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Abstract

Italian



La malattia di Alzheimer (AD) e caratterizzata da depositi di beta-Amiloide (AB) e di
proteina tau iperfosforilata. L'enzima ADAM10 taglia la Proteina Precursore
dell’Amiloide (APP) impedendo la formazione di AB. L'attivita e la localizzazione
sinaptica di ADAM10 sono modulate da proteine che interagiscono con la coda
citoplasmatica di ADAM10. Cio considerato, abbiamo condotto un “two-hybrid
screening” che ha permesso l'identificazione di cyclase-associated protein 2 (CAP2)
come nuovo partner di ADAM10. Le CAPs sono proteine che legano l'actina e sono
coinvolte in rimodellamento del citoscheletro e trafficking vescicolare in cellule non
neuronali. Un'analisi di microarray ha rivelato come in campioni autoptici da pazienti
affetti da AD vi sia una riduzione dell’espressione di CAP2. Pertanto, lo scopo del
presente progetto e valutare il ruolo del complesso ADAM10/CAP2/actina nella
formazione di AB e nella disfunzione sinaptica legata all’AD. | principali risultati di
questo progetto indicano che:

- CAP2 ¢ in grado di formare aggregati e di interagire sia con actina che ADAM10

- E nellippocampo di topi CAP2 knock-out, i livelli postsinaptici di ADAM10 e della
subunita GIuN2A del recettore NMDA siano drasticamente ridotti, indicando come
possibile causa la mancanza di CAP2. Il complesso CAP2/actina influenza I'endocitosi
di ADAM10, percio la sua modulazione & fondamentale per la localizzazione sinaptica
di ADAM10. L'analisi di neuroni ippocampali di topi CAP2 knock-out ha evidenziato
un’alterazione della morfologia delle spine dendritiche, indicando come la mancanza
di CAP2 possa influenzare la plasticita strutturale dei neuroni. Inoltre abbiamo rilevato
un aumento dei livelli di AB1.42 nell'ippocampo ditopi CAP2 knock-out.

- Per quanto riguarda AD, nei campioni di ippocampo di pazienti affetti da AD, cosi
come nell'ippocampo di un modello murino di AD, é riscontrabile riduzione di CAP2 e
la sua localizzazione sinaptica. In aggiunta, il complesso ADAM10/CAP2/actina e
alterato in questi stessi campioni.

- CAP2 ha un ruolo importante nei fenomeni di plasticita sinaptica attivita-dipendente
e nella plasticita aberrante indotta da oligomeri di AB, processi in grado di modificare

la localizzazione sinaptica di CAP2 e l'interazione con i suoi partner.



Alla luce di questi risultati, abbiamo disegnato due approcci terapeutici per modulare
la via di CAP2. Nel primo caso, abbiamo overespresso CAP2 in un modello in vitro di
AD e abbiamo osservato un aumento della localizzazione sinaptica di ADAM10. In
secondo luogo, poiché linterazione CAP2/Actina € aumentata in AD e questo
complesso e importante per la localizzazione sinaptica di ADAM10, abbiamo
sviluppato dei peptidi permeabili alle cellule (CPP) in grado di interferire con
I'interazione CAP2/Actina. Il trattamento con CPP determina un incremento dei livelli
sinaptici di ADAM10 e ne aumenta l'attivita nei confronti di APP. In conclusione, dal

nostro studio emerge come CAP2 sia potenziale target farmacologico per AD.
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Alzheimer's disease (AD) is pathologically characterized by amyloid beta (AB)
depositions and hyperphosphorylated tau. A disintegrin and metalloproteinase 10
(ADAM10), is responsible for the a-secretase cleavage of Amyloid Precursor Protein
(APP), that prevents AB generation. The synaptic localization and its activity towards
APP are modulated by protein partners, which interact with the cytoplasmic tail of
ADAM10. Considering this, we performed a two-hybrid screening that identified actin-
binding protein “cyclase-associated protein 2” (CAP2) as a novel binding partner of
ADAM10. CAPs are implicated in actin cytoskeleton remodelling and vesicle trafficking
of non-neuronal cells, and microarray analysis of AD patient hippocampi specimens
revealed a down-regulation of CAP2 in AD patients. Therefore, the aim of this project
is to evaluate the role of the ADAM10/CAP2/actin complex in the amyloid cascade and
in AD-related synaptic dysfunction.

The main results of the project indicate that:

- CAP2 is self-aggregating and interacts with both actin and ADAM10.

- In the hippocampus of CAP2 knockout mice the synaptic levels of ADAM10 and of
the NMDA receptor subunit GIuN2A are significantly reduced, suggesting that the lack
of CAP2 affects their localization. In particular, the CAP2/actin complex is essential for
ADAM10 synaptic localization since it is involved in ADAM10 endocytosis. Additionally,
we detect an altered spine density and morphology in hippocampal neurons of CAP2
knockout mice, and they show elevated levels of the toxic AB1.42 in their hippocampus.
These data indicate the relevance of CAP2 in synaptic function and structural plasticity.
- Regarding AD, a reduction in CAP2 protein levels and in its synaptic localization is
detected in the hippocampi of AD patients and AD mice. In addition, alterations in the
association of CAP2 to actin and ADAM10 are found.

- CAP2 has a role in activity-dependent synaptic plasticity mediated by long-term
potentiation, and in aberrant plasticity triggered by AB oligomers, which regulate CAP2
synaptic localization and association to its binding partners.

In light of these results, we designed two potential therapeutic approaches to tackle
the CAP2 pathological pathway in AD. First, we overexpressed CAP2 in an in vitro

system modeling AD, and we found an increase in ADAM10 synaptic levels after



overexpression of CAP2. Secondly, since the CAP2-actin complex is increased in AD
pathogenesis and this complex seems to be important for ADAM10 synaptic
localization, we designed a cell-permeable peptide (CPP) to interfere with the CAP2-
actin association. The interference by the CPP treatment can affect ADAM10 synaptic
levels and increases its activity towards APP.

Overall these data indicate that CAP2 is a potential pharmacological target to increase

ADAM10 synaptic localization as a novel AD therapeutic strategy.
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1.) Alzheimer's Disease

1.1.) Alzheimer’s disease clinical symptoms and neuropathological

hallmarks

Alzheimer's disease (AD) is a progressive neurodegenerative disorder that was initially
reported by Alois Alzheimer in 1907 '. AD is clinically characterized by the gradual loss
of memory and cognitive functions, which accounts for the inability to perform daily
tasks and learning, eventually leading to dementia and death. The domains that are
found to be disturbed include progressive memory impairment, language differences,
calculations, orientation and judgment. When two or more of these domains are
disrupted AD is considered. The loss in these functions must be of sufficient severity
on the normal functioning to diagnose a patient with AD, and still diagnosis is often
erratic and final diagnosis can only be confirmed post-mortem with identification of the
brain alterations 2. Additionally, AD is the most prevalent neurodegenerative disorder
and the most common form of age-dependent dementia, where AD accounts for
approximately 60-70% of the cases of dementia. According to the World Alzheimer
Report from 2015, in the global population 46.8 million people suffer from AD or
related forms of dementia, where 9.9 million new cases arise every year.

AD is characterized by the accumulation of amyloid beta (AB) in extracellular senile or
neuritic plaques and by hyperphosphorylated tau protein aggregated in intracellular
neurofibrillary tangles (NFTs). The plaques and the tangles accumulations in AD start
years before the clinical onset of the disease in the so-called preclinical phase of AD 34
(Fig. 1). AB peptide is a proteolytic fragment and the product of the cleavage of APP
via B-secretase followed by y-secretase on specific sites >¢. The NFTs are accumulations
of aggregated hyperphosphorylated tau protein . These two pathological changes are
accompanied by inflammation, synaptic dysfunction, progressive loss of neuronal
tissue in the brain, starting from the locus coeruleus and then spreads to the
hippocampus via the entorhinal cortex 8. Additionally, synaptic dysfunction is starting
after the AB accumulations, but before the Tau-mediated dysfunction (Fig. 1). Where,

to conclude, all events together account for the clinical symptoms, like memory loss
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and cognitive impairment, which will arise during the mild cognitive impairment phase
(MCI), eventually leading to dementia (Fig. 1). Nowadays, the miss-metabolism of the
APP gene causing multiple accumulations of the AB protein are thought to be the
primary driving force of AD development, leading to the "amyloid cascade

hypothesis”.

Abnormal

— Amyloid-§ accumulation (CSF/PET)

~ Synaptic dysfunction (FDG-PETAMRI)
Tau-mediated neuronal injury (CSF)

=== Brain structure (volumetric MRI)

= Cognition

= Clinical function

Preclinical ‘' Mel Dementia

Clinical Disease Stage

Figure 1) Dynamic biomarkers of the AD pathological cascade. AB is identified by measuring cerebrospinal fluid (CSF) AB42 or
Positron Emission Tomography (PET) amyloid imaging. Tau-mediated neuronal injury and dysfunction is identified by CSF
measures of tau or fluorodeoxyglucose-PET. Brain structure is measured by use of structural MRI. MCl=mild cognitive impairment.

Obtained from Jack et al. 2010, adjusted by http://www.acnr.co.uk/2014/06/imaging-presymptomatic-alzheimers-disease/ °

There are two forms of AD: the early-onset familial AD (fAD) and the late-onset sporadic
variant (sAD). fAD is developed before the age of 65 due to autosomal dominant
mutations in the amyloid precursor protein (APP) gene on chromosome 21, presenilin
1 (PSEN1) and presenilin 2 (PSEN2) genes on chromosome 14 and 1 respectively 0.
The fAD form of AD accounts for approximately 5% of the AD cases '3, The more
common form of AD is the late-onset AD (sAD), which has an onset after the age of 65,
which involves multifactorial risk factors, both genetic and environmental '*. The most
widely recognized genetic risk factor of sAD is the €4 allele of the gene that encodes
the apolipoprotein E (ApoEe4) 7. APOe4 normally enhances the proteolytic
degradation of AB, thus increasing its clearance. The APOe4 variant however, is not as

effective in the degrading of AB as the other variants which causes an accumulation of
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the protein and its deposition in the form of plaques. When a person carries
homozygotic APOe4 alleles, the degradation mechanism of AB is disrupted and this

causes an increase in the A protein levels 1°.

1.2.) Alzheimer’s disease pathogenesis: the amyloid cascade

hypothesis

The main research outcomes in the field of AD have led to the amyloid cascade
hypothesis, which states that AB plays a pivotal role in AD pathogenesis. This theory is
the most widely accepted in the field >'¢-18, Additionally, the hypothesis indicates that
in AD patients the AB accumulations trigger synaptic dysfunction, inflammation, NFTs
formation and neuronal loss 4141, Furthermore, in AD animal models the deposition
of AB also precedes the tangle formation 2°. This implies that the NFTs formation is a
downstream event, as a result of the accumulation of AB peptide. The increase in AB
levels is predominantly caused by an imbalance between the production and clearance
of the AB-protein >'¢ (Fig. 2). For that reason, the mechanisms balancing the AB levels
are considered as an essential aspect to keep the brain healthy, whereas when the A

concentrations raise, plaques can be formed.
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Figure 2) The sequence of major pathogenic events leading to AD proposed by the amyloid cascade hypothesis.
Obtained from Selkoe & Hardy 2016 2'.
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As described above, AB originates from the cleavage of APP by two proteases. The first
proteolytic step is the cleavage by the B-secretase, identified as the aspartyl protease
B-site APP cleaving enzyme 1 (BACE-1) 62223, BACE-1 cleaves APP at the N-terminal
part of the AB domain, thus releasing the C-terminal APP fragment of 99 amino acids
(C99), which is then shed by the y-secretase cleavage, a hetero-tetrameric protease
complex of four subunits; (i.e. presenilin, nicastrin, Aph-1 and Pen-2) 24, Through these
cleavages, the sequence of the AB peptide will be released in the extracellular space,

together with a potential proapoptotic fragment called sAPPB and the APP intracellular
domain (AICD) 2°. AB is a 38-42 amino acid long peptide that is hydrophobic and

therefore prone to self-aggregate into oligomers and fibrils. The small soluble AB
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oligomers are the most neurotoxic form that are the cause of the pathological cascade
of events causing AD 52427, The predominant forms of AB that are found in AD patients
brain tissue are either the 40 or 42 amino acids long structures. The AB-42 fragment is
found to be the most neurotoxic form 72827 and most likely causes the formation of
AB-plaques 1.

Alternatively, APP can be cleaved by the a-secretase, precluding the formation of AB,
since the a-secretase cleavage occurs within the sequence of the AB-peptide (Fig. 3).
This pathway is also called the non-amyloidogenic pathway, and alongside with the
fact that the formation of AB peptide is prevented by freeing the C-terminal APP
fragment C83, the neurotrophic and neuroprotective sAPPa fragment is released. The
C83 fragment is then further cleaved by the y-secretase, giving rise to the p3 peptide
that lacks a part of the AB fragment 30-33, Recent studies demonstrate that, in neuronal
cells, this non-amyloidogenic a-secretase pathway is mediated by ‘a disintegrin and
metalloproteinase 10’ (ADAM10) 34-3¢. Several mutations are found in the early onset
fAD form. The mutations in the APP gene reduce the a-secretase cleavage or favor the
cleavage by the B-secretase. The other mutations are in the presenilin-1 and presenilin-
2 genes (PSEN1 and PSEN2), that are components of the y-secretase complex. These
mutations tend to increase y-secretase cleavage at position 42 of AB, thus increasing
the levels of the 42 aminoacid form of the peptide that is more prone to aggregate.
This has led to the current view of the A hypothesis that suggests that the soluble
oligomers are the key elements which impair synaptic function between neurons. At
the same time, the oligomers tend to aggregate into insoluble B-sheet amyloid fibrils,
which in their turn can activate a local inflammation response 2¢. As time proceeds,
these inflammatory oxidative stress responses and biochemical changes will lead to
the neuronal death and typical neuritic plaques. Additionally, It has been
demonstrated that when A is present at high concentrations in its oligomeric form, it

affects glutamatergic synaptic transmission and eventually cause synapse loss 3749,
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Normal cleavage of Abnormal cleavage of amyloid precursor protein
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Figure 3) The amyloid precursor protein (APP) is a transmembrane protein that can undergo a series of proteolytic cleavage
steps by secretase enzymes. When it is cleaved by the a-secretase (ADAM10) in the middle of the B-amyloid domain (AB), it is
activating the not amyloidogenic pathway, by preventing the production of AB. However, when APP is cleaved by B- (BACE-1) and
y-secretase enzymes, neurotoxic AB peptides are released, which can accumulate into oligomer aggregates and form plaques.

Adjusted from Patterson 2008 #'.
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1.3.) Alzheimer’s disease as a synaptopathy

The term that is used to define brain disorders that are arising from synaptic
dysfunction is ‘synaptopathy’. By definition, it includes any sort of perturbation in which
aberrant mechanisms contribute to synaptic dysfunction #2. Since synapses are the
most abundant and distinguishing feature of the brain and they are essential for the
flow of information throughout the nervous system, it has become evident that
synapses are directly disrupted in over one hundred brain disorders. On the one hand,
optimal regulation of the activity of synapses is required for a proper brain
homeostasis, but on the other hand, subtle but persistent perturbations in the synapse
physiology can cause major deficits, which can manifest themselves as brain diseases
43, During development, but also during adulthood, the adaptations of the number of
dendritic spines and their morphology, including synapse formation, maintenance and
elimination, allow neuronal circuits to be formed and remodeled. The structural
plasticity of spines is tightly related to the functionality of the synapse #*. It is becoming
more evident that synaptic dysfunction is emerging as a major determinant for multiple
neurodevelopmental (autism spectrum disorders, Down syndrome and epilepsy) and
neurodegenerative disorders, including Parkinson disease and AD, as in these
diseases, changes in the number of dendritic spines and their functionality are a key

feature (Fig. 4).
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Figure 4) Putative lifetime trajectoBr:/rE)?dendritic spine number in a normal subject (black), in autism spectrum disorder (ASD,
pink), in schizophrenia (SZ, green) and in Alzheimer's disease (AD, blue). Bars across the top are indicating the period of
emergence of symptoms and diagnosis. In the normal subjects, spine numbers increase before and after birth; spines are
selectively eliminated during childhood and adolescence to adult levels. In ASD, exaggerated spine formation or incomplete
pruning may occur in childhood leading to an increased spine number. In schizophrenia, exaggerated spine pruning during late
childhood or adolescence may lead to the emergence of symptoms during these periods. In Alzheimer's disease, spines are
rapidly lost in late adulthood, suggesting perturbed spine maintenance mechanisms that may underlie cognitive decline.
Obtained from Penzes et al. 2011 44

1.3)1. What is a dendritic spine?

