spines density (Fang et al. 2016). To study a potential neuroprotective effect of transgenic
N1 overexpression against toxic AP entities by morphological means, low density cultures of
primary neurons were prepared from TgN1 mice and WT littermates and co-cultured with a
separately seeded astrocyte feeder layer to allow for extended culture time and promote neuronal
maturation. Microscopic analysis of these neurons (Figure 3.11) did not show any differences in
overall cellular or cytoskeletal morphology or density of dendritic spines (TgN1: 0.999 +0.052;
WT set to 1.00 £0.092; SEM) between both genotypes when treated with solvent only (+mock;
Figure 3.11a, c). Hence, overexpression of N1 in TgN1 does not cause any changes in these
regards. However, after treatment with synthetic Apa42 (Figure 3.11b, c), dendritic spine density
was significantly reduced compared to mock-treated neurons (with “WT+AB”: 0.764 +0.047 and
“TgN1+APB”: 0.665 +0.055; SEM). However, no significant difference was detected between WT
and TgN1 neurons treated with AP. This indicates that, similar to our findings in prion diseases
mentioned above (chapter 3.4), transgenic overexpression of N1 does not confer protection against
exogenously administered toxic proteopathic entities critically associated with neurodegenerative

diseases.
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Figure 3.11: Morphological assessment of primary neurons derived from TgN1 and control mice and
analysis of AB toxicity. (a, b) Representative images from primary neurons (co-cultured with an astrocyte
feeder layer for two weeks prior to treatment) without (+mock; in a) and with overnight treatment with
synthetic ABas2 (+Ap; in b)revealed no difference in overall morphology and dendritic spines density between
TgN1l and WT neurons. (¢) Quantification of dendritic spine density using SynPanal software for primary
neurons from both genotypes with and without APz treatment. SYP = synaptophysin (green); MAP2 =
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microtubule-associated protein 2 (red). (b, ¢) Treatment of neurons with toxic A4z resulted in a significant
decrease in dendritic spine density compared to mock-treated controls (a, c¢) but no differences were found
between treated neurons of both genotypes (b, c). Scale bar = 25 pm.

3.6 Impaired ER translocation of transgenic N1 results in its cytoplasmic
retention

To our surprise, our protective strategy directed against proteopathic seeds by transgenic
overexpression of N1 failed. But how can this lack of expected beneficial effects be explained? To
answer this question, expression as well as the secretion levels of N1 was analysed in primary
neurons isolated from both genotypes. WB analysis confirmed overexpression of the transgene
and, again, presence of a double band in corresponding lysates of TgN1 neurons (Figure 3.12a),
but surprisingly, no significant differences in the secreted levels of N1 in the conditioned media of
TgN1 versus WT neurons were detected (TgN1: 0.75 +£0.17; WT set to 1.00 +0.19; n=3; SEM,;
Figure 3.12). This indicated that transgenic N1 was not secreted but rather retained inside the cells
and would be in strong agreement with recently published cell culture studies showing that proteins
consisting exclusively of intrinsically disordered domains (IDDs), such as the N1 sequence, cannot
efficiently translocate into the ER for secretion (Gonsberg et al. 2017; Heske et al. 2004; Miesbauer
et al. 2009).
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Figure 3.12: Transgenically expressed N1 is not secreted. (a) Lysates and conditioned media of primary
neurons (in mono-culture) from newborn WT and TgN1 mice (postnatal day 0 to 1) were biochemically
analyzed for levels of N1 and PrPC. While overexpression of N1 is confirmed in the lysates of TgN1 neurons,
no increase in levels of secreted N1 is found in the respective media supernatants (n=3). Asterisks show
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rupture of the gel prior to immunoblotting with no impact on the scientific conclusions. (b) Densitometric
quantification of secreted N1 (normalized to released (shed) PrP detected in media).

Based on these findings, we could expect transgenic N1 to be accumulated in the cytosol where it
would eventually be degraded by the proteasome. To study this, we inhibited proteasomal
degradation in primary neurons using MG132 and subsequently performed WB analyses (Figure
3.13). Indeed, this blockage of the proteasome (which was also confirmed by elevated levels of the
cytosolic resident -catenin) resulted in severe accumulation of N1, supporting the view that N1 is
not transported into the ER but rather retained in the cytosol. Interestingly, this cytosolic
accumulation of N1 likely explains the presence of the double band (also detected in various WB
both in N1-transfected N2a cells (Figure 3.2a) and TgN1 mouse samples shown above (Figure
3.4a) with the lower band corresponding to bona fide N1 (~10 kDa), whereas the upper band
represents N1 with uncleaved N-terminal ER-targeting signal peptide (N1-SP ~12 kDa). Lastly,
TgN1 mice serve as the first in Vivo model for impaired ER translocation and secretion of IDDs,
guestions a relevant role of cytosolic prions in prion diseases, and highlight important

aspects to be considered when investigating the a-cleavage of PrP¢ and its fragment

+DMSO +MG132 _

WT  TgN1 _WT  TgN1 - ==
kDa ’
95- W SN SN e s [(-catenin

o, O 0 W -actin

ek
35-
EERRREES -
MG
25- ~ 132
s . N1 L
longer exposure: >
: N1 SB
.. )

Figure 3.13: Proteasomal inhibition results in accumulation of N1 with uncleaved SP in the cytosol.
Primary neurons treated with proteasomal inhibitor (+MG132) or solvent only (+DMSO; as control) assessed
by western blot analysis of lysates for expression levels of N1, PrPC, B-catenin and B-actin. Note that, due to
the low biostability of N1 leading to its fast degradation, detection of N1 occasionally needed longer
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exposure. Blockage of the proteasomal degradation pathway resulted in a strong accumulation of N1 with an
uncleaved signal peptide (SP) in the cytosol (diagram on the right; proteasome is depicted in blue).