Mammalian neurons communicate through synapses. A synapse is a specialized
junction that neurons use to exchange chemical signals with other cells. There are
inhibitory and excitatory synapses depending on the neurotransmitter that is released.
The neurotransmitter of the excitatory synapse is glutamate, which makes excitatory
neurons glutamatergic neurons. The majority of excitatory synapses communicate
through contacts between a presynaptic terminal of the axon and postsynaptic sites of
dendrites, which receive the input. The post synapses are formed at specialized
protrusions called dendritic spines. Dendiritic spines are, with their highly complex and
dynamic structure, of high importance in plasticity processes and synaptic
transmission. In addition, structural or morphological changes of dendritic spines are

reflecting the functionality of spines, and the number of spines and their shape are
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regulated by both physiological and pathological processes #°. Therefore, the
presence of abnormal dendritic spines has been indicated in several psychiatric and
neurological diseases #¢. In the hippocampal CA1 area, these spines have a size of 0,2-
2 pym in length, and the spine neck diameter ranges from 0,04-0,5 pm. Additionally,
they appear with a density of maximum 10 spines per pm on the dendritic length of a
hippocampal neuron 4748 There are multiple spine shapes that vary over a continuum
of morphologies from thin to thick-necked, from short to long and from headless to
large headed spines. They are characterized according to the classification of Peters
and Kaiserman-Abramof into multiple subgroups, namely; stubby, thin and mushroom
spines and filopodia 47°%. The stubby spines are the shortest spine form and they lack
a distinctive head/neck configuration. They are seen as the most immature spine form,
which is due to the fact that their prevalence is highest during early development and
decreases in the adult brain >'. Thin spines are longer, contain a thin neck, but lack a
large bulbous head and have smaller excitatory synapses. Mushroom spines are
defined by a large bulbous head with a thin neck and have the largest excitatory
synapses. In the mature adult brain over 65% of the spines are thin shaped while 25%
of the spines are mushroom shaped %51, Since mushroom spines are thought to have
a complete mature shape, they have little range for synaptic strengthening, while newly
formed thin spines, that carry immature synapses have a potential for strengthening
and play a role in the plasticity of the local circuit. Therefore, mushroom spines can be
described as the spines for memory, while thin spines can be the learning spines °2.
The fourth type of spines is the filopodia, which is the smallest structure, described as
thin and hair-shaped structures. The immature stubby spines and filopodia take
approximately 10% of the spines in the adult brain 305153 (Fig. 5). The function of

filopodia is still unknown, but they are the most dynamic spine.
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Figure 5) Spines exist on a continuum of morphologies and related functions from non-functional filopodia-like structures to the
large mature spines. (A) Diagram showing continuum of spine shapes existing on neuronal dendrites. These spines can be
grouped into three separate categories, filopodia-like structures, immature spines, and mature spines. Distinguishing between
these categories based on morphology is extremely difficult due to the limited resolution of light microscopy, but with some
techniques itis possible to distinguish them. (B) The history of a spine can distinguish between these types, where the more mature
spine are less dynamic but have a long lifetime. {C) In adults, the majority of spines contain a mature synaptic contact, while 20%
are either immature or filopodia like. (D) The three categories of spines are difficult to distinguish based on any one category
alone. However, by comparing across several criteria the differences become clearer. Reference keys used in figure: 1) Zuo et al.,
2005a; 2) Dunaevsky et al., 1999; 3) Trachtenberg et al., 2002; 4) Holtmaat et al., 2005; 5) Villa et al., 2016; 6) Cane et al., 2014, 7)
Majewska and Sur, 2003;(8) Grutzendler et al., 2002; 9) Fiala et al., 1998; 10) Knott et al., 2006; 11) Arellano et al., 2007a; 12)
Lohmann et al., 2005; 13) Zito et al., 2009; 14) Lambert et al., 2017; 15) Ehrlich et al., 2007. (Obtained from: Berry & Nedivi 2017

54)

1.3)2. The post synaptic density
In the spine head of excitatory dendritic spines there is a specialized electron-dense
web, called the post synaptic density (PSD). In the PSD you can find a high
concentration of several hundred proteins, that create a complex structure with a wide

range of functions. Some proteins prominently expressed in the PSD are members of

the Membrane Associated Guanylate Kinase (MAGUK) or ProSAP/Shank family that
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organizes a dense scaffold and creates an interface between clustered membrane-
bound receptors and the associated signaling molecules, cell adhesion proteins and
an actin-based cytoskeleton. Upon these receptors are the glutamatergic receptors
556 Neuronal activity regulates the morphology and functionality of spines and
through this process synaptic transmission and plasticity are controlled /-5, Taking
advantage of high-resolution electron microscopy and cryo-fixation, it has been shown
that a synaptic contact zone is characterized by a presynaptic active zone enriched of

synaptic vesicles containing glutamate, a synaptic cleft and a PSD %40 (Fig. 6).

Dendritic
Spine

Dendrite
R -

o

Figure 6) Ultrastructure of glutamatergic synaptic contacts of hippocampal culture cells. Hippocampal neurons were fixed 14
days after plating. Left (1) Two type 1 synapses (A, B) with neurotransmitter- filled vesicles lie in the axon terminal. These terminals
have the possibility to make contact with protrusions from the dendrite: in this image, one is making a contact with a cup-shaped
dendritic spine (A) and the other with a thin spine (B). Right (Il) Synaptic ultrastructure at a higher magnification shows the
presynaptic axon terminal with vesicles (SV) docked onto the membrane at the active zone region (AZ). The synaptic cleft (SC) is
visible between the pre- and postsynaptic membrane. Also the postsynaptic density (PSD) is clearly detectable as an electron-
dense thickening of the postsynaptic membrane. The PSD is localized at the tip of a cup- shaped dendritic spine, a small sub

compartment of the neuronal dendrite. Scale Synaptic vesicle diameter:50 nm. (Obtained from Boeckers 2006 5%).
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Glutamate Receptors

The surface layer of the PSD is composed mainly by ionotropic and metabotropic
glutamate receptors. Glutamate released from pre-synaptic vesicles interacts with the
glutamatergic receptors in the PSD. The first class of glutamate receptors is the
ionotropic receptors (iGluR) which exerts a fast response, where the second class the
metabotropic G-coupled receptors (mGIuR) produces a slower effect. There are
multiple types of iGluRs, including a-amino-3-hydroxy-5-methyl-4- isoxazolepropionic
receptors (AMPARs) and N-methyl-d-aspartate receptors (NMDARs). AMPARs are
heterotetramers that are composed of the subunits GluA1-4 ¢'. They are the main
receptors involved in the fast-excitatory synaptic transmission, permeable for the
cations Na*™ and K*. The 4 subunits of the AMPARs have different roles, where AMPARSs
composed of GluA2 subunits have a lower permeability for Ca?*, while receptors
containing the other subunits are permeable for Ca?* 2. Phosphorylation sites can be
found on the C-terminal tail and those are involved in regulating their activity, and
therefore synaptic plasticity. The GluA1 subunit is the subunit that has the highest
expression in hippocampal neurons ¢3.

NMDARs have a slower response, since they are activated only when the presynaptic
glutamate release is exerting a larger post-synaptic depolarization. This is due to their
Mg?* block that has to be released to open the channel 6445, In addition to the binding
to glutamate, this receptor needs to bind glycine for its activation . NMDARs have
multiple subunits, namely GIuN1, GIuN2A-D and GIuN3, which can form in a
heteropentameric or heterotetrameric structure ¢’. Where, similar to the AMPARSs, the
composition of the subunits exerts different properties. The binding site with glycine is
localized on the GIuN1 subunit 16668 where the glutamate binding site is found on
the multiple GIuN2 subunits ¢°. The main NMDARs expressed in the cortex and
hippocampus are GIuN2A and GIuN2B containing NMDARs. The two subunits share
approximately 70% of amino acid sequence similarity 7%, they have distinct roles in
physiological and pathological processes, including in AD 7'. GIuN2A subunit has,

compared to the GIuN2B subunit, lower affinity for glutamate, but converts greater

23



channel open probabilities, rapid kinetics and higher Ca?*-dependent desensitization
2. The GIuN2A subunit has been implicated in promoting cell survival and has
neuroprotective properties 7375, while calcium influx through GIuN2B-containing
receptors plays a role in neuronal cell death pathways and neurodegeneration 7478,
The increased activation of NMDARs through the toxic AR oligomer accumulations is
thought to occur at the early stages of AD 7%, which is mediated through an increased
activation of the GIuN2B-containing NMDARs &°. Therefore, the enhancement of the
GluN2A-containing receptor activity and the decrease of GIuN2B subunit activity has

been suggested in order to halt the early AB-mediated synaptic dysfunction 8182,

Adhesion Molecules

The adhesion molecules found in the PSD are involved in the shaping and structure of
dendritic spines, where they are also found to be important in the formation of new
synapses and spines 8. Most of those adhesion molecules (i.e. Neuroligin, SALM and
N-Cadherin) bind to scaffold protein PSD-95 and to the actin cytoskeleton (Fig. 7). In
addition, adhesion molecules are able to form a connection between the pre- and
post-synapse. There is a correlation between the activity of these molecules and their
ability to induce synapse maturation. This is done by the recruitment or binding of pre-
and postsynaptic partners 8. In this process they are able to give stability to the
synapse, which on the other hand, can be modulated by proteolytic cleavage that
disrupts the connection between the pre- and post-synapse and destabilizing the
spines. The cadherin based homophilic cell adhesion mechanism is also involved in
spine morphogenesis, has ability to steer the apposition of the pre- and postsynaptic
compartments and regulates synaptic plasticity 8. The neuron specific cadherin
(Neuronal Cadherin/N-Cadherin) is involved in depolarization-induced spine
enlargement, through neuronal activity that induces N-Cadherin redistribution at
synapses 8. N-Cadherin is also able to regulate spine morphology through the
recruitment in the spine of B-catenin, which can bind the actin cytoskeleton 8. In
addition, N-Cadherin is important to regulate the synaptic levels of the AMPARs, by the

interaction between the N-terminal GluA2 subunit domain to N-Cadherin 87:88 Qverall,
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the most important function of N-Cadherin is to keep the long term maintenance and

stability of dendritic spines 87.
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Figure 7) Synaptic scaffolds and membrane proteins. The cartoon shows the major PSD-95 associated proteins (A) and synaptic

membrane proteins and associated complexes (B) involved in regulating dendritic spine formation. Obtained from Sala & Segal
2014 83,

Scaffolding Proteins (MAGUK family)

Underneath this receptor layer the scaffolding proteins like PSD-95, connected to
kinases and phosphatases, can be found. The scaffolding proteins are predominantly
composed of members of the MAGUK family, which are multidomain proteins that
share some structural domains. Proteins belonging to the MAGUK family are PSD-93,
PSD-95, synapse-associated protein 102 and 97 (SAP102 and SAP97). They are
involved in mediating the glutamate receptor localization at the synapse and anchoring
these from the membrane to the cytoskeleton 9. The structural domains are the three
PDZ (PSD95/DLG/Z0O1) domains, the Scr homology 3 (SH3) domain and a Guanylate
kinase (GK) domain. All members of the MAGUK family are present in the central

nervous system, but are expressed in different brain cell compartments 1. PSD-95 is
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highly enriched in the PSD and is the most important scaffolding protein. PSD-95 can
form an interaction with the NMDAR subunit cytoplasmic C-terminus, and additionally,
PSD-95 also binds to a-actinin, which can bind the filamentous actin (F-Actin). This
scheme is the way how PSD-95 anchors the NMDAR to the cytoskeleton of dendritic
spines 7274, PSD-95 is also able to couple the NMDAR to an intracellular signaling
system which regulates intracellular effects on NMDAR activation processes. The
calcium ions, that enter in the postsynaptic compartment through the NMDARs, can
bind calmodulin. When activated calmodulin interacts with calcium, it can activate
Ca?*/calmodulin dependent kinase Il (CaMKIl). CaMKIl is highly enriched in the PSD
and one of its target proteins is SAP97. CaMKIl-dependent phosphorylation of SAP97
can inhibit the binding with the GIuN2A subunit of NMDAR ?>. SAP97 and SAP102 are
mainly found in axons and dendrites but also in the cytoplasm and are involved in the
trafficking of NMDARs and AMPARs 7477, SAP102 is found to be involved in spine
morphogenesis and interacts with GIuN2B, which mediates the ability to initiate spine

formation 78.

1.3)3. The spinoskeleton
Integrated in the synaptic spines, underneath the PSD, you will find the cytoskeleton,
that is mainly composed of filamentous (F)-actin ??. Most likely, in the more mature
spines, actin is involved in stabilizing proteins found in the post synapse 99197 and in
regulating the structure of the spine head which changes as a response to synaptic
signaling 192193 Actin is highly enriched in all synapses and is present in two distinct
forms: the glomerular actin (G-Actin) and F-Actin. The actin cytoskeleton formation is a
highly dynamic process which is strictly regulated. The G-Actin is able to polymerize
into F-Actin, using ATP-dependent hydrolysis, which forms the polarized F-Actin
structure. The F-Actin structure has a barbed end, which is the side where the
monomeric G-Actin is added, and the pointed end where actin can depolymerize 104,
The process of polymerization and depolymerization of actin, called treadmilling, is
coordinated by the intracellular concentration of G-Actin. When the concentration

reaches above 0,1 uM, actin polymerization will rise until the G-Actin concentration
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decreases again to 0,1 pM and vice versa. This concentration is therefore called the
“critical concentration”. There are multiple protein families able to bind actin (Actin
Binding Proteins; ABP) (Fig. 8) and, thereby, can influence actin dynamics. The capping
proteins, gelsolin and Cap Z 1%, are able to interact with the barbed-end of F-Actin
which prevents G-Actin addition. The severing of F-Actin is done by another class of
proteins, including ADF/cofilin, that breaks up the actin filament and thereby generates
new barbed ends for the polymerization process. Proteins able to bind and sequester
G-Actin are WASp (Wiskott-Aldrich Syndrome protein, profilin and CAPs (Cyclase
Associated Proteins) 106109 Profilin acts as a catalyzer for actin polymerization
depending on the concentration 1'% ADF/cofilin is able to bind both G- and F-actin and
is involved in the actin turnover process. They can depolymerize actin filaments at the
pointed ends, while they also produce new barbed ends at the actin filaments.
Therefore, the ADF/cofilin complex is necessary for the actin treadmilling ""1.172,
Drebrin is a protein that is involved in the regulation of actin polymerization and binds
to F-actin 113, Interestingly, drebrin protein levels are found to be reduced in AD
patients 4. CAPs are multifunctional protein, since they play a role in the adenylate
cyclase (AC) activation pathway in non-neuronal cells like yeast, and they interact with
actin’’>116. CAPs are mainly involved in the maintenance of the actin cytoskeleton
structure'’. The actin cytoskeleton in the spine head has a core of stable actin with a
slow turnover, and a shell part, which is highly dynamic 193118119 During this process
the actin filaments grows in length at the barbed end, while at the pointed end a

removal of actin monomers is seen.
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Figure 8) Actin-Binding Protein. An overview of protein that bind actin and therefore influence actin dynamics. Obtained from S.J.
Winder & K.R. Ayscough 2005 05,

1.3)4. Synaptic Plasticity

As described above, neurons are capable of communicating with each other through
synaptic transmission at the synapses, which are connections between the presynaptic
terminal of the axon and postsynaptic side of dendrites. Synaptic plasticity refers to the
activity-dependent modification of the synapse and the ability to be modified by
experience through the strengthening or weakening of synaptic transmission over
time. This is how neurons control how effectively they can communicate with each
other '?2°, Nowadays, we know that the morphology of the spines and synapses is
regulated by the neuronal activity and hereby controls synaptic plasticity. In addition,
there is a correlation between the shape of the spines and their functionality, and that
this depends on the remodeling of the actin cytoskeleton 121122 This was shown by the
fact that a larger spine head, includes a larger PSD surface, which leads to a stronger,

more functional synapse®122 (Fig. 9).
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Figure 9) Changes in spine morphologies during synaptic plasticity. Representation of the ultrastructural reconstructions during

long-term potentiation {LTP) results in larger spine heads and shorter and wider spine necks. Obtained from Yuste 2013 122

There are two forms of plasticity, short-term plasticity and long-term plasticity.
Short-term plasticity is the form of plasticity that is triggered by the short bursts of
activity which cause an increase in calcium in the presynaptic terminals. The increase
in presynaptic calcium levels in turn increases the probability of transmitter release by
the modification of biochemical processes that cause exocytosis of synaptic vesicles
120

Long-term plasticity is the form of plasticity that has long-lasting modifications of
synaptic strength. It is believed that memory formation is caused by the strengthening
of connections, when the presynaptic activity correlates with the firing of the post-
synapse '23. This is supported by the finding of the excitatory synapses in the
hippocampus that are repetitively activated and increase their synaptic strength for
hours or even days 4. Nowadays, we call this event long term potentiation (LTP). LTP
is known to have three basic properties: cooperativity, associativity and input-
specificity '?°. The term cooperativity indicates that to trigger the initial signal, multiple
presynaptic components could be activated simultaneously. In addition, the term
associativity means that when there is a strong LTP activation in one subset of synapses

it can trigger LTP at another subset of adjacent active synapses in the same cell, only if
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both independent sets of synapses were activated within a finite temporal window.
Finally, LTP is input-specific, which tells us that an LTP event initiated at one set of
synapses, will not occur in the other synapses that are present in the same cell 2. LTP
can arise in different forms and in multiple brain areas, but the most studied form of
LTP is at the glutamatergic synapses in the hippocampus. It occurs between the
synapses that derive from the CA3 cells (the Schaffer collateral) and the apical
dendrites of CA1 pyramidal cells, and is triggered by activation of NMDARs 24,
Toinduce LTP, glutamate is released from the presynaptic vesicles, it interacts with and
thereby activates AMPARs and NMDARs present in dendritic spines. The AMPARs are
the main suppliers for the inward current that generates a synaptic response when a
cell is in its resting state. As described above, the NMDAR is voltage dependent
because of the block of its channel by extracellular Mg?*, and therefore doesn't
contribute much to the basal synaptic transmission in rest. When the cell is depolarized
upon LTP induction, the Mg?* block is released from the channel, and therefore
allowing Ca?* and Na* to enter in the dendritic spine, increasing their intracellular
levels '2¢ (Fig. 10). The rise of intracellular Ca?* levels serves as a trigger for the
translocation of protein to the synapse, including the AMPARs '?7. These activity-
dependent related changes in AMPAR trafficking are necessary for the LTP
maintenance. In addition, the intracellular Ca2* ions activate the kinases PKA, PKC and
CAMKII. Moreover, by the change in structure CAMKII is activated and located into the
PSD, where it can phosphorylate proteins as AMPAR, NMDAR and PSD95. Upon LTP,
the AMPAR subunit GluA1 can be phosphorylated on Ser®3! by either PKC or CAMKII,
while Ser4® can be phosphorylated by PKA 128129 The phosphorylation site Ser83" will
show an increased phosphorylation upon LTP 27130, where the Ser®4® is important for
the activity dependent trafficking of GIuA1 in the synapse, where it targets the GluA1
into the synaptic membrane 128131 Additionally, dephosphorylation of Ser®4 is

implicated in long-term depression (LTD) including a decrease of surface GluA1 in the
cel| 130,132,
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Figure 10) NMDAR-dependent LTP and LTD at hippocampal CA1 synapses. A) a sample experiments illustrating LTP and LTD in
the CA1 region of the hippocampus. Synaptic strength, defined as the initial slope of the field excitatory postsynaptic potential
(fEPSP; normalized to baseline) is plotted as a function of time. The left panel demonstrates LTP elicited by high-frequency tetanic
stimulation (100Hz stimulation for 1s; black arrowhead). Right panel illustrates LTD elicited by low-frequency stimulation (5 Hz
stimulation for 3 min given twice with a 3 min interval; open arrow). Data traces were taken at the times indicated by the numbers
on the graphs (scale bar: 0.5 mV; 10 ms) B) A schematic diagram of the rodent hippocampal slice preparation, demonstrating the
CA1 and CA3 regions as well as the dentate gyrus (DG). (SC - Schaffer collateral; MF - mossy fiber). Typical electrode placements
for studying synaptic plasticity at Schaffer collateral synapses onto CA1 neurons are indicated (Stim - stimulating electrode; Rec -
recording electrode). C) Representative model of synaptic transmission at excitatory synapses. During basal synaptic transmission
(left panel), synaptically released glutamate binds both the NMDARs and AMPARs. Na+ flows through the AMPAR channel but not
through the NMDAR channel because of the Mg2+ block of this channel. Depolarization of the post synaptic cell (right) relieves
the Mg?* block of the NMDAR channel and allows both Na+ and Ca2+ to flow into the dendritic spine. The resultant increase in
Ca2?* in the dendritic spine is necessary for triggering the subsequent events that drive synaptic plasticity. Obtained from Citri &