3.7 Additional findings on N1 and the a-cleavage to be considered in future

studies
Throughout this work on aspects related to N1 and the a-cleavage we also made observations that
are of likely relevance for future studies on these topics and will briefly be presented here. For
instance, a reliable detection of the N1 fragment in biochemical analyses has always been a
challenging step for us and others in the field working on this small and unstructured soluble
fragment. In fact, the reported (Yusa et al. 2012) low biostability and fast degradation of N1 upon
release in biological samples make it difficult to work with it, to faithfully detect it and to study its
physiological relevance, thus potentially providing a relevant hurdle for reproducibility between
studies. To better understand the intricate nature of different N1 forms found in biochemical
analyses presented here and elsewhere (Mange et al. 2004), we performed some experiments in
murine neuroblastoma (N2a) cells. In WB analysis of cell lysates and conditioned media of cells,
which had been frozen and thawed for a few times, N1 presented with several bands of slightly
smaller molecular weight than the bona fide N1. By contrast, freshly prepared samples did not
show such lower extra bands in our hands (e.g. Figure 3.2a for cells, Figure 3.4 for brain
homogenates) and experiments of others (Beland et al. 2014; Miesbauer et al. 2009). This indicated
that some (supposedly unspecific) proteolytic trimming events are taking place upon freezing and

thawing.

We decided to further analyze this on endogenously produced N1 in the conditioned media of wild-
type N2a cells. Interestingly, upon incubation of the culture media overnight with the 6D11
antibody directed against an epitope in the central part of fl-PrP¢ (aa 93-110; which, upon a-
cleavage, corresponds to the very C-terminal part of the N1 fragment), trimming of N1 to smaller
fragments was completely blocked (Figure 3.14). In contrast, treatment with a negative control
antibody (POM1 raised against the C-terminal half of PrP®) did not interfere with this trimming

process.

This finding revealed that, once N1 is released, it can be further cleaved and fragmented from its

C-terminus, probably via unspecific cleavage by extracellular proteases. This may partially explain
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the low biostability and fast degradation of N1. Of note, one of N1’s described AB-binding sites is
located exactly at very C-terminal end of N1 (aa 95-110(Laurén, David A Gimbel, et al. 2009)),
and trimming may hence affect this interaction, highlighting the need of a C-terminal stabilizing
modification when considering potential therapeutic options based on exogenous administration
of N1 derivatives.
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Figure 3.14: Low biostability and fast degradation of N1 partially caused by C-terminal trimming events.
Western blot analysis of WT-N2a cells and conditioned media treated either with an antibody directed against
the very C-terminus of N1 (6D11; epitope ranging from amino acid 93 to 109) or with an antibody against
the globular C-terminal part of PrP® (POM1). sAPPa, a fragment resulting from the non-amyloidogenic
processing of APP, was detected as a loading control for media samples. N1 in media is detected as a clear
single band at the expected size (~11 kDa) when cells were treated with 6D11, whereas in POM1-treated
cells, fragmentation to lower molecular weight bands is observed. This clearly indicates a proteolytic
trimming of N1 at its C-terminus once it is released from cells (scheme on the right).

Another characteristic of the a-cleavage that needs to be considered is the apparent tolerance of
the responsible protease(s). Earlier studies have already pointed out that the relevant proteolytic
entity is highly tolerant towards modifications at the cleavage site (Lutz et al. 2010; Oliveira-
Martins et al. 2010), whereas one group suggested that the primary sequence around the cleavage
site is of significant importance for the generation of N1 and C1 fragments and that a single amino
acid substitution (H110Y) is sufficient to impair the cleavage (McDonald and Millhauser 2014).
Therefore, we also mutated one amino acid at the suggested site (aa 110) from H to Y by site-
directed mutagenesis. After transient transfection of N2a cells with either this PrP® mutant

(H110Y) or a WT-PrPC construct, levels of the membrane-bound C1 fragment in the cell lysates
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were assessed. For a clear detection of the C1 fragment, cell lysates were also digested with
PNGase F in order to remove the N-linked glycans. In parallel, the N1 fragment was also detected
in the corresponding conditioned media. In contrast to the study of McDonald et al, our WB
analyses revealed no significant differences in the a-cleavage as assessed by the ratio of C1 to fl-
PrP between the H110Y mutant and WT-PrP (WT set to 1, H110Y=1.16; SEM=0.12, n=3,
P=0.41), thus rather confirming the earlier studies showing that a-cleavage is tolerant towards

sequence modifications at the cleavage site (Figure 3.15).
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Figure 3.15: The a-cleavage of PrP¢ is tolerant towards modifications at the cleavage site. Histidine at
position 110 was substituted by tyrosine, as this modification (H110Y) was shown in one study to impair the
a-cleavage. The blot (on the left) shows full-length PrP¢ and its fragment (C1) before and after PNGase F
digestion. Released N1 fragment was detected in the conditioned media (blot on the right). Quantification
shows levels of the C1 fragment normalized to flI-PrPC levels( n=3, P=0.41).