Malenka 2008 120

Furthermore, it is shown that upon LTP induction there is an enlargement of the
dendritic spine, changing the spine morphology, and that LTP can induce the
formation of new spines 133134 On top of these changes, LTP is also causing the growth
of the PSD itself 1%, and the remodeling of the actin cytoskeleton of the spine 13¢.
As an opposite event of the LTP there is also LTD '3/, induced by a prolonged low
frequency stimulation protocol. Similar to LTP, there are many different forms of LTD in
the brain, but the most studied form is the LTD at the excitatory synapses of the
hippocampal CA1 pyramidal cells dependent on NMDAR 37138 As TP, LTD is

dependent on the intracellular increase of Ca?* at the post-synapse and that LTD is
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input-specific 38, While LTP is triggered by high concentration of calcium, to trigger
LTD a low concentration of calcium is required. Chemically induced LTD is associated
with persistent dephosphorylation of GluA1 at a PKA phosphorylation site Ser84> 130,
This event decreases the open-channel probability of the AMPAR 139, As during LTP
there in an insertion of AMPARs in the post-synapse, LTD is characterized by the
removal or endocytosis of AMPARs. This is probably mediated by the dissociation of
AMPARs from the PSD followed by clathrin- and dynamin-dependent endocytosis of
the AMPARs '49-142 As written above, dendritic spines are highly enriched with actin,
and that the changes in neuronal plasticity correlate with the shape of the spine. This
depends on the ability of the fast remodeling of the actin cytoskeleton#3. During LTP,
there is an increase in the F-Actin ratio compared to the G-actin, which increases the
size of the spines, where during LTD there is an increased G-Actin concentration that
will lead to a smaller spine size 13144, Additionally, the link between actin remodeling

and synaptic plasticity is shown by the treatment with actin depolymerizing reagents
134,144

1.3)5. Synaptic Dysfunction in AD

As highlighted above, besides plaques and tangles, a third hallmark that arises in the
early phases of the pathology is synaptic dysfunction and synapse loss, which is known
to precede neuronal loss. Already over 100 years ago it was noticed by Ramon y Cajal
that dementia resulted from the degeneration of synapses '*°. According to the
amyloid cascade hypothesis, this is caused by AB oligomers in the brain 144148 Synaptic
loss is detected in the early stages of AD, before the clinical onset of the disease and it
correlates best with the cognitive decline in AD, suggesting that this event is a crucial
event in the AD pathogenesis '49-1°4 Therefore, its most likely that synaptic impairment
is the basis of the memory loss seen in AD. Moreover, synaptic dysfunction is caused
by the impairment of synaptic plasticity and it is seen as the basic process that underlies
memory formation 557 The brain alterations that are found at the synaptic levels
could be caused by alterations of the expression of pre- and postsynaptic proteins, but

the complete mechanism underlying the synaptic dysfunction in AD is not yet
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understood '°8. Since both immunohistochemical and biochemical analysis of synaptic
protein showed a similar reduction of their expression in the synaptic compartments of
AD patients '8 and, additionally, the decrease of synapse density in the early stages of
the disease is disproportional with the neuronal loss 47152159 "it is thought that the
synaptic loss proceeds neuronal degeneration 133154160 Strengthening of synapses by
LTP, can lead to an increase in strength of circuit connections, which in turn, are able
to store new information. In AD, the AB peptide has an inhibitory effect on synaptic
transmission 37:1¢1 by a mechanism that is similar to the one of LTD 38162, How the AB
oligomers effect synaptic plasticity is not fully understood, but most likely they are
involved in three different ways. The first mechanism, which is the most important one,
involves a toxic gain of function of AB by the self-association and novel interactions that
will results in impaired synaptic transmission. The other two possibilities state that AB
has a role in physiological conditions, where reduced AB could lead to an abnormal
function, and the increased AB levels underlie the synaptic dysfunction '¢3. These AB
oligomers target multiple synaptic sites and hereby decrease spine density in
organotypic hippocampal slice cultures 40162164 disrupt neurons in culture 9147 and
cause synaptic dysfunction in AD mice models 168147 Additionally, AB oligomers target
also multiple receptors including both acetylcholine and glutamate receptors
40166170171 "'which are known sites involved in AD. In particular, they are associated with
alterations of the NMDAR subunit GIuN2A, which levels are reduced in post-mortem

human AD brains 172-174,
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1.4.) AD mice models

Multiple genetic animal models for AD are available, predominantly based on the
genetic mutations found in the early-onset AD patient group or on the genetic risk
factor ApoEe4. Unfortunately, no existing model that exhibits all AD characteristics is
available, which would involve the development of all clinical and pathological
hallmarks of AD, like AB plaques, NTFs, synaptic dysfunction, neuronal degeneration
and cognitive impairment. Most AD mice models show the cognitive deficits and AB
plaques, but forinstance NTFs are only observed in tau expressing models. Depending
on the research aim, it is important to understand which model to use, while for
preclinical drug discovery research these models have some clear limitations. This is
why the mice models available for AD can be used just as a tool to get a better
understanding in the proteins and genes function pathways implicated in AD and to
dissect new strategies to target these pathways '7>. Since it is important to understand
which model has to be used for the research question that has to be answered,

underneath there will be an overview of the most used models.

hAPP models

First, the animal model that is mostly used is the hAPP mice model which is based on
the expression of the human APP gene. This is based on the autosomal dominant APP
mutation found in the genetic early onset AD 176, The animals carrying this mutation
will develop the amyloidogenic hallmarks and show memory deficits, but neuronal loss
is not found. There are multiple animal models based on the hAPP gene since there
are multiple mutations present in AD patients. The most common one is the
K670N/M671L Swedish double mutation found at the site where the B-secretase
cleaves APP 177, The mice expressing just the Swedish mutation are called Tg2576,
while some other have a combined mutation with the y-secratase cleavage site
(TQCRND8 and J20) or an added mutation inserted in the AB-sequence (E693G Arctic

mutation) 178.
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AB models

Since hAPP mice models will express not just AB, but also other cleavage fragments of
APP, the AB transgenic mouse model was created to be able to isolate the effects of AB
more specifically. This model is based on the expression of a fusion protein between
AB and BRI, which is a protein involved in the familial British dementia. This results in
AB expression upon the expression of the fusion protein'’?. These mice will develop
the amyloid accumulations, but don’t show cognitive impairments, which makes it

questionable whether this mice model is useful in AD "8,

Tau models

Besides the AB accumulations, the other hallmark of AD is the tau pathology. None of
the models based on APP or AB express any tau pathology. Tau models are mainly
based on the human tau expression mutation found in frontotemporal dementia 81182,
another form of dementia, but importantly to keep in mind is that these mutations are
not found in AD pathology directly, although they are important to allow the study of
the tau pathology. Models widely used are mice expressing human tau together with
hAPP 181-183 and lines that express wild-type human tau "84, The first model shows motor

and behavioral deficits '8, including A accumulations and tau pathology 181186187,

Presenilin & hAPP/presenilin double transgenic models

Since mutations of the presenilin genes are the most common autosomal dominant
mutation found in early onset familial AD, there are mice models based on the PSEN1
gene, encoding presenilin 1. There are many mice models available expressing either
one 18819 or multiple presenilin mutations '%4. Single mutation mice models show
increased levels of AB42 expression without affecting AB40 92, but additionally they
don't express cognitive impairment 197201, This is probably due to the differences of
the APP/AB sequences 2%2. Then, there are the double transgenic mice models based
on expression of both hAPP and PS1, the APP/PS1 mice lines. The most commonly
used one is the hAPP Swedish mutation and PS1 containing the deltaE9 mutation
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(APPswe/PS1dE?), which develop amyloidogenesis and cognitive deficits at 6 months

of age 203,

Triple transgenic models

With a combination of the three mutants, i.e APP, PS1 and tau, the triple transgenic line
(3xTg) was breeded. In this mouse model, the development of extracellular A plaques
are developed before the tangle formation, similar to how the disease progresses in
human AD, and in addition, they also develop synaptic dysfuntion 29182 The advantage
of this model is that the main two hallmarks found in AD are simultaneously expressed

within one model.
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2.) ADAM10
2.1.) What is ADAM10?

ADAM10 is a member of the “a disintegrin and metalloproteinase” (ADAM) family,
which are type 1 membrane protein that have the ability to act as a sheddase towards
many substrates when they are proparly inserted in the synaptic membrane. Shedding
is a process of proteolytic ectodomain release, which is a known mechanism for the
regulation of multiple cell surface proteins. The ADAM family members are the most
known proteinase family involved in this ectodomain shedding?®*. In the human
genome there are 22 known ADAM family members, which are involved in regulating
multiple biological processes including, neurite and axon guidance, cell proliferation,
cell adhesion and signaling processes. ADAM10 seems to be particularly important,
since its involved in neurodevelopment by regulating proteolysis of Notch receptors
and in AD by activating the non-amyloidogenic pathway by cleavage of APP 20>,

There is still a lack of functional knowledge about which ADAM10 domain is important
for the shedding process, but this is what is known so far. ADAM10 has an extracellular
domain with an N-terminal prodomain, the metalloprotease, cysteine-rich and
disintegrin domain (figure 11). During maturation the prodomain of ADAM10 is
removed, and upon this process ADAM10 becomes catalytically active 2°°. The domain
structure of ADAMs, with the disintegrin and cysteine-rich domain is the part that is
involved in the adhesive, proteolytic and putative signaling activities, since it is
necessary for the substrate-recognition 296207 Additionally, it was shown that the
disintegrin and cysteine-rich sites have self-regulatory functions, where they suppress
the metalloproteinase activity when there are no substrates available 208210 The
cytoplasmic tail of the ADAM family proteins are important for regulation of its activity
by the trafficking of the protein into the right cellular location 2''-213 (Fig. 11). After the
synthesis of ADAMs and the translocation into the endoplasmic reticulum, they are
brought to the Golgi apparatus where they undergo further post-translational
modifications and where the pro domain will be removed 2'4. Upon the maturation,

ADAMSs are then transferred in a minor degree, into the plasma membrane 2'°.
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Moreover, ADAM10 is known to be a synaptic protein, being an integral component of
the excitatory postsynaptic density, where it is highly enriched 2'2. With the functions
described above, ADAM10 is involved the modulation of spine morphology and are
important for neuronal development. Especially important for this study is the fact that
ADAM10 is demonstrated to selectively mediate the non-amyloidogenic a-secretase

pathway in neurons, and thereby preventing the accumulation of Ap-peptide 34-3¢,
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Figure 11) ADAM10 Structural Overview. Representation of the architecture and domain organization of ADAM10. Left panel
depicts a schematic of the ADAM10 protein colored by domain. SS: signal sequence; Pro: prodomain; M: metalloproteinase; D:
disintegrin; C: cysteine-rich; TM: transmembrane; Cyt; cytoplasmic tail. The red box encompasses the portion of the protein
visualized in the X-ray structure. The right panel shows the overall architecture of the mature human ADAM10 ectodomain, colored
according to the domain schematic in cartoon representation. The catalytic zinc ion is gray, and a bound calcium ion is shown in

orange. Cysteine residues engaged in disulfide bonds are shown as sticks. Obtained from Seegar et al 2017 205,
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2.2.) What are the substrates of ADAM10?

There are multiple substrates known of ADAM10 in the central nervous system 216, The
most important substrates of ADAM10 cleavage are ephrins, N-Cadherin, prion protein
(PrP), Notch, and APP 294, The cleavage of ephrin by ADAM10 controls the inactivation
of the ephrin/Eph complex, which is important for the axonal growth cone trafficking.
This makes ADAM10 important for the axon guidance and its extension in the CNS 2'7.
ADAM10 cleavage of N-Cadherin is important for the regulation of cell adhesion, the
neurite outgrowth and cell migration 28220, By the proteolytic cleavage of ADAM10
the soluble extracellular domain is released together with a carboxy-terminal fragment
CTF1 that is membrane bound and can be cleaved by the y-secretase 22222, Hereby,
ADAM10 can control the coordination of pre- and post-synaptic cell-adhesion, cell
proliferation and survival during development and in adult life but also in the case of
wound healing. PrP cleavage by ADAM10 is important in the pathology of prion-based
disorders of the central nervous system, where ADAM10 activation could be used as a
therapeutic option for the breakdown of the toxic PrP domain 223224 Notch signaling
is a highly conserved process during evolution and is involved in the regulation of cell
fates and neurodevelopment 225, In addition, Notch is required for the maintenance of
neuronal stem cells in the adult brain. The cleavage of ADAM10 happens in the
extracellular Notch domain 22¢, while the intracellular membrane fraction can be
cleaved by the y-secretase. The fragment that is released by this cleavage step is
translocated into the nucleus where it serves as a transcription factor 22/, making
ADAM10 an important player in the Notch signaling pathway involved in
neurodevelopment and neurogenesis.

The most important ADAM10 substrate of our interest is APP. The physiological
function of APP is not completely understood although it has been studied broadly.
What is known, is that APP has a neurotrophic function supporting the neuritic
outgrowth, migration of neurons and neuronal repair 228229, Additionally, it has been
shown that either the knock down or overexpression of APP affects the number of
spines, where mice lacking APP show a two-fold increase of dendritic spines compared

to the wild type 230, Furthermore, APP is shown to be involved in the regulation of the
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surface trafficking of the NMDARs in the post-synapse 23'. Since the AB-peptide
sequence is located in the APP gene, APP is an important target for AD. As written
before, the shedding of APP by the B-secretase followed by the y-secretase leads to
the production of the AB-peptide. On the other hand, the a-secretase shedding cleaves
APP within the AB sequence and therefore prevents its production. There are three
main players that show a-secretase activity, namely ADAM9 (also named
metalloprotease/disintegrin/cysteine-rich protein i.e. MDC?9), ADAM10 and ADAM17
(also named Tumor Necrosis Factor-alpha converting enzyme i.e. TACE) 34232233 But
more importantly, it has been shown that ADAM10 is the main a-secretase player in
neuronal cells 36234, This makes ADAM10 an important mediator in the prevention of

the AB-peptide production in the non-amyloidogenic pathway of APP cleavage.
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2.3.) ADAM10 activity regulation by intracellular trafficking

ADAM10, which is highly enriched in the PSD 212, can only exert activity towards it
substrates when its inserted in the plasma membrane. This makes the trafficking of
ADAM10 to the synapse an important regulator of its activity. There are multiple
proteins involved in the regulation of ADAM10 synaptic localization. One important
protein involved in the forward trafficking of ADAM10, and its insertion into the
synaptic membrane, is SAP97 212 As written above, SAP97 is a member of the MAGUK
protein family, and its SH3 domain interacts with the proline-rich C-terminal domain of
ADAM10. Upon this interaction, ADAM10 is transferred from the Golgi outposts into
the postsynaptic membrane and thereby the ADAM10 can get into close contact with
its substrates and its cleavage activity increases. This is mediated by protein kinase C
(PKC) phosphorylation site in the SAP97 SH3 domain, that promotes the ADAM10
interaction with SAP97 235 Additionally, it was shown that LTD increases ADAM10
levels in the synaptic membrane by fostering the forward trafficking of ADAM10 by
SAP97 213, SAP97 is also implicated in the synaptic targeting of ionotropic glutamate
receptor subunits and NMDAR activation fosters SAP97 to the PSD in primary neurons
75236 \Where, this short-term activation of NMDARs also increases the ADAM10 levels
in this compartment in primary neurons 2'2. Furthermore, NMDAR activation
upregulates genes encoding for ADAM10 and B-catenin, leading to an increased
ADAM10 expression and using either inhibitors or agonist of Wnt/B-catenin signaling
abolishes or activates the ADAM10 expression respectively. With the use of ERK
inhibitors either the NMDAR and the Wnt-induced ADAM10 expression are blocked.
This suggests that the ADAM10 expression is controlled by NMDARs through the
Wnt/MAPK signaling pathway 237. On the other hand, the clathrin adaptor 2 (AP2), a
heterotetrameric structure, regulates the clathrin-mediated endocytosis of ADAM10. A
specific RQR binding motif on the cytoplasmic tail of ADAM10 that serves as an AP2-
binding motif, regulates ADAM10 localization through endocytosis. In addition, LTP is
able to decrease ADAM10 synaptic membrane levels via the induction of AP2-

mediated endocytosis 213,
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2.4.) ADAM10in AD

As mentioned above, ADAM10 is the main a-secretase involved in the non-
amyloidogenic pathway of AD. In the light of the involvement in AD pathogenesis,
specimens of sporadic AD patients, as the cerebrospinal fluid (CSF) and platelets, were
investigated, and reduced ADAM10 protein levels were found in platelets of AD
patients compared to non-demented control patients. Additionally, the sAPPa levels in
the CSF, which give an indication of the ADAM10 activity, are decreased as well 238239,
On the other hand, the mRNA levels of ADAM10 were increased in the hippocampus
and cerebellum of severe late-stage AD patients, which indicate a possible defense
mechanism in the later stages of the disease 240. As written above, the regulated
interaction of ADAM10 to SAP97 and AP2 is a physiological pathway that controls the
synaptic ADAM10 levels and thereby its activity in the synapse 212273, Because of the
role of ADAM10 in the AB production pathway and synaptic function, the dysregulated
balance of either SAP97 or AP2 binding to ADAM10 could have a role in the APP
processing in AD. The interactions between ADAM10 to either SAP97 or AP2 are
associated with AD pathology, where a decreased association between ADAM10 to
SAP97 241 and an increased binding between ADAM10 to AP2 213 was found in early-
stage AD patient hippocampi. Upon interference with the ADAM10 association to
SAP97 with a cell-permeable peptide in mice, increased AR levels are found
suggesting a similar process found in the initial stages of AD 242, To conclude, this
suggests that the reduced levels of ADAM10 synaptic localization and therefore
decreased activity, are probably due to the defect of ADAM10 forward trafficking and
endocytosis by SAP97 and AP2.
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3.) Cyclase-associated protein family (CAP)
3.1.) What are CAPs?