3.8 A promising solution: Successful generation of new transgenic mice

expressing an N1-Fc fusion protein
The results obtained with our TgN1 mice represent the first in vivo proof of earlier studies showing
that, for ER translocation to be successful and efficient, proteins need to present structural regions
(such as a-helical domains) at one point in the growing peptide chain (Dirndorfer et al. 2013; Ziska
et al. 2019). In the case of PrPC, the structured C-terminal half fulfills these criteria (Heske et al.
2004), whereas expression of N1 alone, which lacks such elements, results in cytosolic

accumulation as shown above (Figure 3.13).

Therefore, in order to study the neuroprotective effects of N1, an improved transgenic mouse

model, which not only overexpresses but also secretes sufficient amounts of N1, was required and
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had to take into account all considerations mentioned above. To overcome the lack of N1 secretion
and to increase its biostability, we first carefully compared the expression of N1-fusion proteins in
PrP-depleted N2a cells. As expected, in contrast to N1 alone, N1 fused either to the Fc region of
an 1gG (N1-Fc) or to a nanobody (N1-Nb) was efficiently secreted and readily detected in
conditioned media (Figure 3.16). Of note, in addition to the respective full-length fusion proteins,
we also detected signals at the expected size for N1 alone. This strongly suggests that a-cleavage
or an a-cleavage-like proteolytic event can still take place, even if the C-terminal half of PrP® is
replaced by a completely different (though structured) protein. This finding further highlights the
extreme tolerance of this cleavage event to significant modifications of the protein sequence
described earlier (J B Oliveira-Martins et al. 2010).
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Figure 3.16: Western blot analysis of lysates and conditioned media of PrP-depleted N2a cells transfected
with PrP, N1 or N1 fusion proteins. Expression levels of different N1 variants were analyzed upon
transfection (TF) with constructs coding for full-length murine PrP (+PrP), N1 (+N1), or N1 fused either to
an 1gG Fc tag (+N1-Fc) or to a nanobody tag (+N1-Nb). In contrast to N1 alone (which rather accumulates
inside the cells than being secreted), N1-Fc and N1-Nb are efficiently secreted into the media. Note that
besides the full-length forms of both fusion proteins, an additional band corresponding to N1 was also
observed. The asterisks indicate a band of unknown identity. Antibody used for detection: 6D11.

Lastly, the combination of N1 with Fc tag was considered to be a better option for generating the

new mouse line, not only because of the higher expression/secretion of N1-Fc, but also because
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future experiments may profit from the Fc tag for detection and purification, and the combination
of a Fc tag with full-length PrP has been used before (Legname et al. 2002; Meier et al. 2003). In
addition, by choosing a murine IgG Fc, we expected to minimize immunogenicity in mice. The
new transgenic mice overexpressing N1 fused with a murine IgGl Fc-tag (TgN1-Fc) were
generated using the same half genomic PrP construct (used for TgN1 mice) after cloning the N1-

Fc transgene into the construct.

TgNZ1Fc mice were generated by pronuclear injection of embryos at the transgenic animal facility
at ZMNH. So far, these mice show no obvious phenotypic alteration and they breed normal. Initial
biochemical characterization of mice was very recently performed by WB analysis of brain

homogenates (Figure 3.17) showing successful expression of the fusion protein in TgN1-Fc mice.
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Figure 3.17: Successful generation of N1-Fc-overexpressing (TgN1-Fc) mice. Western blot analysis in
forebrain homogenates from six weeks-old mice (n=3) indicating expression of the transgene in TgN1-Fc
mice. Note that the N1-Fc fusion protein has almost the same molecular weight as di-glycosylated fl-PrP¢€,
thus causing the signals to partially overlap. Upon PNGase F digestion to remove glycans, the N1-Fc band
(green arrow)becomes more clearly visible in TgN1-Fc mice.
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4 Discussion

In my thesis, | aimed to investigating the protective effects of the prion protein N1 fragment against

neurodegenerative diseases in vivo.

Under physiological conditions, the proteolytic a-cleavage is found to be the prominent processing
event occurring on 5-50% of the PrP® molecules depending on the cell type and brain region (Chen
et al. 1995; Shyng et al. 1993), suggesting physiological relevance for this proteolytic cleavage and
the resulting fragments. However, the protease responsible for this cleavage is still unknown. But
it is known that a-cleavage is not dependent on cell membrane localization of PrP® (Adrian R.
Walmsley et al. 2009). In fact, this cleavage was suggested to take place in the late secretory
pathway (A R Walmsley et al. 2009; Zhao et al. 2006), cleaving PrP¢ in the middle of its amino
acid sequence at position K110/H111 (Chen et al. 1995; Jimenez-Huete et al. 1998; Mange et al.
2004). As a consequence, the unstructured, flexible N-terminal half of the protein is released into
the extracellular space and body fluids as a soluble N1 fragment, whereas the globular C-terminal

part remains attached to the outer leaflet of the plasma membrane via its GPIl-anchor (Figure 4.1).
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Figure 4.1: Schematic representation of PrPC. The mature membrane-bound PrP¢ is composed of two distinct structural parts.
The C-terminal domain comprises three a-helices, a short B-sheet, up to two N-glycans and a GPl-anchor for anchorage to the
outer leaflet of the plasma membrane. The unstructured and flexible N-terminal domain contains important binding sites for
interaction with various molecules, such as toxic protein oligomers (red) found in neurodegenerative diseases. Having these binding
sites, PrPC can act as a receptor for toxic oligomers and triggers neurotoxic signaling events. A highly conserved proteolytic
processing event, termed a-cleavage (blue) splits the two dissimilar halves of PrP¢ resulting in C-terminal C1 fragment tethered to
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outer leaflet of plasma membrane and the release of the flexible N1 fragment into the extracellular space, where it shows
neuroprotective effects by blocking the toxic entities.