Cyclase-associated protein (CAP)is a protein family involved in the Ras-cAMP signaling
pathway activating the adenylate cyclase (AC) and in regulating the cytoskeleton. They
were first isolated from Saccharomyces Cerevisiae, called Srv2/CAP, and yeast that
lacks CAP are not capable to grow and show for instance abnormal morphological cell
shapes compared to normal cells''®. Importantly, the interaction with the AC and its
regulation is not found in all forms of CAPs, only those present in Saccharomyces
cerevisiae and Schizosaccharomyces pombe show a direct interaction 116243,
Therefore, CAPs are indicated as bifunctional proteins, able to bind and regulate the
actin cytoskeleton and activation of the AC "7, Furthermore, the deletion of CAP leads
to deficiencies in cell morphology, endocytosis, migration and development 244-246 (Fig
12D). CAPs are evolutionary highly conserved protein and there are at least two
different CAP homologs identified, CAP1 and CAP2. These genes share 64% amino
acid identity in mammals 247248 The CAP1 homologue is expressed widely in
mammals, except in the skeletal muscle tissue, where CAP2 is mainly expressed in the
skeletal muscle, heart, testis and in the brain 245247 This indicates more unique roles
for CAP2, as for instance that CAP2 is a crucial mediator of the heart and skeletal
muscle sarcomere assembly. Recently, it was shown that that CAP1 can rapidly
translocate into to the mitochondria, where it induces actin- and cofilin-dependent
apoptosis 247. While CAP2 has been shown to for instance regulate the sarcomere
assembly in striated muscles 2°0. CAPs are multifunctional protein of 450-550 amino
acids and have multiple domains. CAPs are composed of an a-helix and a B-sheet
region at the C-terminal domain and are mainly hydrophilic. The most important
domains of CAPs, both structural and functional, identified in Saccharomyces
cerevisiae are; (1) the N-terminal domain, that is able to physically interact with the AC
and hereby can activate the Ras signaling pathway, (2) the C-terminal domain, involved
in the actin cytoskeleton rearrangement 243251 and (3) the central proline rich domain
responsible for the association to SH3 domain-containing proteins (Fig. 12). The N-
terminal domain (~40 residues) contains an alpha-helical coiled-coil structure 2°?, that
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is one of the subunit oligomerization motifs in proteins and is the part interacting with
the AC in yeast 2°3. However, the CAP N-terminal domain of Dictyostelium does not
exert the same function. The N-terminal domain structure, as revealed by X-ray
diffraction 2>%, indicates a stable bundle of six antiparallel a-helices called the helical
folded domain (HFD) (Fig. 12B). In yeast, this domain is able to bind to the ADF-cofilin-
G-actin complex 25256 and associates with ADF/cofilin to mediate the F-actin severing
257 The central domain contains two proline rich areas (P1 and P2). P1 is the most
conserved region compared to the P2. There are several binding partners of CAPs that
are able to either bind the P1 or P2, including for instance actin-monomer-binding
protein profilin 2°825_|n addition, a region was detected that comes behind the SH3
binding domain that is called the Wiscott Aldrich Syndrome protein homology 2 (WH2)
domain 260261 This domain is able to bind to both ATP- or ADP-G-actin, mediating actin
nucleotide exchange 242, The C-terminal domain of CAP consist mainly out of B-sheets
and helixes and is called the CARP domain 263 (Fig 12C).The last 27 amino acids of the
C-terminal domain is the region where CAPs bind to actin and the last 35 amino acids
sequence in this region contains a motif which allows CAPs to form dimers?¢3-265, CAPs
are able to dimerize and oligomerize, whereas this capacity of CAP has been
implicated to have a role in the regulation of the actin cytoskeleton 2. In yeast,
Srv2/CAP (55 kDa) can form together with actin (42 kDa) a high-molecular-weight
complex of over 600 kDa 24728, containing 6 molecules of each 2%62¢7_ Three regions
of CAP are able to self-associate: the coiled-coil region at the N-terminus 2°¢2¢%, the
HFD domain 2°4270.271 and the C-terminal motif 243 (Fig. 12). When the N-terminal
coiled-coil region is mutated and thereby dimerization is disrupted, the binding
between ADF/cofilin to F-actin is disrupted 2°42°7, while the deletion of the C-terminal
dimerization motif decreases the strength of the binding to actin 24°. This tells us that
the oligomerization of CAP can promote its function in the regulation of actin.
Nonetheless, the full function of CAP oligomerization and its role in actin regulation

still need to be elucidated.
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Obtained from S. Ono 2013 266,

3.2.) CAP function in actin dynamics

As written above, CAP was first discovered as a component of the Ras-cAMP pathway,
but the actin-regulatory function of CAPs are more evolutionarily conserved .
Biochemical studies have shown that CAPs have a sequestering role on the actin-
monomers (G-actin) and thereby prevent the nucleation of actin and its elongation

from the filaments 272. Although, more recent studies, described below, demonstrated
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a more active role of CAPs in promoting actin dynamics, making it necessary to revise

the earlier studies.

Role of CAP on G-actin: monomer sequestering and nucleotide exchange
enhancement

The binding of CAP and G-actin occurs at a molar ratio of 1:1 and is able to reduce the
spontaneous G-actin polymerization, demonstrated from yeast 272 to humans 273.
Furthermore, the results of the role of CAPs on actin are so far controversial, where in
yeast it was shown that CAPs have an inhibiting effect on the incorporation of G-actin
at both the pointed- and barbed-end of actin 272, while another study demonstrates
that CAP inhibits G-actin incorporation only at the barbed-end 2’4 . The main difference
might be due to the different ratios of CAP and G-actin used. More importantly, CAPs
are able to increase the nucleotide exchange rate of actin and thereby influencing actin
polymerization. In the treadmilling process of actin, the actin-bound nucleotide
exchange occurs mainly at the G-actin, where the hydrolysis of ATP to ADP occurs upon
actin polymerization. Freshly depolymerized G-actin monomers are predominantly
ADP-bound and when free ATP is available, the G-Actin-ADP can exchange its ADP for
ATP, which is necessary for the maintenance of the treadmilling process. In
concordance, when there is no free ATP available the treadmilling is prevented 275277
(Fig. 13). Some other G-actin binding protein, including ADF/cofilin 289 and thymosin
B4 281 inhibit the nucleotide exchange and prevent the actin from recharging ADP to
ATP. Profilin promotes the nucleotide exchange of G-actin catalytically 280282283 'in 3
similar manner as CAP does 25°:2%6,267.284.285 gand in the presence of thymosin B4 286287
or ADF/cofilin 288289 actin turnover is enhanced (Fig. 13). This similarity between CAPs
and profilin was proven by the rescue of the cytoskeletal phenotypes after CAP knock
down, by overexpressing profilin 251, However, profilins are preferentially binding to
ATP-G-actin 287, CAP is competing with ADF/cofilin for the association to ADP-G-Actin
255274 The yeast CAP/SRV2 and CAP1 domain in human able to interact with the
ADF/cofilin-actin complex was found to be located in the HFD domain and improves

the ADF/cofilin-mediated turnover of F-actin 25525 More recent studies indicate a
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different view, where the HFD domain is not required for this process, but has instead
a role in the actin filament severing 2%/, The site of CAP that are important for the
monomer sequestering and nucleotide exchange activities are located in the WH2 and
CARP domains in the C-terminal part of CAP. The C-terminal domain can bind one G-
actin molecule 272, whereas the WH2 and CARP domain can both bind an actin
monomer as well 262273274290 Notably, the CARP domain of CAP is sufficient to induce
the nucleotide exchange of ADP-G-actin 279, whereas WH2 is mandatory to promote
this exchange when ADF/cofilin is bound by ADP-G-actin 242291, This makes the WH2
domain probably mandatory for the competition of CAP and ADF/cofilin for the
binding to G-actin 2% (Fig. 13).

Role of CAP on F-actin: filament severing

Besides the binding to G-actin, CAPs are also able to bind with the filamentous form of
actin and it is shown to promote the disassembly of the filaments 2°°, which was again
demonstrated by the microscopic images showing that CAP increases the severing of
F-actin 257292 (Fig. 13). CAP1 expressed in mammalian tissue is able to severe actin at
a basic pH 273295, while if CAP1 is bound to ADF/cofilin they can sever F-actin at a
bigger pH range 272. This is why CAP1 or ADF/cofilin are probably a pH-dependent
filamentous actin disassembly factors, while if they are forming a complex, they act as
pH-independent F-actin severing factors. A genetic study done in yeast shows that the
N-terminal HDF domain of CAP is important for this process 2>/, however the functional
mechanism of how the severing of actin filaments is done is still not known.
Additionally, as far as concern, in mammalian CAP2, the severing of F-actin is mediated

by the WH2 domain, which can sever F-actin without ADF/cofilin 273,
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simplicity, only a monomeric CAP is shown as a G-actin-bound form. Obtained from S. Ono 2013 2¢¢
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3.3.) CAP2

As mentioned above, higher eukaryotes express two different CAP homologs, CAP1
and CAP2, which are closely related. CAP2 is present in a limited amount of tissues,
including the brain, which makes this protein an interesting protein with possibly
unique roles?#6. While CAP1 is well studied 24°2%, the role of CAP2 is still poorly
understood. With the use of a gene-trap model a CAP2 knockout mice was created
(CAP29%9t), which serves as the best characterization of CAP2 so far. In the mice where
CAP2 is abolished, a specific phenotype is expressed, including a decreased body
weight and of survival, development of cardiomyopathy, disarrayed sarcomeric
organization and loss of G-actin sequestering ability 273. Only a subset of the mice
survives, where in the other mice ablation of CAP2 is lethal, but it is unknown how these
mice overcome the lethal phenotype 273294297 Another study shows that CAP2
deficient mice have a delayed wound healing response presumably due to alterations
in the actin cytoskeleton dynamics in keratinocytes and fibroblast and reveal a role for
CAP2 in actin cytoskeleton regulation 278, Furthermore, it is reported that CAP2 has a
role in cancer, with increased levels of CAP2 in renal, brain, colon, bladder and thyroid
cancer and a down regulation in breast cancer 24. The CAP2 gene is localized on
chromosome 6 in the 6p22.3 region in humans. A specific interstitial 6p22-24 deletion
syndrome in chromosome 6 was reported where patients with this deletion show
variable clinical phenotypes including developmental delay with cognitive deficits,
brain-, heart- and kidney defects, craniofacial malformations and eye abnormalities
299,300 Upon a deletion in this region those clinical symptoms are expressed and since
CAP2 is expressed in the brain, it is most likely to be involved in the developmental

deficits seen in these patients 27°.
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3.4.) CAP2 in the brain

Given the abundant expression of CAP2 in the brain, the role in regulating actin
dynamics, the clinical relevance in the 6p22-24 deletion syndrome and the fact that
CAP2 expression is restricted in to only certain tissue, it suggests an important role in
the function of the brain, in particular in neurodevelopment and synaptic plasticity
regulated by actin dynamics. So far, one study shows a limited characterization of CAP2
in the brain using the same CAP29¥9" mice model described above. Here the function
of CAP2 in the brain is characterized as playing a role in synaptic plasticity, spine
development and dendritic morphology 3°. CAP2 is expressed in multiple brain areas
in embryonic and adult brain, including the hippocampus, cortex, olfactory bulb and
cerebellum. No gross alteration in the overall brain morphology and size were seen in
the CAP29Y9t mice. In cortical neuronal cultures CAP2 is expressed in the soma,
dendrites and its pre- and post-synaptic terminals, using synapsin | and PSD-95 as
markers respectively, whereas colocalization with vGLUT1 indicates CAP2 is expressed
in excitatory synapses. In these cultures, a colocalization between CAP2 and F-actin
stained with TRITC-conjugated-phalloidin is observed. Additionally, the deletion of
CAP2 has an impact on the neuronal development. In cultured cortical neurons, the
CAP2979t neurons show an increase in dendritic spine density with an increase of
specifically the mature mushroom type of spines and an increase in the dendritic
complexity of the neurons. Furthermore, as CAP2 is a regulator of filamentous actin,
the deletion of CAP2 leads to an increase in F-actin content, with a 1.3-fold increase in
F/G actin ratio in the whole brain lysate. In addition, a role of CAP2 is suggested in the
surface trafficking of GluA1, where decreased levels of surface GluA1 are revealed
upon CAP2 deletion and also induction of chemical LTP (cLTP) resulted in reduced
surface GluA1 levels in the cortical neurons of CAP29%9 mice, implicating disrupted
synaptic plasticity. Furthermore, CAP2 is able to bind neuronal cofilin through the C-
terminal domain and that this interaction is dependent on the phosphorylation of
cofilin, where in the mutant brain decreased phosphorylated-cofilin levels were
associated with its aberrant localization. These data together delineate a possible role

for CAP2 in synaptic plasticity, dendritic complexity, spine density and morphology
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and AMPAR trafficking which is most probable mediated by its role in actin and cofilin
regulation 301, Additionally, microarray analysis of hippocampal gene expression of AD

patients tissue, reported a downregulation of CAP2 gene 302394, indicating a role for
CAP2 in AD.
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Although AD, the major form of dementia, is emerging as the most prevalent and
socially disruptive illness of the aging population, it is currently incurable. AD
pathogenesis is multifaceted and difficult to pinpoint, but genetic and cell biological
studies led to the amyloid hypothesis, which posits that AB plays a pivotal role in AD
pathogenesis >'6. AB originates from the amyloid precursor protein (APP). Two
enzymatic steps lead to the formation of AB: the B-secretase BACE-1 cleaves APP ¢,
followed by the second y-secretase cleavage. Alternatively, APP can be cleaved by the
a-secretase, which prevents the formation of AB, since a-secretase cleavage occurs
within the AB-sequence. Recent studies demonstrate that, in neuronal cells, the non-
amyloidogenic a-secretase pathway is selectively mediated by ADAM10 3436,
Therefore, enhancing ADAM10 cleavage of APP to limit AB production might be a

potentially effective way of addressing the problem of AD therapy 3°.

It has been
previously shown that ADAM10 is a synaptic protein, being an integral component of
the excitatory postsynaptic density 2'2. ADAM10 can be considered a major protease
for membrane proteins, in particular of Notch, N-Cadherin and APP, in the central
nervous system 39, Indeed, ADAM10 activity can regulate not only the synaptic
morphology but also a variety of neurotransmitter receptor-cell adhesion molecules
interactions to strongly influence the degree of functional synaptic connectivity 213220,
ADAM10 synaptic localization and activity towards APP are modulated by protein
partners, which interact with ADAM10 cytoplasmic tail. For example, SAP97 and AP2
are responsible for ADAM10 forward trafficking to the synapse and ADAM10

endocytosis, respectively 212213, Notably, such interactions are altered in AD patients

at the earliest stages of the disease 4.

In light of the importance of ADAM10 cytoplasmic domain in the regulation of
ADAM10 activity, we performed a two-hybrid screening and have recently identified a
protein called cyclase-associated protein 2 (CAP2) as a novel protein partner of
ADAM10. CAP2 is a member of the CAP family, which are evolutionary highly
conserved multidomain actin-binding proteins involved in several processes as

orchestrating changes in actin cytoskeleton such as cell migration, movement and
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polarity, linking signaling pathways to elements of the cytoskeleton, vesicle trafficking
and endocytosis 7. Moreover, CAPs are essential for the regulation of the G- and F-
actin balance. CAP1 and CAP2 are the two homologues members of the CAP family.
CAP1 shows expression in nearly all cells, where CAP2 has a more limited expression,
including the brain, indicating unique roles of CAP2 in neuronal cells 24>, Preliminary
data show, with both a biochemical and an imaging approach, that CAP2 is confirmed
to associate to actin and as a novel binding partner of ADAM10, whereas this

interaction occurs along dendrites (Fig. 14A/B).
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Figure 14) CAP2 interacts with ADAM10 and Actin in neurons.

A) Co-immunoprecipitation assay confirms CAP2 as a novel binding partner of ADAM10, but not of ADAMZ22, another member of
the ADAM family. CAP2 is also able to precipitate actin.

B) Proximity Ligation Aassays (PLA) show that the binding between CAP2 and ADAM10 is confirmed and the binding is localized

along dendrites in primary hippocampal neurons.
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These preliminary data suggest an important role for CAP2 in neuronal cells. Since it is
a novel binding partner of ADAM10, and might have an influence on the regulation of

its synaptic localization, it is important to understand the role of CAP2 in this

physiological process and to unravel its role in AD.
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Therefore, the aims of my project are:

1.

To dissect the binding domains of CAP2 to ADAM10 and actin, and the role of

these complexes in ADAM10 synaptic localization

. To unravel the physiological role of CAP2 in the brain
. To characterize the ADAM10/CAP2/Actin complex in activity-dependent

plasticity phenomena

. To evaluate ADAM10/CAP2/actin complex role in aberrant plasticity

phenomena triggered by AB oligomers

. To analyze ADAM10/CAP2/actin complex in AD patients and animal models at

different stages of the disease.

. To generate therapeutic approaches to interfere selectively with the CAP2

complex formation with actin and ADAM10.
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Materials & Methods
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1.) Human Tissue

The hippocampus (Hp) from late onset/sporadic AD patients (AD; n=6, Braak 4/5 level)
and age-matched healthy controls (HC; n=6) were obtained from the Netherlands
Brain Bank. Stringent criteria were used for the selection of human brain tissues
employed in this study. HC have no history of psychiatric or neurological disease and

no evidence of significant age-related neurodegeneration. For detailed information

see table 1.
M@MII@III-
1 (AD) M 5,15 6,34 1182
2 (AD) F 84 5,55 6,42 1017 5
3 (AD) F 88 6,45 6,5 1148 5
4 (AD) F 91 6,25 6,05 1026 4
5 (AD) M 920 5,55 6,37 1080 4
6 (AD) M 91 4,1 6,28 1117 4
mean +/- SD 87,67 +/- 3,83 5,51 +/- 084 633 +/- 0,15 1095 +/- 66,23
1(HC) F 85 6,25 6,6 1080 3
2 (HC) F 89 6,35 6,73 1139 3
3 (HC) F 91 4,1 6,58 1052 3
4 (HC) M 83 5,15 6,6 1372 1
5 (HC) M 80 4,25 6,59 1429 2
6 (HC) M 89 6,5 6,23 1185 2
mean +/- SD 86,1667 +/- 4,22 5,43 +/- 1,09 656 +/- 0,17 1210 +/- 156,03

Table 1: Demographic and neuropathological characteristics of AD and HC cases.
AD (Alzheimer's Disease); CSF (Cerebrospinal fluid); F (Female); M (Male); PMD (Postmortem delay)
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2.) Animals

2.1.) Primary hippocampal rat neurons

Sprague-Dawley rats of 6 weeks, and its E18 embryos were used for the preparation of
primary hippocampal neuron cultures. The Institutional Animal Care and Use
Committee of the University of Milan and the Italian Ministry of Health (#326/2015)

approved all experiments involving neuronal cultures preparation.

2.2.) APPPS1 mice

APP/PS1 mice (double transgenic mice expressing a chimeric mouse/human amyloid
precursor protein (Mo/HuAPP695swe) and a mutant human presenilin 1 (PS1-dE9)),
directed to CNS neurons were used either wild type or heterozygous. (reference link

of the animal model: https://www.jax.org/strain/005864 and

https://www.alzforum.org/research-models/appswepsen1de?-0. Animal handling and

surgical procedures were carried out with care taken to minimize discomfort and pain
and in accordance with ethical regulations and guidelines of the European
Communities Council (Directive of 14 November 1986, 86/609/EEC) The Institutional
Animal Care and Use Committee of the University of Milan and the Italian Ministry of

Health (#497/2015) approved all experiments involving APP/PS1 mice.
2.3.) CAP2 KO mice

CAP2 KO mice tissues were kindly provided by our collaborator Dr. Marco Rust
(University of Marburg). All mice used are adult mice between 5 to 6 months of age.
For the in-vivo spine morphology all female mice were used, where for biochemical

analysis a mix of male and female mice were used.

3.) Plasmids
EGFP CAP2 plasmid was a kind gift from Professor Angelika Noegel (University of

Cologne). This plasmid was used to perform a point mutation inserting a stop codon
for the codon corresponding to aa 452 using the QuickChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA) following the manufacturer's instructions to

prepare specific CAP2 mutations. Myc CAP2 plasmid was created using the restriction
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enzyme and then used to introduce point mutations inserting a stop codon for the
codon corresponding to aa 452 and C32G using the QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA) following the manufacturer's instructions.
EGFP plasmid was kindly provided by Dr. Maria Passafaro (CNR, Milan, Italy). The TAC-
RAR-ADAM10 plasmid was created in our lab previously and used according to

previous protocol 3%,

4.) Cell Culture preparation and transfection.

Hippocampal neuronal primary cultures were prepared from embryonic day 18-19
(E18-E19) rat hippocampi. The cells were plated in DMEM medium containing Horse
Serum, Glutamax and Pen/Strep and +/- 16 hours after plating the medium was
changed to Neurobasal medium containing B27 supplement, Glutamax and
Pen/Strep. Neurons were transfected between DIV7-DIV10 using calcium-phosphate
co-precipitation method with 1-2 pug of plasmid DNA. According to their purpose,
neurons were treated, lysed or fixed at DIV 14 and then used for immunocytochemistry

or PLA assay or for biochemical purposes.

5.) Immunocytochemistry

For co-localization and morphological studies hippocampal neurons were fixed for 5
minutes with 4% Paraformaldehyde (PFA)-4% sucrose in PBS solution at room
temperature and washed with PBS for several times after. Cells were permeabilized
with 0.1% Triton X-100 in PBS for 15 min at room temperature and then blocked with
5% BSA in PBS for 30 min at room temperature. Cells were then labelled with primary
antibodies at 4 °C in an overnight incubation. Cells were washed and then incubated
with secondary antibodies for 1 h at room temperature. After, the cells were washed in
PBS and mounted on glass slides with Fluoromount mounting medium (Sigma Aldrich).
Cells were chosen randomly for quantification from different coverslips. Fluorescence
images were acquired by using Zeiss Confocal LSM510 Meta system or with the Nikon
Ti2 A1 system. We obtained the images with sequential acquisition setting at
1024x1024 pixels resolution; for each image two up to eight 0.5um sections were

acquired and a z-projection was obtained 22°,
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6.) Proximity Ligation Assay (PLA)

Brightfield PLA was essentially performed according to the protocol of the
manufacturer. We used snap frozen (by isopentane on dry ice) brain tissue that was
sectioned with A Leica CM 3050 cryostat to cut 10 pm thin brain sections which were
mounted on SuperfrostTM Plus Gold slides (Thermo Fisher Scientific) and stored at -20
°C until use. Before use the brain sections were kept at room temperature for 30
minutes and were fixed for 10 minutes at room temperature in 4 % paraformaldehyde,
washed with phosphate buffered saline (PBS) and permeabilized with 0.4 % CHAPSO
for another 10 minutes at room temperature. Endogenous peroxidase activity was
blocked with hydrogen peroxide solution by 10 minutes incubation at room
temperature and the slices were then washed in washing solution A. Unspecific binding
sites for antibodies were blocked for 30 minutes with blocking solution at 37 °C and
the slices were subsequently incubated with primary antibodies overnight at 4 °C. The
following day, secondary probes attached to oligonucleotides were added and, after
washing, the oligonucleotides of the bound probes where ligated, amplified and made
visual by addition of the detection reagent and substrate solution. After addition of the
nuclear stain solution, containing Mayer’s haematoxylin, the brain slices where
dehydrated in ascending concentrations of ethanol and finally xylene and
subsequently mounted. The PLA signals were visualized using a light microscope
(Nikon Eclipse EBOOM). A 40x objective was used when capturing images which were
analyzed using the Image J software.

As negative controls for the PLA experiments, we omitted one of the primary
antibodies. However, we found that similar amounts of signals appear in the negative
controls also when performing PLA without any primary antibodies. Hence, as negative
control we decided to exclude primary antibodies altogether. For quantification, PLA
signals generated in the negative control samples were subtracted from the signals

generated in the interaction samples.

For the PLA on primary hippocampal neurons, we used DIV14 neurons, fixed with 4%

PFA for 5 minutes at room temperature. Then the neurons were washed several times
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with PBS for 30 minutes at room temperature. Then the neurons were permeabilized
with 0,1% Triton X-100 in PBS for 15 minutes at room temperature and then washed
several times with PBS for 30 min at room temperature. The blocking was done with
the blocking solution from the PLA kit (Sigma), and the cells were incubated over night
with the primary antibodies. The next day we proceeded according to the
manufacturer’s instructions using the fluorescent method. In short, the next morning
the neurons were washed for several times with washing solution A for 15 minutes.
Then secondary probes attached to oligonucleotides were added and, after washing,
the oligonucleotides of the bound probes where ligated, amplified by a fluorescent
polymerase that visualizes the PLA signal in the 555nM filter channel of the confocal
microscope (Nikon Ti2 A1)

After the instructions we did a fluorescent immunocytochemistry staining of either the
GFP filled neurons or a neuronal marker in the 488nM filter channel. The cells were
washed with PBS several times for 30 min at room temperature, then incubated for 1
hour with the primary antibody at room temperature, washed again with PBS several
times for 30 min, incubated with the secondary antibody for Thour, washed again with
PBS several times for 30 min and then mounted in Fluoromount medium (Sigma). As
negative controls for the PLA experiments in we omitted one of the primary antibodies.
However, we found that similar amounts of signals appear in the negative controls also
when performing PLA without any primary antibodies. Hence, as negative control we
decided to exclude primary antibodies altogether. For quantification, PLA signals

generated were counted by hand and normalized on the total length of the dendrites.

7.) DIL labeling for spine morphology

Carbocyanin dye Dil (Invitrogen) was used to label neurons as it is a lipophilic
fluorescent molecule. Protocol used for labeling has been previously described 397, In
short, Dil crystals were applied using a thin needle by delicately touching of the region
of interest on both sides of a 3mm hippocampal piece prepared after cardiac perfusion
with 1.5% PFA in PB 0.1M. Dil crystals were left to diffuse for 1 day in the dark at room
temperature, then slices were post-fixated with 4% PFA in 0.1M PB for 45 minutes at
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room temperature. 100 pm hippocampal slices were obtained with a vibratome. The
first slices containing the Dil crystals was discarded and the rest of the slices were
mounted on SuperfrostTM glass slides (Thermo Fisher) with fluoromount (Sigma) for
confocal imaging. A Nikon Ti2 A1 confocal microscope was used and we obtained the
images with sequential acquisition setting at 1024x1024 pixels resolution with the 63x
objective and the 555nM channel; for each image between 40 and 100 sections of

0.5pm were acquired and an appropriate z-projection was obtained.

8.) Free-floating fluorescent immunohistochemistry (F-IHC)

Mice were anesthetized and perfused with 4% PFA in PBS (pH 7.2-7.6) in their right
atrium for approximately 10 minutes. The brain was removed and placed in post
fixation (4% PFA) for 1.5 hours. After post fixation, the brains were washed with 1x PBS
and 50pm coronal brain sections were cut with a vibratome and maintained free-
floating in PBS until F-IHC was carried out. For antigen retrieval, sections were treated
with a solution of citrate buffer (10mM citric acid and 0.05% Tween, pH 6), which was
boiled, and sections were transferred carefully into the solution and cooled off to room
temperature. Then, sections were washed multiple times with 1xTBS, and blocked in
4% normal goat serum in 0.1% Triton-X 100 in TBS1x at room temperature for 1 hour.
After, sections were incubated with primary antibodies in 0.1% Triton-X 100 solution
over night at 4°C. The morning after, the sections were washed with 1x TBS multiple
times and incubated with the secondary antibody conjugated with different
fluorophores, able to recognize the primary antibodies, at room temperature for 2
hours. After the labelling of the sections with the secondary antibody, the sections were
washed multiple times with TBS 1x, and then the nuclei were stained with DAPI for 5
minutes. Then sections were mounted on SuperFrost Plus slides with fluoromount
media and protected by a coverslip. Fluorescent images were obtained by the Nikon
Ti2 A1 confocal microscope system with a 63x objective and acquisition setting at

1024x1024 pixel resolution.
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9.) Cell culture electrophysiology

Electrophysiological recordings were performed by our collaborator Flavia Antonucci
(University of Milan). In short, hole-cell patch-clamp recordings of mEPSCs were
obtained from DIV 15-16 neurons using a Multiclamp700A amplifier (Molecular
Devices) and pClamp-10 software (Axon Instruments, Foster City, CA). All the
recordings were performed in the voltage-clamp mode. Currents were first sampled at
5 kHz and then filtered at 2-5 kHz. Recording pipettes, tip resistances of 3-5MQ were
filled with the intracellular solution of the following composition (in mM): 130
potassium gluconate, 10 KCl, 1 EGTA, 10 Hepes, 2 MgClI2, 4 MgATP, 0.3 Tris-GTP. In
the beginning of the experiment, mEPSCs have been recorded in the external solution
[Krebs' Ringer's-HEPES (KRH)] with the following composition (in mM): 125 NaCl, 5 KC],
1.2 MgSO4, 1.2 KH2PO4, 2 CaCl2, 6 glucose, 25 HEPES-NaOH, pH 7.4 in which also
TTX (0.5 pM), bicuculline (20 pM, Tocris, Bristol, UK) and strychnine (1 uM, Sigma-
Aldrich, Milan, Italy) were included.

To induce chemical LTD, NMDA (20 uM) and glycine (20 uM, Sigma-Aldrich, Milan,
ltaly) were applied for 3 minutes at room temperature in Mg2+-free KRH containing
TTX (0.5 pM), bicuculline (20 pM) and strychnine (1 uM). 30 minutes after this treatment
mEPSCs were collected in the starting KRH solution. Synaptic depression has been also
induced in cultures by 30 minutes of 0AB1-42 (500nM) in Mg?*free KRH containing
only TTX (0.5 pM), bicuculline (20 uM) and strychnine; again following this treatment
mEPSCs were recorded in normal KRH and analyzed. Off-line analysis of miniature

events was performed by the use of Clampfit- pClamp-10 software.

10.) Subcellular Fractionation and purification of post-synaptic

densities and Triton insoluble postsynaptic fractions

To isolate PSDs, rat hippocampi (from 15 animals) were rapidly dissected and pooled.
Homogenization was carried out by 10 strokes in a Teflon-glass homogenizer in 4ml/gr

of ice-cold 0.32M sucrose containing 1TmM HEPES, TmM MgCl,, TmM NaHCO;, and
0.1mM phenylmethylsulfonyl fluoride (PMSF) (pH 7.4). Everything was done at 4°C

from here. The homogenized tissue was centrifuged at 1,000g for 10 minutes. The
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obtained supernatant was centrifuged at 13,000g for 15 minutes to get mitochondrial
and synaptosome fractions. The pellet was resuspended in 2.4ml/gr of 0.32M sucrose
containing 1mM HEPES, TmM NaHCO; and 0.1mM PMSF, overlaid on a sucrose
gradient (0.85-1.0-1.2M) and centrifuged at 82,5009 for 2hours. The fraction between
the 1.0 and 1.2M sucrose was removed, diluted with an equal volume of 1% Triton X-
100 in 0.32M sucrose containing 1mM HEPES for 15 minutes. This solution was
centrifuged at 82,500g for 45 minutes. The pellet (containing the PSD1 or triton
insoluble fraction (TIF)) was resuspended and layered on a sucrose gradient (1.0-1.5-
2.1M) and centrifuged at 100,000g for 2hours. The fraction between 1.5 and 2.1M was
removed and diluted in an equal volume of 1% Triton X-100 and 150mM KCI. The final
PSD2 fraction was collected after a centrifugation at 100,000g for 45 minutes and
stored at -80°C until usage.

TIF, a fraction highly enriched in PSD proteins (including receptors, signaling,
scaffolding and cytoskeletal elements) but absent of presynaptic markers, was isolated
from human, rat and mice brain tissue (Hippocampus/Cortex/Half brain). To obtain this
fraction, samples were homogenized at 4 °C in an ice-cold buffer containing 0.32 M
Sucrose, 1T mM HEPES, 1 mM NaF, 0.1 mM PMSF, 1 mM MgCl in the presence of
protease inhibitors (Complete'™, GE Healthcare, Mannheim, Germany) and
phosphatase inhibitors (PhosSTOP™, Roche Diagnostics GmbH, Mannheim, Germany),
using a glass-Teflon homogenizer. Homogenates were then centrifuged at 1,000g for
5 min at 4 °C, to remove the nuclear contamination and white matter. The supernatant
was collected and centrifuged at 13,000g for 15 min at 4 °C. The collected pellet (P2
crude membrane fraction) was resuspended in a hypotonic buffer (1mM HEPES with
Complete'™) and centrifuged at 100,000 g for 1h at 4°C. Triton X-100 extraction of the
resulting pellet was done for 15 minutes in an extraction buffer (1% Triton X-100, 75
mM KCl and Complete™). After extraction, the samples were centrifuged at 100,000 g
for 1h at 4°C and TIF were obtained by resuspending the pellet in a 20mM HEPES with
Complete'™ buffer using a glass-glass homogenizer.

TIFs from hippocampi of mice or rats were obtained using a shorter protocol without

the first 1,000g centrifugation and the first 100,000g centrifugation. Protein content of
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the samples was quantified by using the Bradford Bio-Rad (Hercules, CA, USA) protein

assay.