For the first time, Lauren et al. showed that PrP¢ is a receptor for AP oligomers (the neurotoxic
protein species involved in AD) and mediates the neurotoxicity of AP resulting in impaired
hippocampal long term potentiation (Lauren et al. 2009). As such, the binding of Ap oligomers to
cell surface PrP¢ provide important mechanistic insights into the pathophysiology of AD. In the
present study, we could also confirm earlier in vitro studies showing the binding of A to the N1
fragment, after AP treatment and immunoprecipitation of conditioned media from PrP-depleted
N2a cells overexpressing N1. This supported the specific binding of synthetic AP to the N1
fragment, which was produced in our cell culture model. However, there was also a weaker,
probably non-specific band in PrP KO conditioned media after immunoprecipitation with Pom2

antibody (Figure 3.2a) which we believe is due to non-specific binding of AP to beads and tubes.

It was shown before in our group that the PrP¢-Ap interaction always occurs in AD brains, whereas
it was not seen in non-demented controls (Dohler et al. 2014). Importantly, both binding sites of
PrP¢ for AB oligomers are located within the N-terminal half (at amino acids 23-27 and 95-110)
(Fluharty et al. 2013; Laurén, David A Gimbel, et al. 2009). In this regard, a-cleavage is expected
to be protective, on the one hand by reducing membrane-bound full-length PrP (as the high affinity
AP receptor at the neuronal surface) and, on the other hand, by releasing the soluble N1 fragment,
which is capable of binding to the toxic AP oligomers in the extracellular space, thus preventing
them from inducing neurotoxic signaling cascades in neurons (reviewed in (Altmeppen et al.
2013)). Interestingly, residues 23-31 of PrP° are also a critical site for the initial binding of PrPs¢,
the pathogenic, misfolded form of the prion protein, and hence, are involved in the first steps in
the templated conformational conversion underlying prion diseases (Turnbaugh et al. 2012).
Consistent with this, Fang et al. showed that primary neurons from transgenic mice expressing N-
terminally truncated forms of PrP®¢ (A23-31 and A23-111) are resistant to PrPS¢ toxicity,
pinpointing an essential role for these residues in the pathogenesis of prion diseases (Fang et al.
2016). We therefore decided to investigate, whether the neuroprotective effect of N1, which has
been mainly suggested in AD, also applies in prion diseases by interfering with the neurotoxicity
and misfolding induced by critical seeds of PrPS¢, We hypothesized that increased levels of N1
would interfere with prion conversion and prolong the incubation period of the disease and aimed

for investigating this in vivo.

50



However, controversies regarding the identity of the endogenous a-PrPase responsible for the
release of N1 impede the direct pharmaceutical targeting of this cleavage. Earlier studies suggested
some members of the ADAM family of metalloproteases to be responsible for this cleavage, such
as ADAMBS (which was proposed to be the a-PrPase at least in muscle tissue (Jingjing Liang et al.
2012) and ADAM10 (Cisse et al. 2005) and ADAM17 (also known as TACE) (Vincent et al. 2001).
A later study in our group, while showing that ADAMZ10 is the sole sheddase of PrP challenged
involvement of ADAMI0 in the a-cleavage of PrP (Altmeppen et al. 2011). Therefore, with a-
PrPase remaining unidentified it is difficult to manipulate levels and study the roles of released
N1. To overcome this obstacle and to study in detail the potentially neuroprotective effects of N1
against toxicity of B-sheet rich oligomers in proteinopathies (such as Apa. oligomers in AD and

PrP¢ in prion diseases), we aimed to overexpress N1 both in vitro and in vivo.

4.1 N1 and N1 fusion proteins can be expressed in N2a cells for in vitro study

In previous studies, the N1 fragment has been expressed with fusion tags, such as a GST tag
(Guillot-Sestier et al. 2009). Alternatively, recombinant N1 protein has been used for in vitro
experiments (Guillot-Sestier et al. 2009). In this thesis, |1 aimed to exclude any potential
interference of a fusion tag with the bioactivity and structure of N1 in vivo, and to study a fragment
most closely representing the natural form of N1 resulting from endogenous a-cleavage | therefore
first cloned a construct coding for N1 alone without any additional tag. In addition, | generated
other tagged N1 constructs with N1 fused to either an Fc part of a mouse IgG or to a nanobody tag,
by using different cloning strategies in order to compare the expression and secretion levels of N1
versions in different experimental approaches. After transient transfection of PrP-depleted N2a
cells with the N1-only construct, the level of expressed and secreted N1 was analyzed by western
blot of cell lysates and of immunoprecipitated N1 from conditioned media. Although N1 appeared
as a diffuse band (likely due to its described low biostability and fast degradation rate), this
experiment showed that the construct was expressed and, importantly, indicated that N1 was also
secreted by these neuronal cells (Figure 3.1a). The diffuse appearance of the band corresponding
to N1 was improved later during this study by optimization in preparation, handling and analysis
of the samples (i.e usage of 4-12 % gradient gels instead of commonly used hand-made 12 %
continuous gels). These adjustments enabled us for a reliable and sensitive detection of the N1

fragment even in 50 ul of conditioned media without the need for an immunoprecipitation step.
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The second fusion protein was produced using a Fc tag, a strategy that has been employed before
by others in combination with the full-length PrP (Masel, Genoud, and Aguzzi 2004; Meier et al.
2003) and that is known for improving the secretion and biostability of a given protein while

causing only low immunogenicity.