11.) Co-immunoprecipitation assay

100 pg of proteins from rat hippocampus or HEK 293/COS 7 homogenate or 50 ug of
proteins from rat hippocampus TIF were in RIA buffer containing 200 mM NaCl, 10 mM
EDTA, 10 mM Na2HPO4, 0.5% NP-40, 0.1% SDS and protein A/G- agarose beads
(Thermo Fisher) as pre-cleaning procedure. Primary antibodies were added leaving to
incubate overnight at 4 °C on a wheel. Protein A/G-agarose beads were added, and
incubation was continued for 2 hours at room temperature on a wheel. Beads were
collected by gravity or centrifugation (1,200 rpm) and washed three times with RIA
buffer before adding sample buffer for SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and the mixture was boiled for 10 min. Beads were pelleted by centrifugation,

all supernatants were applied onto 7-8% SDS-PAGE gels.

12)) Western Blotting
The electrophoretically separated protein on 7% to 12% SDS-PAGE gel were

transferred on to a nitrocellulose membrane. The transfer was performed in a blotting
buffer containing 20% methanol and 1x blotting buffer (Tris 0.025M, Glycine 0.192M
at a pH 8.3) for two hours at 240mA. After the transfer procedure, membranes were
blocked in iBlock-TBS (Invitrogen, T2015) or 5% milk in TBS for at least 45 minutes and
subsequently incubated with primary antibodies overnight at 4 °C in iBlock-TBS or 3%
milk-TBS. The next day, membranes were washed in Tris-buffered saline/tween 20
(TBST) for 3 times for at least 10 minutes each wash, at room temperature. Then,
membranes were incubated with horseradish peroxidase (HRP)-coupled secondary
antibody (Bio-rad Laboratories) for 1 hour at room temperature and washed again 3
times for 10 minutes at room temperature. For detection, Clarity'™ Western ECL
Substrates (Bio-Rad Laboratories) were used. For chemiluminescence the membranes

were exposed to trans-UV (302nm) with Chemidoc MP system (Bio-Rad Laboratories).
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13.) ELISA

A Mouse/Rat sAPP-alpha (high-sensitive) ELISA was used to measure the ADAM10
activity on APP in the APP/PS1 wild type animals treated with the CAP2-Actin peptide.
We conducted the assay according to the manufacturer’s protocol. (Catalog No.
JP27419, IBL/Tecan).

A Mouse/Rat AB1.42 (high-sensitive) ELISA was used to measure AB levels in CAP2 KO
mice compared to wild type animals. The ELISA was performed according to

manufacturer’s protocol. (Catalog No. RE45721, IBL/Tecan).

14.) Primary neuronal culture treatment

14.1.) Amyloid Beta

Synthetic AB peptide (AB:4. ) and its scramble inverse sequence (ABs..1) were purchased
from Bachem (Bubendorf, Switzerland), and oligomers were prepared according to 3%,
In short, the lyophilized powder was dissolved in 1,1,1,3,3,3-Hexafluoro-2Propanol
(HFIP, Sigma-Aldrich) at a final concentration of 1 mM. This solution was sonicated for
10 minutes and after it was aliquoted (10pl) in sterile tubes and left over-night under
the hood for HFIP evaporation. The day after the tubes were centrifuged in a Speedvac
to remove the remaining traces of HFIP or moisture. The resulting peptide was stocked
at -20°C. For oligomers preparation itself, the peptides were placed at room
temperature for 5 minutes and were then resuspended in DMSO at 5mM final
concentration, vortexed for 30 seconds and sonicated for 10 minutes, then they were
diluted with cold Neurobasal medium without phenol red to obtain a final
concentration of 100 uM. The resulting solution was vortexed for 15 seconds and
transferred to 4°C for 24 hours before use for the oligomers to form. The quality of the
oligomer preparation was controlled by the separation of the protein onto a 13% Tris-
Tricine gels and revealed by western blots against the amyloid-B peptide (6E10;
Covance, CA, USA), or used for a total protein staining using Coomassie staining. To
analyse the presence of oligomeric and fibrillar forms, TEM experiments were
performed applying 5 pl of protein suspension to a glow-discharge coated carbon grid

(Cu 300 mesh, Electron Microscopy Sciences, PA, USA) for 1 min and then negatively
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stained with 2% Uranyl acetate. Sample was observed with an EFTEM Leo%12ab (Zeiss,
Germany) operating at 100 KV and digital images were acquired by a CCD camera
Tkx1k (Proscan, Germany) and iTEM software (Olympus, Germany). For experimental
procedures, primary hippocampal neurons were treated at DIV14 for 30 minutes. A
final concentration of 500 nM or 1 uM was used. After 30 minutes the cells were fixed

or lysed and used for PLA, ICC or biochemical experiments.

14.2.) Long Term Potentiation

To induce chemical LTP, hippocampal neuronal cultures at DIV14 were incubated in
artificial cerebrospinal fluid (ACSF) for 30 minutes at 37°C: 125 mM NaCl, 2.5 mM KCI,
1T mM MgCly, 2 mM CaCl,, 33 mM D-glucose, and 25 mM HEPES (pH 7.3), followed by
the LTP stimulation by 50 pM forskolin, 0.1 uM rolipram, and 100 uM picrotoxin (Tocris)
in ACSF (no MgCl,) at 37°C. After 16 minutes of stimulation, neurons were replaced in
regular ACSF for 15 minutes at 37°C and then lysed for TIF extraction or fixed for

PLA/immunocytochemistry.

14.3.) Long Term Depression

To induce chemical LTD, hippocampal neuronal cultures at DIV14 were incubated with
ACSF as for the LTP, followed by incubation with 50 NMDA uM in ACSF (with MgCls)
for 10 minutes at 37°C. Then the neurons were placed back in regular ACSF for 20
minutes at 37°C, and then lysed for TIF extraction of fixed for

PLA/immunocytochemistry.

15.) Cell-Permeable peptide treatment

The cell-permeable peptides were created by fusing the peptides with the HIV Tat-
derived peptide, which is a small basic peptide that has been shown to successfully
deliver a large variety of cargoes, from small particles to proteins, peptides and nucleic
acids. The domain conveying the cell penetrating properties appears to be confined
to a small (11 amino acid) stretch of basic amino acids, with the sequence
(YGRKKRRQRRR) 39?. On the basis of the interaction domain between CAP2 and Actin

we developed 2 different active peptides and the corresponding inactive peptide. The
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designed peptides were then produced by Bachem and upon arrival resuspended in
sterile dH,O with a stock concentration of TmM.

Neurons from primary cultures were treated at DIV14 at the concentrations of 1 uM or
10 pM in complete neurobasal medium. Treatments were done for 30 minutes at 37°C
before the neurons were lysed or fixed for biochemical experiments or ICC. Adult mice
(6 months of age) were treated with active or the inactive peptide at a concentration of
3nmol/gram diluted in sterile saline or treated with the vehicle alone. Peptides were
administered with intraperitoneal injections. As an acute treatment 1 injection was
done and the mice were sacrificed 24hours after the injection. For chronic treatment
the mice were given daily injections for 2 weeks, followed by behavioral test and
sacrifice. The tissue was used for Dil Labeling/spine morphology and biochemistry/TIF

extraction.
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16.) Antibody list

Antibody Species Company

Actin Rabbit Sigma-Aldrich
Actin Mouse Sigma-Aldrich
ADAM10 Rabbit Abcam

ADAM10 Rat R&D

ADAM10 Goat Santa Cruz
ADAM10 Rabbit Proscience

AP50 Mouse BD Bioscience
APP 6E10 Mouse Millipore

APP C-term Mouse Sigma-Aldrich
BACE-1 Rabbit Cell Signalling
Calnexin Rabbit ENZQO life sciences
Calreticulum Rabbit Thermo Scientific
CAP1 Rabbit Protein Tech
CAP2 Rabbit Protein Tech
CAP2 Goat Santa Cruz

Cofilin Rabbit Cell Signalling
Cofilin-Phospho Rabbit Cell Signalling
GAPDH Rabbit Santa Cruz

GFP Chicken Millipore

GIuA1 Mouse Neuromab
GluA1-Phospho 5845 Rabbit Millipore

GIuN2A Rabbit Sigma-Aldrich
GIuN2B Rabbit Sigma-Aldrich
GIuN2B Mouse Neuromab
GM130 Mouse BD Bioscience
Histone H3 Rabbit Protein Tech

HSA Mouse Sigma-Aldrich
MAP2 Guinea Pig Synaptic Systems
Myc Mouse Roche / Sigma-Aldrich
Myc Rabbit Santa Cruz
N-Cadherin Mouse BD Bioscience
Notch1 Rabbit Thermo Scientific
PDI Mouse Affinity BioReagents
PSD95 Mouse Neuromab

SAP97 Mouse ENZO life sciences
Synaptophysin Mouse Synaptic Systems
Tac-RAR (7G7) Mouse Gift of Dr. Bonifacino
Tau-Phospho (AT8) Mouse Cell Signalling
Tubulin Mouse Sigma-Aldrich
a-Adaptin Mouse BD Bioscience
B-Adaptin Mouse BD Bioscience
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17.) Quantification and statistical analysis

Quantification of Western Blot analysis was performed by means of computer-assisted
imaging (Imagelab, Bio-Rad Laboratories). The levels of the proteins were expressed
as relative optical density (OD) normalized on actin, tubulin, GAPDH or Calnexin. Levels
and values are expressed as mean +/- standard error of the mean (SEM), of at least
three independent experiments. Imaging acquired with a brightfield or confocal
microscope were analyzed with the use of Fiji / Image J software (National Institute of
Health, Bethesda, MD, USA). Colocalization analysis was performed using Zeiss AIM
4.2 software. For colocalization, PLA and morphological analysis, cells were chosen
randomly for quantification from 4 different coverslips (2-3 independent experiments),
images were acquired using the same settings/exposure times, and at least 10 cells for
each condition were analyzed.

Statistical evaluations were performed by using 2-tailed Student t test (a p value less
than 0.05 was considered significant) or, when appropriate, by using one-way ANOVA

followed by Tukey or Bonferroni’s as a post hoc test.
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Results
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1.) Identification of the molecular determinants of the
CAP2/ADAM10/Actin complexes
1.1.) Analysis of the regions responsible for CAP2/ADAM10 complex

formation

In order to identify the domain of ADAM10 cytoplasmic tail recognized by CAP2, we
carried out pulldown assays. Fusion proteins of glutathione-S-transferase (GST) and
GST bound to ADAM10 C-terminal domain (GST- ADAM10 Ct) were incubated with rat
hippocampus homogenate. GST- ADAM10 Ct was able to specifically pull-down CAP2.
Therefore, we tested a series of deletion mutants of GST-ADAM10 Ct, to identify the
domain of ADAM10 responsible for the interaction with CAP2. Truncation of the last
41 aa of ADAM10 tail (GST-697-708) abolished binding to CAP2 (Fig. 1A).

To understand which is the CAP2 binding site to ADAM10, multiple deletion mutant of
CAP2 were produced to define the binding region with ADAM10. To this aim, we took
advantage of a HEK293 cell line with a stable ADAM10-HA transfection and transiently
transfected them with either MycCAP2 or the deletion mutant MycCAP2A96. Co-
immunoprecipitation (Co-IP) experiments revealed that the first 96 aa of the N-terminal

part of CAP2 is required for ADAM10 interaction (Fig. 1B/C).
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Figure 1) The membrane-proximal proline rich domain of ADAM10 binds the N-terminal region of CAP2.

A) Scheme of representation of ADAM10 mutants.

B) Representative Western Blot (WB) of a pulldown assay carried-out with GST- ADAM10 Ct and a series of GST- ADAM10 Ct
deletion mutants were incubated with rat hippocampus homogenate. GST- ADAM10 Ct was able to specifically pull-down CAP2,
while the lack of the last 41 aa of ADAM10 tail (GST-697-708), abolished CAP2 binding.

C) Scheme of a representation of CAP2 mutants.

D) ADAM10-HA stable transfected HEK293 cells were transfected with Myc-CAP2 / Myc-CAP2 A96 and were lysed and
immunoprecipitated (IP) with HA antibody. WB analysis was carried out with an anti Myc. Myc CAP2 is able to bind ADAM10, while
CAP2 A%6 is not able to bind to ADAM10 any longer.
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1.2.) CAP2 binding domain with actin

Since it was clear that CAP2 binds actin (See Fig. 14 in the aim), the next step was to
identify the actin binding region in CAP2 sequence. As it was reported that the CAP2
C-terminal domain is able to bind actin 243265, a deletion mutant was created lacking
the last 22 aa of CAP2 (CAP2 452A). Both with Co-IP and GST-pull down we
demonstrate that the CAP2 452A mutant is not able to bind to actin (Fig. 2).
Additionally, the mutant CAP2 A96 is still able to interact with actin, thus demonstrating
that ADAM10 and actin do not compete for the binding to CAP2.

A
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Figure 2) Actin binds the C-terminal region of CAP2.

A) Scheme of a representation of CAP2 mutants.

B) Actin interacts with the C-terminal tail of CAP2. GST CAP2 FL- full length, GST CAP2 A452 were incubated in a pull-down assay
with rat brain homogenate. WB analysis was performed with actin antibody. GST proteins were stained by Coomassie staining.
The deletion of the last 24 amminoacids abolishes actin binding to CAP2, suggesting that this is the sequence responsible for the
interaction.

C)HEK293 cells were transfected with Myc-CAP2 / Myc-CAP2 452A / Myc-CAP2 A96 were lysed and immunoprecipitated (IP) with
Myc antibody and WB analysis was carried out with an anti actin and Myc. CAP2 and CAP2 A%6 bind with actin, while the Myc-
CAP2 452/ is not able to bind actin anymore.
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1.3.) The actin binding domain of CAP2 is relevant for ADAM10

endocytosis

According to literature the CAP family has an important role in protein trafficking and
endocytosis 2. Moreover, we have previously shown that the cytoplasmic tail of
ADAM10 is the biological locus responsible for the regulation of its synaptic
localization/shedding activity 212:213241.242310 Thys, we decided to evaluate whether
CAP2 affects ADAM10 synaptic localization in primary hippocampal neurons
transfected with CAP2 full length (CAP2 FL) or the mutant lacking the actin binding
domain (CAP2 452A). The quantitative analysis of the co-localization between ADAM10
and PSD-95, showed that CAP2 does not influence ADAM10 synaptic localization,
while the mutant without the actin binding domain significantly increases the co-
localization degree of ADAM10 with PSD-95 (Fig. 3A/B).

Since the actin binding site of CAP2 affects the levels of surface level of ADAM10 in the
synapse, we investigated which mechanism is responsible for the modulation of this
process. We decided to evaluate two pathways that are fundamental for ADAM10
localization: the forward trafficking and the endocytic process of the protein 212213, We
performed an internalization assay in primary hippocampal neurons transfected with
TacADAM10-RAR, as previously described 3% and Myc CAP2-FL or the mutant Myc
CAP2 452A. The mutant of CAP2 significantly impaired the endocytosis rate of
ADAM10 while CAP2-FL didn't modulate ADAM10 internalization (Fig. 3C/D). Since
the actin cytoskeleton plays an essential role in endocytosis, where actin assembly can
create protrusions that encompass extracellular materials 31312, these data suggest
that CAP2 is involved in ADAM10 endocytosis, probably anchoring the protein to the

actin cytoskeleton.
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Figure 3) CAP2 binding to Actin influences ADAM10 synaptic levels

A) Primary hippocampal neurons transfected with EGFP-CAP2 FL or EGFP-CAP2-452A (the mutant lacking the actin binding
domain), were stained for ADAM10 (green) and PSD-95 (red). Quantification of the colocalization degree was done with a one-
way-ANOVA test with a Bonferroni post-hoc test. (GFP, mean = 0.2387 +/- SEM 0.028; GFP CAP2, mean = 0.2839 +/-SEM 0.0245;
GFP CAP2-452A mean 0.4334 +/- SEM 0.043; GFP vs GFP CAP2-A452 ***p < 0.001; GFP CAP2 and GFP CAP2A452 **p < 0.01; n
=3, with at least 6 neurons for each experiment for each condition).

B) An internalization assay was performed in primary hippocampal neurons transfected with Tac-RAR-ADAM10 and either Myc-
CAP2-FL or Myc-CAP2-452/\. Representative images of surface (red) and internalized (blue) Tac-RAR-ADAM10 and of CAP2
(green) are shown (scale bar = 20pm). The quantification of the internalization index (the internalized staining on the surface
staining) was done with a one-way-ANOVA test with a Tukey post-hoc test. (TAC-RAR-ADAM10, mean +/- SEM; MycCAP2+TAC-
RAR-ADAM10 mean +/- SEM; MycCAP2-452A +TAC-RAR-ADAM10 mean +/- SEM; TAC-RAR-ADAM10 vs. MycCAP2-452A +TAC-
RAR-ADAM10 * p <0.05; n =2, with 6 neurons for each experiment for each condition).
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2.) CAP2 as a novel regulator of actin dynamics and spine
morphology

2.1.) CAP2 localization in the neuron

Since there is limited information available about the function of CAP2 in the brain and
its localization in the cell 301, we first investigated in which compartment of the neuron
CAP2 is expressed. We used rat hippocampal tissue, which was homogenized to purify
the PSD fraction. It turned out that CAP2 is present in the PSD, but not as enriched as
ADAM10 (Fig. 4A). In addition, we used primary hippocampal neurons which were
stained with pre- and post-synaptic markers and CAP2. STED microscopy analysis
confirmed that CAP2 does not colocalizes with Bassoon (a pre-synaptic marker), but
partially colocalizes with PSD-95 (a post-synaptic protein). In addition, CAP2 clearly
colocalizes with the F-actin marker phalloidin (Fig. 4B).

Overall, these data suggest that CAP2 is expressed in different compartments of
neurons, including the post-synaptic density. In addition, CAP2 fully colocalizes with

the filamentous form of actin, confirming it as an actin-binding protein.
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Figure 4) CAP2 is present in the postsynaptic density compartment, but not enriched

A) Post-synaptic density purified from adult rat hippocampi, CAP2 is present all the fractions but not enriched in PSD as ADAM10.
Legend: Homo, Homogenate; S1, Supernatant 1; P1, Pellet 1 (Nuclear fraction); S2, Supernatant 2 (microsomal fraction); P2, Pellet
2; S3, Supernatant fraction; PSD1; PSD2, post- synaptic density.

B) Representative staining of CAP2 and synaptic markers. After fixation, neurons were stained with post- and pre-synaptic markers,
PSD-95 and Bassoon respectively, to evaluate the localisation of CAP2 at the synapse. CAP2 shows a clear colocalization with F-

actin, stained with phalloidin. Scale bar = 2 ym, and arrowhead indicate colocalization.
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2.2.) CAP2 dimerization motif is relevant for cofilin association

The capability of all CAP protein homologues to self-associate and create multimeric
complexes is well documented in the literature ?#4. It is believed that, in Dictyostelium
discoideum, CAP oligomerization is mediated by the first 50 N-terminal residues, other
than at C-terminal site, and in particular, a dimerization domain (Di) at the amino
terminus has been identified 2°4. In agreement, CAP1, the other member of the CAP
family, in mammals, could undergo a dimerization through the formation of a disulfide
bond that involves the Cys29 residue in the N-terminal region of the protein 313.
Therefore, first we verified the presence of a disulfide crosslinked CAP2 dimer by
loading a lysate of COS-7 cells transfected with Myc CAP2 onto a non-reducing SDS-
PAGE. As shown in Fig. 5A, both a band corresponding to Myc CAP2 monomer at 64
kDa and a species of CAP2 with an apparent molecular weight of approximately
double the Myc CAP2 monomer (128 kDa) were detected. Remarkably, the Myc CAP2
mutant carrying the mutation of the Cys32 to Gly [Myc CAP2 C32@] is not able to
dimerize in one-dimensional non-reducing SDS-PAGE (Fig. 5A).

To strengthen these data, we performed a proximity ligation (PLA) assay in rat
hippocampal neurons transfected with EGFP-CAP2 and either Myc CAP2 or Myc CAP2
C32G. In neurons expressing EGFP CAP2 and Myc CAP2, a large number of PLA signals
was detected when the two antibodies GFP and Myc were used, indicating that these
two CAP2 constructs are in close proximity (<40 nm)to each other along MAP2-positive
dendrites (Fig. 5B). In neurons transfected with EGFP CAP2 and the mutant Myc CAP2
C32G the density of PLA signals significantly decreased when compared to cells
overexpressing EGFP CAP2 and Myc CAP2 (Fig. 5B). For control experiments, only Myc
primary antibody was used and no PLA signal was generated (data not shown). Overall,
these findings indicate that the Cys32 is fundamental for the formation of CAP2 dimers
and for CAP2 self-association in neurons.

Since CAP2 is known to bind cofilin 2°>2%¢, and possibly enhances the cofilin mediated
actin regulation, we used hippocampal neurons transfected with Myc CAP2 or Myc
CAP2 C32G to assess the effect of the mutation on CAP2/cofilin association by a PLA
experiment. The data show a decreased binding between Myc CAP2 C32G and cofilin
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compared to Myc CAP2 - cofilin (Fig. 5C). Therefore, the CAP2 dimer formation,
dependent on the Cys32, is relevant for the CAP2/cofilin interaction and we
hypothesize that this complex can affect cofilin-mediated activity and the actin

treadmilling rate in dendritic spines.

A B

150 A
Myc CAP2 N ProRich H2. ProRich c EGFP CAP2/ Myc CAP2
—_ Jekk
Myc CAP2 C32G N* c ER
= 6 100 A
Myc CAP2 PLA ) == [
Myc CAP2 C32G i:’._.‘-’.~.( _..-',-.ou % §
. - — <5
S?nfzr D> - rieR KD EGFP CAP2/ Myc CAP2C32G J = 501
i 64 KD 2
monomer had ks 0 o \
-35 KDa .V
, QK
Non-Reducing gel @O\s\
C 150+ 2
Myc CAP2/Cofilin Myc CAP2 C32G/Cofilin £ d
/pLA 4 \::- ‘3. 1 00-
- 2 ovine o N ® ©
: E c O
== 29
- (7]
PLA PLA 22 5o
e ity a’ o
g
0-

Figure 5) CAP2 self-association depends on Cys32 and is relevant for the association to cofilin.

A) Representative scheme of CAP2 mutants. Homogenates of cells expressing either the Myc CAP2 or Myc CAP2 C32G mutant
were loaded onto a non-denaturating gel; WB analysis was performed with Myc antibody and revealed that the single point
mutation Cys32 to Gly avoid the capability to form dimers onto a native-like condition gel (C32G).

B) Representative images of a PLA assay carried outin primary hippocampal cultures transfected with EGFP-CAP2 and either Myc-
CAP2 or Myc-CAP2 C32G. The quantitative analysis reveals that this mutant decreases the dimerization of CAP2 with
approximately 60%. Statistics done with an unpaired two-tailed t-test, (EGFP CAP2+Myc-CAP2 mean = 100 +/- SEM 9.363; EGFP
CAP2+Myc-CAP2 C32G mean = 38.64 +/- 6.239; EGFP CAP2+Myc CAP2 vs. EGFP CAP2 + Myc CAP2 C32G ***P < 0.0001; n = 2,
with 8 neurons each condition, per experiment.

C) Representative images of a PLA assay carried out in primary hippocampal cultures transfected with Myc CAP2 or Myc CAP2
C32G. The PLA was carried out between a Myc antibody (mouse) and Cofilin antibody (rabbit). The quantitative analysis reveals
that the CAP2 mutant decreases the binding to cofilin. Statistics done with an unpaired two-tailed t-test, (Myc CAP2, mean = 100
+/- SEM 25.76; Myc CAP2 C32G mean = 43.20 +/- SEM 8.703; Myc CAP2 vs. Myc CAP2 C32G *P < 0.05; n =2, with 5 neurons each

condition, per experiment).
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2.3.) The lack of CAP2 affects the spine morphology, the molecular

composition of the synapses and amyloid beta levels in-vivo.

To understand more about the physiological role of CAP2, we took advantage of the
cortical and hippocampal areas of adult CAP2 Knock-Out mice (CAP2 KO mice) at 5 to
6 months of age, kindly provided by Prof. M. Rust. After the homogenization of the
tissue and purification of the Triton-Insoluble Fraction (TIF), which is enriched with post-
synaptic proteins, the expression levels of proteins of interest as ADAM10, the post
synaptic protein PSD-95 and multiple receptor subunits of the glutamatergic
NMDA/AMPA receptors, were measured. No differences in total brain homogenate of
both the cortex (data not shown) and hippocampus (Fig. 6A) were detected. However,
the synaptic localization of both ADAM10 and GIuN2A are significantly decreased in
the hippocampal area of CAP2 KO mice when compared to wild-type (WT) mice,
without any differences in the cortex (Fig. 6B).
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Figure 6) Characterization of CAP2 KO mice hippocampus.

A) Representative images of WB experiments carried out from the total hippocampal homogenate of CAP2 KO and WT mice.

B) Representative images of WB experiment carried out from the TIF fraction of CAP2 KO and WT mice. On the right the
representative graph of the statistical analysis, where the OD of the protein of interest was normalized on Tubulin and shown as a
percentage compared to the WT. A two-tailed unpaired ttest was used. (ADAM10 CAP2 KO mean = 52,57 +/- SEM 9, 866; WT
vs. KO ***p<0.001; GluN2A CAP2 KO mice mean = 61.81 +/- SEM 14.8, WT vs. KO *P<0,05; PSD-95 CAP2 KO mean = 137.3 +/-
SEM 16.48, WT vs. KO P = 0.064; GIuN2B CAP2 KO mice mean =117.3 +/-21.61, WT vs. KO P = 0.45; GluA1 CAP2 KO mean =
130.5 +/- SEM 20.80 WT vs. KO P =0.19, n = 9 for ADAM10 and GIuN2A, for the restn = 4).
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In addition, we analyzed the spine morphology and density of female CAP2 KO mice
at the age of 6 months hippocampal neurons ex-vivo. A decrease in the spine density,
length and width was found in CAP2 KO mice hippocampal neurons compared with
age-matched WT animals. Moreover, an increase of the immature stubby spines was
found in the CAP2 KO mice (Fig. 7). Overall, these data suggest that CAP2 is important
for the regulation of structural plasticity and the synaptic localization of ADAM10 and
GluN2A. In addition, there is a possible role for CAP2 in the development and
maturation of synapses, as in CAP2 KO mice the number of the immature stubby spines

are increased.
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Figure 7) Spine morphology and density of CAP2 KO mice hippocampal neurons.

To see if there are differences in the spine morphology and density of hippocampal neurons of CAP2 KO mice, we stained these
cells with a fluorescent dye (DiL) and quantified the spine morphology including the density, length and width of the spines.

A) Representative image (63x Confocal image, 1024x1024 field) of a hippocampal neuron from a WT and a CAP2 KO. Scalebar =
5 pm.

B) Quantification of the spine density, length and width and the classification of the morphology of the spines. For statistical
analysis we used a 2-tailed unpaired t-test. Spine density (WT mean = 5.481 +/- 0.2439 & CAP2KO mean = 4.665 +/- SEM 0.22,
WT vs. KO *P<0.05), Length (WT mean = 1.831 +/- SEM 0.041 & CAP2KO mean = 1.629 +/- SEM 0.045, WT vs. KO **P<0.01),
Width (WT mean = 1.223 +/- SEM 0.043 & CAP2KO mean = 1.095 +/- SEM 0.039, WT vs. KO *P < 0,05), Mushroom spines (WT
mean = 22.74 +/- SEM 2.51 & CAP2KO mean = 16.68 +/- SEM 2.327, WT vs. KO P = 0.085), Stubby spines (WT mean = 5.595 +/-
SEM 1.324 & CAP2KO mean = 11.64 +/- SEM 1.736, WT vs. KO **P<0.01), Thin spines (WT mean = 71.67 +/- SEM 2.886 & CAP2KO
mean = 71.68 +/- SEM 2.57, WT vs. KO P = 0.9968) {(WT versus KO, n = 2 animals each condition with n = 10 neurons with > 100

spines for each animal)
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Finally, taking advantage of an ELISA assay, we looked at the ABi4 levels in the
homogenate of the hippocampus of CAP2 KO mice comparing them to the wild type
animals. Interestingly, the CAP2 KO mice have elevated ABi4 levels in their
hippocampal area (Fig. 8). This indicating that CAP2 is important for the regulation of
ABi1.42 in the hippocampus.
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Figure 8) CAP2 KO mice have elevated amyloid beta levels in the hippocampal area.

With an ELISA assay we detected AB1.42 levels in the hippocampus of CAP2 KO animals compared to matched wild type animals.
CAP2 KO mice show higher levels of AB142 compared to wild-type mice. WT mean = 16.66 pg/ml +/- 2.535 & CAP2 KO mean =
37.02 pg/ml +/- SEM 4.812, WT vs. KO **P<0.01

83



3.) CAP2 and activity-dependent synaptic plasticity

3.1.) Long-term potentiation triggers CAP2 dimerization

Given that CAP2 is important in structural plasticity and when CAP2 is abolished this
results in an altered spine morphology, the question raised whether CAP2 is involved
in physiological plasticity. In addition, given the pivotal role of cofilin-mediated actin
dynamics in the structural remodeling of spines during activity-dependent synaptic
plasticity phenomena, we tested whether the long-term potentiation (LTP) and the
long-term depression (LTD) modulate CAP2 expression and dimerization, and
consequently association to cofilin 133, First, we verified whether LTP regulates CAP2
synaptic availability in the dendritic spines. To this, we induced chemical LTP (cLTP),
using a highly validated protocol in hippocampal cultures that results in prolonged
NMDA receptor-dependent LTP 2'3 (Fig. 9A). 30 min after cLTP induction, we purified
TIF from control and cLTP-treated hippocampal neurons. Western blot analysis
revealed that cLTP elicited an increase in the CAP2 levels in the TIF fraction compared
to control neurons (Fig. 9B). Notably, cLTP stimulation caused also a significant
increase in CAP2 dimer levels in TIF (Fig. 9C). Then, to evaluate whether these effects
could be ascribed to the CAP2 Cys32-dependent dimerization, we analyzed the PLA
signal upon cLTP induction in hippocampal neurons transfected with EGFP-CAP2 and
either Myc-CAP2 or Myc-CAP2(C32G). The cLTP induction significantly increased PLA
signal in neurons transfected with EGFP-CAP2 and Myc-CAP2, confirming the LTP-
triggered augment in CAP2 self-association (Fig. 9D). On the other hand, no
modifications in PLA signals upon LTP induction were detected when EGFP-CAP2 and
Myc-CAP2(C32G) were expressed (Fig 8D). To determine if the increase in CAP2 dimer
affects the association to cofilin, we performed PLA assays after cLTP induction. The
quantitative analysis revealed a significant increase in the association between

endogenous CAP2 and cofilin upon LTP induction (Fig. 9E).
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Figure 9) CAP2 dimerizes and associates upon chemically induced LTP.
A) A schematic overview of the chemical LTP induction protocol in primary hippocampal cultures followed by the TIF purification.
B) WB representative images of TIF samples purified from cLTP and control treated cultures. cLTP (15') promotes CAP2 enrichment
in the TIF fraction. For statistical analysis we used a 2-tailed unpaired t-test. Ctrl mean = 0.1892 +/-0 SEM 0.049; cLTP mean =
0.3992 +/- SEM 0.05121, Ctrl vs. cLTP *P<0.05,n = 5.
C) Samples of TIF purification of cLTP and control treated cultures were loaded onto a non-denaturating gel. Western blot analysis
performed with CAP2 antibody showed a band corresponding to CAP2 (53 KDa) and another band at 106 KDa corresponding to
a CAP2 dimer. TIF purification of control and cLTP-treated neurons. cLTP (15') promotes CAP2 dimerization in the TIF fraction. The
ratio dimer/monomers expressed as percentage of control. For statistical analysis we used a 2-tailed unpaired t-test. cLTP mean
=163.3 +/- SEM 27.62; Ctrl vs. cLTP *P<0.05, n = 8.
D) In situ detection of proximity between EGFP CAP2 and MycCAP2 or MycCAP2 C32G (white) along MAP2 (magenta) after cLTP
induction; scale bar = 5 um. Data are presented as mean = s.e.m., n = 2 with for each experiment 8 neurons per condition, Myc-
CAP2 vs. Myc-CAP2 cLTP *P< 0.05, statistical analysis done with a 2-way ANOVA with post hoc Tukey test.
E) In situ detection of proximity between CAP2 and Cofilin (white) along GFP transfected hippocampal neurons (magenta); scale
bar = 20 mm. Data are presented as mean = s.e.m., n = 2 with for each experiment 8 neurons per condition, *P< 0.05, paired

Student's t-test.
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Then we verified whether LTD has an influence on CAP2 expression and synaptic
availability in the spine. We induced cLTD with the classical LTD protocol (Fig. 10A)
314315, Data indicate that cLTD induction did not affect CAP2 synaptic localization (Fig.
10B) or its dimer formation, both shown with biochemical (Fig. 10C) and PLA
experiments (Fig. 10D). As previously shown, we confirmed a significant difference
between the dimer formation between Myc-CAP2 and the Myc-CAP2 C32G mutant
(Fig. 5B and 10D).

Therefore, the effect on CAP2 localization and its dimer formation is specifically related
to changes triggered by LTP induction, since neither PLA assays or Western Blot
analysis of the synaptic fraction revealed any variation in dimer formation after LTD

induction.
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Figure 10) CAP2 synaptic localization and dimerization are not affected by chemically induced LTD.

A) A schematic overview of the chemical LTD induction protocol in primary hippocampal cultures followed by the TIF purification.
B) the WB representative image of the TIF fraction and graph of the analysis (OD CAP2 normalized on OD actin) show no
differences of CAP2 localization upon cLTD induction. Statistical analysis done with an unpaired student t-test, data represented
as mean 113.5 +/-SEM 10.58, p = 0.23, n = 6.

C) Representative WB image of a non-reducing gel of the TIF fraction and the graph of the analysis, show no changes in the CAP2
dimer formation upon cLTD induction. Statistical analysis done with an unpaired student t-test, data represented as mean 109.5
+/-SEM 11.21, p=0.42,n = 6.

D) PLA experiment of transfected hippocampal cultures with EGFP-CAP2 and either Myc-CAP2 or Myc-CAP2(C32), show again
that the CAP2 dimer not influenced by cLTD, neither in the condition where the dimer formation is abolished by the Myc-
CAP2(C32) mutant. Of course, there is a significant difference between the dimer formation between the Myc-CAP2 and the Myc-
CAP2(C32G) mutant as previously shown. Statistical analysis done with a 2-way ANOVA with a post-hoc Tukey test. Data represent
as mean +/- SEM p = 0.99.

3.2.) CAP2 association to ADAM10 and Actin is regulated by activity-
dependent plasticity

To have a complete overview of CAP2 function, we evaluated whether the CAP2
association to its binding partners actin and ADAM10 is affected during the induction
of plasticity phenomena in neuronal cells. Firstly, we analysed the PLA signal between
CAP2 and ADAM10 upon cLTP or cLTD treatment in primary hippocampal neurons
transfected with EGFP as a neuron filler. The cLTP treatment significantly increased the

association between CAP2 and ADAM10 (Fig. 11A), while in cLTD conditions we
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couldn't detect any changes (Fig. 11C). Then, we analysed the association between
CAP2 and actin by co-immunoprecipitation, and we found that the cLTP treatment
significantly reduced the association between CAP2 and actin (Fig. 11B), whereas upon
cLTD treatment no changes were detectable (Fig. 11D). These results suggest that the
binding between CAP2 and its two binding partners is affected only upon cLTP

treatment, where cLTD induction does not have any effects on their association.
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Figure 11) CAP2 interaction with binding partners ADAM10 and actin in physiological plasticity.