For expression of the N1 versions, the strong and commonly used CMV promotor was used in
order to yield a robust overexpression of the transgenes. In the case of the N1-Nb constructs, two
different ER signal peptides (SP) were used and the coding regions were cloned into different
expression vectors. The reason for this was that the Nb coding sequence, which was initially cloned
to be fused to the C-terminus of N1 in the pcDNAS3.1 vector, resulted in very low expression level
after transfection (Figure 3.1c). In contrast, the expression levels of either, N1 alone and Nb alone
were comparably high. A possible explanation for this low expression of the fusion protein could
be the relatively weak ER-targeting SP of murine PrPC. Therefore, the N1 coding sequence was
also cloned into a pCS3 vector placing it between the Nb sequence and the sequence of the Nb
signal peptide Ig Kappa, which replaces the original murine SP with the more effective Nb signal

peptide (Figure 3.1c).

Interestingly, upon expression in cells, a readily detectable portion of both N1-Nb and N1-Fc
fusion proteins seem to undergo an a-cleavage-like event resulting in the appearance of three
fragments: (i) the expected full-length fusion protein, (ii) a cleaved tag fragment, and (iii) a
fragment likely corresponding to N1. This surprising observation may be considered as further
evidence for the high tolerance of the a-cleavage towards even significant modifications at the
cleavage site, which has been reported by others earlier (José B. Oliveira-Martins et al. 2010).
Nevertheless, occurrence of a-cleavage on the overexpressed fusion proteins likely does not
interfere with the overall experimental settings, as the major aim of this project was to increase
levels of N1 in the extracellular space. Regarding the described high tolerance of the a-cleavage
towards modifications (José B. Oliveira-Martins et al. 2010), we also showed that mutating an
amino acid at the cleavage site does not stop and not even reduce the proteolytic processing rate
(Figure 3.15 and Figure 4.2).
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Figure 4.2: High tolerance of a-PrPase towards modifications at the cleavage site. In normal tissues and cells, PrP¢ mainly
cleaved at the 110/111 (of murine sequence)by an unknown protease(s). Inducing a mutation at the cleavage site did not affect the
prevalence of the cleavage.

Detectable levels of N1 in the media of transfected N2a cells convinced us to continue using the
“N1 alone strategy” for further experiments. In line with previous studies (Fluharty et al. 2013;
Laurén, David A Gimbel, et al. 2009), our in vitro AP binding assay also confirmed the capability
of N1 (expressed in n2a cells)to bind A4, oligomers (Figure 3.2a). Moreover, N1 overexpression
was also neuroprotective in an AP neurotoxicity assay based on the assessment of activated,

cleaved caspase 3 (Figure 3.2b), thus again confirming studies by others (Fluharty et al. 2013).

4.2 Generation of TgN1 mice for studying the protective effects of N1 in prion

and Alzheimer’s diseases
The need for a reliable mouse model for studying the neuroprotective potential of N1 against
neurodegenerative diseases, such as prion diseases, and even against pathological conditions, like
stroke, led us to generate TgN1 mice.. Different PrP KO mice lines have been generated in the past
and all were resistant to prion diseases (Bueler et al. 1993; Steele, Lindquist, and Aguzzi 2007).
This and several strong lines of evidence have shown that establishing prion disease requires
expression of PrPC at the cell surface of the host cells (Brandner et al. 1996; Chesebro et al. 2005),

TgN1 mice were generated on a PrP WT background

The “half-genomic” mouse Prnp minigene containing the prion promoter and the Prnp open
reading frame (Fischer et al. 1996) was used to generate TgN1 mice. The mice were successfully
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generated (in the transgenic animal facility of the ZMNH/UKE) by pronuclear microinjection of
embryos, resulting in a random integration of the transgene in variable copy numbers. Therefore,
a pre-selection between different founders was required to select the ones with high expression.
To do so, specific primers recognizing only the transgene but not the endogenous Prnp gene were
required. This was especially difficult because the transgene has a sequence identical to the
endogenous Prnp gene, but in the half-genomic construct, is lacking the introns. Profiting from
this dissimilarity between gene and transgene, the primers for the genotyping were designed in a
way to amplify a small part of exon 2 (i.e. the non-coding exon which is separated from coding
exon 3 in the endogenous Prnp by a 6 kb intron (Westaway et al. 1994) until the middle of exon
3where the sequence coding for N1 ends. Using this strategy, the problem for genotyping was

solved.

Two different founders (one with higher and the other with a mild expression of N1) were selected
and maintained in two separate lines. As expected, transgenic N1 mice are viable, fertile and do
not present any obvious phenotypical alteration even at very advanced age (some mice were
maintained up to 72 weeks). This is particularly important, as some transgenic animals with
mutations or truncated forms of PrP have been linked to neurodegenerative phenotypes (Hegde et
al. 1999; Ma, Wollmann, and Lindquist 2002). Further characterization of TgN1 mice confirmed
expression of the transgene at different levels, showing (i) higher copy numbers, (ii) increased
levels of MRNA, and (iii) most importantly, increased protein levels of N1 in different brain

regions (as it was shown in Figure 3.2, Figure 3.3 and Figure 3.4).

4.3 Unexpected outcomes from challenging TgN1 mice in disease conditions

While the natural transmission of most prion diseases occurs via peripheral infection, such as the
oral route (Thackray, Klein, and Bujdoso 2003), the most efficient route for experimental initiation
of CNS prion propagation and subsequent prion disease is by direct intracerebral inoculation with
(host-adapted) prion strains (Bett et al. 2012). Notably, different prion strains represent different
conformations of PrPS¢ which in turn result in differences in their biological properties such as
incubation times (Safar et al. 1998; Tanaka et al. 2004). In the case of mouse-adapted RML prions,
WT mice infected via intracerebral route show fully established prion disease and reach a terminal
stage at about 150 days post inoculation (Altmeppen et al. 2015; Legname et al. 2005). Terminal
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disease stage is defined by roughened fur, hind limbs clasping, hunched back, tail rigidity,
weakness, ataxia and weight loss (Watts and Prusiner 2014).

Mice intracerebrally challenged with RML prions, showed no differences in the appearance of
clinical signs of the disease compared to their WT littermate controls and reached a terminal stage
of the disease at very similar time-points (Figure 3.7a and table 4.1). This result might, at first
glance, indicate that overexpression of N1 in TgN1 mice is not protective against prion disease.
But does this lack of protection really contradicting the beneficial effects of N1 against B-sheet
rich oligomers or does it instead point towards a problem of our mouse model? This question was
answered by investigating the secretion of N1 by primary neurons derived from TgN1 mice and
their WT littermates. This analysis clearly showed that, while TgN1 neurons indeed express higher
level of N1 (detected in lysates), there is no increased secretion into the culture media (Figure
3.12). Thus, transgenic N1 failed to traffic to the extracellular space where protective effects were
expected to take place, and was instead retained in the cytosol (as will be discussed further in
chapter 4.5).

Noteworthy, slightly yet significantly higher levels of total PrP (i.e. PrP¢ and PrP¢including SDS-
stable PrPS¢ oligomers of higher molecular weight) were detected in terminal prion-infected TgN1
mice compared to WT controls (Figure 3.8). In line with this, PK digestion of infected samples
(which eliminates all proteins in the sample except for the PK-resistant PrP¢ molecules) revealed
increased PrP levels in prion-infected TgN1 mice (Figure 3.8). Thus, increased total PrP levels

in TgN1 mice are likely due to slightly increased prion conversion in these animals.

Furthermore, assessment of candidate signaling pathways related to prion diseases showed higher
levels of phosphorylated p38 MAP kinase in the brain samples of the prion-infected TgN1 mice.
This could be due to higher levels of PrP in these animals (Fang et al. 2018; Puig et al. 2016).
p38 MAPK is a stress-activated protein kinase, which is stimulated in different conditions of
cellular stress (reviewed in (Cuadrado and Nebreda 2010), and has been implicated in a wide range
of important functions, such as regulation of the cell cycle, induction of cell death, and cell
differentiation. In the nervous system, p38 MAPK has been linked to neurodegenerative diseases
by playing a role in neuronal damage and survival, as well as in synaptic plasticity (Corréa and
Eales 2012; Thomas and Huganir 2004)
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4.4 Lack of N1-mediated protection against neurotoxicity of Ap

Dendritic spines are very complex cellular structures and the contact sites for most excitatory
synapses in the brain, which undergo continuous structural modification and remodeling during
development, learning, and memory formation in response to a variety of stimuli (Fiala, Spacek,
and Harris 2002; Herms and Dorostkar 2016; Siskova et al. 2013). Loss of dendritic spines
precedes neuronal death, making dendritic spines an important locus in neurodegenerative diseases
such as AD. (Herms and Dorostkar 2016). The existing literature states that N1 fragment in the
extracellular space binds selectively and with high affinity to transient AP species (which is
forming during the polymerization of this peptide into fibrils) and it thereby inhibits the
polymerization process of AR (Fluharty et al. 2013). In this study, the neuroprotective effects of
N1 against AB-mediated toxicity were assessed using a novel low-density co-culture of
hippocampal neurons with a separate astrocyte feeder layer that recapitulates Ap-induced
synaptotoxicity and retraction of dendritic spines. Our results show that, while Ap treatment of
primary neurons does induce retraction of dendritic spines, there is no significant difference
detectable between WT and TgN1 neurons treated with Ap (Figure 3.11).

Our transgenic overexpression of N1 showed no protection, not only in prion diseased mice, but
also against Ap-mediated dendritic spine loss in primary neurons. It is noteworthy to state, that
both experiments were conducted before the key experiment clarifying that transgenic N1 is not
secreted. The failure of N1 to be secreted explains the lack of protective effect observed. A cell
biological explanation of our “failed strategy” will be discussed in the following chapter. The
existing literature states that N1 fragment in the extracellular space binds selectively and with high
affinity to transient AP species (which form during the polymerization of A into fibrils) and

thereby inhibits the polymerization process of Ap (Fluharty et al. 2013).

Nevertheless, we were able to establish the previously published neuron-astrocyte co-culture
system (Kaech and Banker 2006) and used it in our study to confirm that quantitative analysis of
dendritic spines can be used as a reliable method for studying neurotoxicity of AP at the synaptic
level. The advantages of these low density cultures for morphological analysis of neurons are, that
neurons can fully grow without overlapping each other, thus facilitating the visualization of single
neurons. Moreover, co-culturing of neurons with astrocytes on a separated layer (without any

physical interaction) provides neurons with important factors for growth and differentiation
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helping them to mature and develop their morphology. This protocol also allows to keep neurons
in culture for extended time periods (compared to neuronal monocultures). This is because
astrocytes have important roles in the intercellular communication and development, support, and
maintenance of the central nervous system, with functions including the secretion of growth factors
and uptake of transmitters (Allen 2014; Clarke and Barres 2013; Perea, Navarrete, and Araque
2009).

The lack of protection in TgN1 mice is in contrary to what we saw initially in cell culture
experiments. In fact, our in vitro experiments initially confirmed the binding of N1 to A and also
showed the neuroprotection of N1 against A toxicity. However, we think the sufficient secretion
levels of N1 in N2a cells could be due to transient transfection and strong CMV promoter, which
may cause a unphysiologically high level of secretion of the transgene. After facing this problem
with TgN1 mice, we immediately reacted by generating a second mice line overexpressing N1, but
this time as a fusion protein using a Fc tag. The second line of transgenic mice can be used to
answer the initial questions mentioned above, namely: Does overexpression of N1 change the
disease course, PrPS® formation, propagation, and neurotoxicity of prion diseases? Does

overexpression of N1 protect neurons from the neurotoxicity of Ap?

4.5 Cytoplasmic retention of N1 due to impaired ER translocation

As pointed out above, further investigations revealed that the transgenic N1 is not secreted but
retained inside the cell. This finding is in strong agreement with cell culture studies which showed
that, during translation, those proteins lacking any structured domains, such as a-helices, and
instead consisting solely of intrinsically disordered domains (IDDs), cannot efficiently translocate
into the ER and, hence, cannot enter the secretory pathway in the first place (Figure 4.3) (Gonsberg
et al. 2017; Heske et al. 2004; Miesbauer et al. 2009). Instead, such proteins are retained in the
cytoplasm where they are subject to proteasomal degradation (Ma and Lindquist 2001). In the case
of full-length PrP<, the globular C-terminal half with its a-helices fulfills these criteria of structured
domains. By contrast, in the case of N1 alone, structural elements are missing completely.
Accordingly, N1 bands detected in conditioned media of primary neurons from both genotypes
solely correspond to endogenous proteolytically generated N1 with no increased levels found for
TgN1 neurons (Figure 3.12).
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Figure 4.3: Accumulation of N1 fragment with un-cleaved SP in cytosol. Structural elements, such as a-helical domains, have
to be present in the nascent chain for an efficient ER translocation of a given peptide by Sec61. Despite having a SP, the N1 fragment
lacks any structured domain. Consequently, it retains in the cytosol. By contrast, the, addition of any alpha helical element to N1
will increase its translocational rate.

Cytosolic forms of PrP has been described (Mironov Jr. et al. 2003; Stewart and Harris 2003).
These aberrant forms of PrP may result from pathogenic mutations, retrotranslocation from the ER
in cellular stress conditions, or from inefficient ER translocation. Aggregation-prone cytPrP is
constantly cleared by the proteasome, but if, this degradation system is impaired, the cytoplasmic
accumulation of CytPrP occurs (Ashok and Hegde 2009; Ma et al. 2002; Orsi et al. 2006). Fittingly,
upon proteasomal inhibition, we also observed drastic accumulation of N1. It has been shown in
some studies that cytosolic PrP accumulates in cells upon treatment with proteasome inhibitors.
This observation initially suggested that some molecules are retrotranslocated into the cytoplasm
from the ER lumen as part of normal ER quality control mechanisms (Ma and Lindquist 2001; Ma
et al. 2002; Yedidia et al. 2001). However, another study showed that cytosolic PrP molecules are
untranslocated molecules that have never entered into the ER. It was even shown that this form of
PrP contains an uncleaved N-terminal SP (Drisaldi et al. 2003). This is in line with our observation
in this study that N1 accumulates in cytosol with an uncleaved SP in TgN1 primary neurons. This
uncleaved SP form of N1 also explains the appearance of an additional band with slightly higher

molecular weight than the bona fide N1.
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4.6 Conclusion & future directions

There is no doubt that some of the suggested functions for PrP¢ are mediated by the flexible N-
terminal fragment, N1. Among them, neuroprotection of N1 against B-sheet rich oligomers like
AP, seems to be a potential therapeutic strategy against neurodegenerative proteinopathies.
However, it remained to be determined whether N1 indeed acts protective against toxicity and
propagation of prions in vivo. Using our TgN1 mice model, this issue could not be answered due
to the above mentioned, cytosolic retention of N1. Given that the proteasomal degradation is
involved in PrPS¢ degradation, it is plausible that the massive overproduction and accumulation of
cytosolic N1 reduces the efficiency of the proteasome to degrade PrP¢. In addition, activation of
the MAP kinase p38 has been linked to the toxic signaling underlying prion diseases. Hence, it is
likely that the increase in p38 phosphorylation in our TgN1 mice at the terminal stage of prion

disease is a consequence of the elevated PrP*¢ levels.

Our TgN1 mice did not exhibit a neuroprotective effect against AB and could therefore prion
diseases and AD. Nevertheless, it is still a valid model for studying the impaired translocation
while having an ER-targeting signal constituting the first in vivo proof of what has previously been
studied in vitro. For this, we are starting a new project in collaboration with experts at the

University of Bochum to further investigate this matter.

The addition of a strong secretion tag seemed to be a promising strategy in generating a
transgenicmice model that can secret the soluble N1. In fact, our preliminary data from
characterization of TgN1Fc mice confirm that. These mice will soon be used for several studies on
neurodegenerative diseases including prion diseases and AD as well as for hypoxic conditions like
stroke. For the latter goal, we have already started a collaboration with the institute of Neurology
at the UKE, in order to induce strokes in TgN1Fc mice. As overexpression of PrP has been shown

to reduce the infarction area after stroke.
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5 Summary

The highly conserved and constitutively active endogenous a-cleavage of the prion
protein has so far mostly been linked to protective effects. As a soluble factor, the released
unstructured N1 fragment acts beneficially in several ways. For instance, it reduces
hypoxia-induced neuronal damage and is involved in myelin maintenance. Many studies
have shown that N1 is able to block toxic oligomers, such as AR which is abundantly
produced in Alzheimer's disease, and interferes with their synaptic impairment and

neurotoxicity.

However, for prion diseases, a potentially protective role of N1 by a similar mechanism
neutralizing PrPS¢ oligomers and interfering with prion conversion has not been studied
yet. Since the protease responsible for the a-cleavage has not been identified,
pharmacological targeting of this entity is not yet possible. We therefore directly
addressed this issue in vivo by generating transgenic mice (TgN1) overexpressing N1 on
a wild-type background and challenging them with prions. Despite moderate differences
in PrPs¢ formation and p38 activation, incubation times and disease duration were similar
between TgN1 mice and wild-type littermate controls. Biochemical and morphological
assessment of brain samples, primary neurons, and cell culture models then revealed
that our direct “protective” strategy failed due to cytosolic accumulation and lack of
secretion of the transgenic N1. Nevertheless, this work provides the first in vivo proof of
the recently described impaired translocation of intrinsically disordered peptides into the
endoplasmic reticulum. Moreover, it demonstrates the effects of cytosolic accumulation
of N1 with uncleaved signal peptide, addresses proteasomal degradation, questions the
general relevance of cytosolic prions in prion diseases, and highlights important aspects
to be considered when investigating the a-cleavage of PrP¢ or devising N1-based
therapeutic approaches. To study the potential neuroprotective effect of N1 in the future,
a second transgenic mouse model overexpressing N1 fused to a Fc tag was generated

and its initial characterization will be provided here.
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7 Abbreviations:

aa

AD
ADAM
APP
AP
BBB
BSE
cDNA
CDP
CJD
Co-IP
C-terminus
DM
DNA
dpi
EDTA
elF2a
ER

Erk1/2

Amino acid

Alzheimer’s disease

A disintegrin and metalloproteinase
Amyloid precursor protein
Amyloid

Blood-brain barrier

Bovine spongiform encephalitis
Complementary DNA

Chronic demyelinating polyneuropathy
Creutzfeldt-Jakob disease
Co-Immunoprecipitation

Carboxy terminus

Dissecting Medum
Deoxyribonucleic acid

days post inoculation

Ethylene diamine tetra-acetic acid
Eukaryotic initiation factor 2
Endoplasmic reticulum

Extracellular-signal-regulated kinases
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FBS

FFI

Fyn
GGM
GPI
GPR126
GSS

HE
HGC
HPrDs
IDDs

IP

MAP kinase
mGIuRs
MRNA
N1
N1-Fc
N1-Nb
NZ2a
NaDOC

Nb

Fetal bovine serum

Fatal familial insomnia
Tyrosine-protein kinase

Glial Growth Medium
Glycophosphatidylinositol
G-protein coupled receptor 126
Gerstmann-Straussler-Scheinker syndrome
Hematoxylin and eosin
Half-Genomic Construct

Human prion diseases
intrinsically disordered domains
Immunoprecipitation
Mitogen-activated protein Kinase
Metabotropic glutamate receptors

Messenger RNA

N-terminal part of prion protein amino acid 23-110

N1 fused to the Fc region of an 1gG
N1 fused to a nanobody
Neuroblastoma cells

Sdium deoxycholate

Nanobody
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NCAM
NMM
PBS

Pl

PK
PrDs
PrP
Prp¢
Prpsc
RML
RT
RT-qPCR
SP
TBS
TCA
TSE
wB
WT

B-ME

Neural cell adhesion molecule

Neuronal Maintenance Medium

Phosphate buffered saline

Protease inhibitors

Proteinase K

Prion diseases

Prion protein

Cellular form of Prion protein

Scrapie prion protein

Rocky Mountains laboratories prions

Room tempreture

Real-time quantitative polymerase chain reaction
Signal peptide

Tris-buffered saline

Trichloroacetic acid precipitation
Transmissible spongiform encephalopathies
Western blot

wild-type

-mercapto-ethanol
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