A) Representative images of PLA between CAP2-ADAM10 in EGFP-transfected primary hippocampal neurons upon chemically
induced LTP. The quantification shows an increased interaction between CAP2 and ADAM10. Quantifications done by unpaired
2-tailed t-test. Data shown as # of PLA signal normalized on total dendritic length. (Mock mean = 1.00 +/- SEM 0.057, cLTP mean
=1.270 +/- SEM 0.0909, Ctrl vs. cLTP ** P < 0.01. n = 14 from 2 individual culture preparations.

B) Co-IP between CAP2 and actin in primary hippocampal neurons upon chemically induced LTP. Representative western blot
image and quantification, where there is a decreased interaction between CAP2 and Actin. Quantification done by unpaired 2-
tailed t-test. Data shown as O.D. Actin / O.D. CAP2 normalized on Ctrl. (Ctrl mean = 100 +/- SEM 34.45, cLTP mean = 20.33 +/-
SEM 14.05, Ctrl vs. cLTP *P<0.05, n =10.

C) Representative images of PLA between CAP2-ADAM10 in EGFP-transfected primary hippocampal neurons upon chemically
induced LTD. The quantification shows an no altered interaction between CAP2 and ADAM10. Quantifications done by unpaired
2-tailed t-test. Data shown as # of PLA signal normalized on total dendritic length. (Mock mean = 1.00 +/- SEM 0.085, cLTD mean
= 0.874 +/- SEM 0.0566, Ctrl vs. cLTD P =0.23. n = 14 from 2 individual culture preparations.

D) Co-IP between CAP2 and actin in primary hippocampal neurons upon chemically induced LTD. Representative western blot
image and quantification, where there is a no altered interaction between CAP2 and Actin. Quantification done by unpaired 2-
tailed t-test. Data shown as O.D. Actin / O.D. CAP2 normalized on Ctrl. (Ctrl mean 100 +/- SEM 38.41, cLTD mean = 90.53 +/- SEM
37.64, Ctrl vs. cLTD P=0.86, n =6.
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4.) Amyloid B oligomers affect CAP2 pathway

4.1.) Characterization of AB1-42 oligomers effect on the synapse

Since we found that CAP2 is involved in plasticity phenomena, we wondered whether
CAP2 and the interactions with its partners can be a target of the aberrant plasticity
triggered by the toxic soluble AB oligomers (0AB1.42) in AD pathogenesis. To this aim,
we treated primary hippocampal neurons with 0AB1.42. (Fig.12). In order to set-up a
reliable in-vitro model to obtain the effect of 0AB1.42 on CAP2 and ADAM10 expression
and synaptic localization we fully characterized of our experimental conditions.

First, the oAB1.42 preparation was controlled by different considerations. As a negative
control we used a peptide consisting the reverse sequence of AB (ABa2.1). With Western
Blot analysis, with an antibody detecting the N-terminus of A (6E10 antibody), we
show that our oAB1.42 preparation resulted in a spectrum of oligomeric AB species, from
4 kDa to 16 kDa (Fig. 12A). Where, as expected, no signal was detected in Az
samples. Transmission electron microscopy (TEM) analysis, performed in collaboration
with the laboratory of Nadia Santo (University of Milan), of 0ABs42 confirmed the
presence of globular, oligomeric structures, while we did not observe fibrillar or
protofibrillar species (Fig. 12B). In addition, consistent with previous results 161162316,
we noticed that when oABi.42 species at a concentration of 500nM were applied to
hippocampal neurons for 24 hours, this resulted in a significant reduction in spine
density compared to non-treated cultures (CTRL) or to cells exposed to ABaz1 (Fig.
12C). Moreover, this concentration of 0AB1.42 didn't increase the mortality of the cells
after 24h of treatment, differently from the higher concentrations like 1uM, 5uM and
10uM (Fig. 12D). oAB1.42 species have been previously shown to facilitate synaptic
depression of neurons in acute slices 3849, Accordingly, in collaboration with the
laboratory of Flavia Antonucci (University of Milan), we found that hippocampal
cultures exposed to 0AB1.42 for 30 min showed a global synaptic depression, indicated
by the electrophysiological recordings of mEPSCs (Fig. 12E), as well as upon the
stimulation of the classical LTD protocol (20uM NMDA and 20uM glycine for 3min,

chemical-LTD; Fig. 12E; 3'431%). Moreover, as shown in figure 12F, the treatment with

89



our 0AB1.42 preparation (500nM, 30 min) induced a significant dephosphorylation of
the phosphorylation-site serine 845 of the GluA1 subunit of AMPARs, without any
significant alteration in the total GluA1 synaptic levels, confirming that this
concentration can elicit synaptic depression 3"/, In addition, we did not detect any
changes in the total or synaptic levels of multiple NMDAR subunits and in PSD-95 (Fig.
12F). These results suggest that our 0AB:.42 preparation is able to trigger synaptic
depression-like phenomena, affecting specifically the AMPA mediated conductance.
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Figure 12) AB oligomers characterization and effects on the synapses.

A) Western blot analysis of 0AB1.42. The image shows the presence of oligomers formation up to 16KDa.

B) TEM revealed globular but not fibrillar structures for oAB1.42 preparation, scale bar 500 nm.

C) Representative confocal images of GFP-transfected primary hippocampal neurons. The analysis shows that 0AB1.42 (500 nM, 24
hr) reduces spine density (CTRL 4.58 + 0.18; ABa21 4.15 = 0.12; 0AB142 3.36 = 0.18 (** p<0.01, **p<0.001; one-way ANOVA,
n=34-45).
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D) MTT test shows that exposure to 0AB1.42 for 24 hrinduces cell death starting from a concentration of TuM (** p<0.01, *** p<0.001
one-way ANOVA, oAB142vs CTRL, n=4). Scale bar 5um.

E) Representative traces of mEPSCs collected in hippocampal neurons before and after oAB1-42 exposure (upper panel) and before
and after chemical LTD (lower panel). At least 21 neurons before and after each treatment (0AB1.42 or cLTD) have been analyzed
and the related analysis of mMEPSC amplitudes, here shown as cumulative probability, includes these n of excitatory events: 1550
(before 0AB1.42, black line) vs 970 (after 0AB1.42, red line), CTRL vs 0AB1.42 p=0.0075; 2100 (before cLTD, black line) vs 1970 (after
cLTD, green line), CTRL vs LTD p<0.0001.

F) Western blot analysis of synaptic proteins levels in total homogenate (HOMO) and synaptic fraction (TIF) upon oAB1.42 treatment
(500 nM, 30 min). The quantification shows that 0AB1.42 incubation for 30 min induces a decrease of GluA1 phosphorylation at
845-residue (GluA1p845/GluAT, HOMO: CTRL 96.06 = 17.65%, AB42.1 98.04 = 15.88%, 0AB1.42 51.68 = 6.52%; TIF: CTRL 100.7 =
11.01%, ABaz187.67 + 4.88%, 0AB1.42 62.26 + 8.58%, *p<0.05 CTRL vs 0AB1.42, ABaz1 vs 0AB1.42, one-way ANOVA, n=7-10). 0AB1.42

exposure doesn'tinduce significant changes of GluA1, NMDA receptors subunits and PSD-95 expression and synaptic localization.

4.2.) AB oligomers promote ADAM10 synaptic localization while

decreasing CAP2 synaptic levels.

Given that ADAM10 and CAP2 synaptic localization are regulated by synaptic plasticity
213, do 0AB1.42 modify ADAM10 and CAP2 synaptic levels? To address this, we exposed
hippocampal neuronal cultures to 0AB1.42 (500 nM, 30 min). As shown in Fig 13A, the
bath application of 0AB1.42 increases the colocalization of ADAM10 with PSD-95, a
postsynaptic marker, along the dendrites when comparing them to untreated or ABa..
i-treated cells. To further confirm these results, we used a biochemical approach,
where we purified the TIF. ADAM10 levels were significantly increased in the TIF upon
0AB1.42 treatment (Fig. 13B), indicating that 0AB1.42 is able to induce ADAM10 synaptic
localization. On the contrary, CAP2 synaptic levels were decreased upon oABi.4
treatment, revealing that also CAP2 is a target of 0AB1.42(Fig 13B). As previously shown,
LTD induction fosters the SAP97-mediated ADAM10 forward trafficking to the synaptic
membrane 23, However, upon 0AB1.4, treatment, no significant alterations of SAP97
synaptic localization were found (Fig. 13B). Moreover, no changes of the synaptic levels
of B2-adaptin, one of the subunits of the AP2 complex that is responsible for ADAM10
endocytosis 213, was observed (Fig. 13B).

Additionally, since we detected an altered CAP2 dimer formation in the physiological
induced cLTP, we addressed whether the acute treatment with oAB1.42 influences the
CAP2 dimerization. Neither the CAP2 dimerization expression nor the localization of
the dimer are altered upon the oAB142treatment, since there is a high variability among
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the samples (Fig. 13C). Finally, to determine the cellular mechanism which is
underlying the oABi42-induced upregulation of ADAM10 synaptic availability, we
analyzed the association of ADAM10 to its binding partners SAP97 and AP2. As
displayed in figure 13D, the 0AB.42 treatment is not able to modify the interaction with
SAP97, while a significant decrease in the interaction with B2-adaptin, is found. These
results demonstrate that the acute exposure to oABi4; is able to affect ADAM10
synaptic localization, due to the decreased ADAM10 endocytosis rather than to an

increase of forward trafficking.
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Figure 13) oAB1.42 treatment increases ADAM10 synaptic localization, impairing its endocytosis and decreases CAP2 synaptic
localization

A) Confocal images of primary hippocampal neurons stained with PSD-95 (red) and ADAM10 (green). Cells were untreated (CTRL)
or incubated for 30 min with either 0AB1.42 or AB421 (500 nM). The challenge with 0AB1.42 increases the ADAM10/PSD-95 co-
localization index (CTRL 100 + 2.48%, AB42.1 95.59 * 2.69%, 0AB1.42 123.1 = 5.86% * p< 0.05, ** p< 0,01 Kruskall-Wallis one-way
analysis on variance, n=30). Scale bar 5 pm.

B) Representative images of western blot analysis of ADAM10 and CAP2 in the TIF of primary hippocampal neurons. The
quantitative analysis shows that 0AB1.42 increase ADAM10 synaptic localization (CTRL 100 = 16.55%, ABa2.1 102.7 = 18.9%, 0AB1.42
222 * 32.46% * p<0,05 one-way ANOVA, n=3). The quantitative analysis shows that 0AB1.42 decreases CAP2 synaptic localization
(CTRL 100 = 15.37%, AB42-1 108.8 £ 13.05%, 0AB1.42 52.53 = 9.966% * p = 0.014 one-way ANOVA, n=9).
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C) Representative western blot of the homogenate and TIF fraction of primary neurons treated with 0ABa2.1, AB1.42 or CTRL without
treatment loaded on a non-reducing gel revealing no differences in the CAP2 dimer upon oAB1.42treatment. Statistical analysis is
done by a one-way ANOVA with a Tukey post-hoc test. Homogenate: CTRL mean = 100 +/- 16.29, AB14a2 mean = 126.9 +/- SEM
26.01, oABrazmean = 116.2 +/- SEM 31.84, P = 0.71, TIF: CTRL mean = 100 +/- 14.24 AB1a2mean = 116.4 +/- SEM 17.28, oAB1.42
mean=111.3+/-SEM14.81.P=0.73,n=7.

D) Representative images of co-immunoprecipitation between ADAM10 and either SAP97 or B2-Adaptin. The quantitative analysis
shows that 0AB1.42 treatment reduces the interaction with B2-Adaptin without affecting the interaction with SAP97 (SAP97 96.95 +
5.26%, B2-Adaptin 57.39 £ 17,81%, * p<0.05 t-test 0AB1.42 vs ABaz1, n=3).

Since we previously shown that the actin-binding domain of CAP2 is relevant for
ADAM10 endocytosis (Fig. 3), we looked at the CAP2 association with ADAM10 and
actin, to see whether those are affected by 0AB;.42 treatment. To assess the interaction
between CAP2 and ADAM10 we used primary hippocampal neurons transfected at
DIV7 with EGFP, and at DIV14 treated with 0AB1.42. With the use of PLA, we detected a
decreased association between CAP2 and ADAM10 upon the treatment with (Fig.
14A). Additionally, to investigate whether also the binding between CAP2 and actin is
altered, we lysed the DIV14 primary rat neurons after oAB1.42 treatment, and with a Co-
IP we identified an increase of the CAP2 and actin interaction (Fig. 14B). Overall, these
data show that the CAP2 complex formation with both ADAM10 and actin are affected
by 0ABi42, and are therefore a target of the early hallmarks of AD. The decreased
CAP2/ADAM10 complex formation and the increased CAP2/actin complex, show the
opposite effect as what we saw during cLTP induction, probably due to the opposite
effects of 0AB1.42 inducing cLTD like phenomena. Since the cLTD did not have any effect
on the CAP2 binding formation to ADAM10 and actin, these are possibly during the

more severe effects of the 0AB1.42.
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Figure 14) CAP2 interaction with ADAM10 and Actin is altered upon AB oligomer treatment in primary hippocampal neurons.
A) Representative image of the PLA with an anti-rabbit CAP2 antibody and an anti-goat ADAM10 antibody reveals a decrease in
their interaction upon the treatment with Ap oligomer. Quantification of the PLA by counting the # of interactions normalized on
the dendritic length by a one-way ANOVA followed by post-hoc Tukey test. Mock mean = 0.1615 +/- SEM 0.0155, Scramble ABa2.
1 mean = 0.1650 +/- SEM 0.0115, 0AB1.42 mean = 0.052 +/- SEM 0.00479, Mock vs. 0AB1.42 ***P <0.0001, Scramble ABai1
***P<(0.0001, n = 10 neurons of 2 individual neuronal culture preparations.

B) Representative image of the Co-IP between anti-rabbit CAP2 and anti-mouse actin shows an increased interaction upon the
acute 0AB1.42 treatment compared to scrambled treatment. For the quantification of the Co-IP, raw O.D. Actin / O.D. CAP2 values
were normalized on the ABa2.1. ABa2.1 Scramble mean = 100 +/- SEM 50.62, 0cAB142 mean = 218.6 +/- SEM 62.77, ABa2.1vs. 0AB1.
42, P<0.05,n = 6.
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5.) CAP2 in Alzheimer’'s Disease

5.1.) CAP2 expression and synaptic localization are reduced in AD
patients’ hippocampi

In order to understand the possible role of CAP2 in AD pathogenesis, we took
advantage of human hippocampal specimens provided by the Netherland Brain Bank.
CAP2 was characterized in these hippocampal brain samples, comparing AD patients
fulfilling Braak 4 and 5 stages with age-matched healthy controls (HC) (see table 1 for
patient characteristics in material and methods). In order to avoid protein degradation,
AD samples were paired to HC samples by braak stage, age and sex and processed at
the same time. To analyze CAP2 expression and localization in these samples, we
homogenized the hippocampal brain specimen and purified the TIF fraction. We
verified that the TIF has an enrichment of a post-synaptic marker, while presynaptic

proteins are absent (Fig. 15).
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Figure 15) Validation of the TIF preparation. Representative images of the different fractions collected during the TIF preparation.
Homo = Homogenate. P1 = Nuclei-associated fraction. TSF = Triton-soluble fraction (extra-synaptic). TIF = Triton-insoluble fraction
(synaptic fraction). CAP2 is present in the TIF. The PSD95 (marker of post synaptic protein, is enriched in the TIF fraction and absent
in the TSF. Synaptophysin (marker for the pre-synaptic protein) is not presentin the TIF fraction, butin the TSF. H3 (nuclear marker)

is present in the P1 (nuclear) fraction.
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The results show a significant down regulation of CAP2 protein levels in the total
homogenate (Fig. 16A) and in the TIF fraction (Fig. 16B) of human hippocampal brain
samples of AD patients when compared to HC. ADAM10 expression is not modified in
these AD patients due to high variability (Fig. 16A) as previously demonstrated 241,
Since we observed that CAP2 dimerization is a partner of cofilin, we looked at the
differences of the dimer in the AD patients. Remarkably, the dimer of CAP2 levels were
reduced in the synaptic compartment, but not in the total homogenate of AD patients
compared to HC (Fig. 16C/D). These data indicate that CAP2 is involved in the AD
pathogenesis, and that the synaptic localization of the dimerization of CAP2 is affected

in AD patients.
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Figure 16) CAP2 protein levels and localization are reduced in AD patients with a lower CAP2 dimer availability in the synaptic
fraction.
A) Representative WB showing the expression of CAP2 in hippocampal samples of human brain material in the homogenate.
Quantification of O.D. is normalized on loading control GAPDH O.D. For the statistical analysis, we used a 2-tailed paired t-test.
CAP2; AD mean = 82.8 +/- SEM 6.69, HC vs. AD *P<0.05, n = 6. ADAM10; AD mean = 62.32 +/- SEM 20.47, HC. Vs. AD P=0.125.
B) Representative WB of the TIF fraction of CAP2 in hippocampal samples of human brain material of HC and AD patients.
Quantification of CAP2 O.D. is normalized on loading control Calnexin O.D. For statistical analysis, we used a 2-tailed paired t-
test. CAP2; AD mean = 59.04 +/- SEM 10.59, HC vs. AD **P<0.01, n = 6.
C) Representative WB showing the dimerization of CAP2 in the homogenate of hippocampal samples of human brain material.
Quantification of O.D. CAP2 dimer is normalized on the O.D. CAP2 monomer. For the statistical analysis, we used a 2-tailed
paired t-test. CAP2; AD mean = 95.96 +/- SEM 24.37, HC vs. AD P=0.87, n = 6.
D) Representative WB showing the dimerization of CAP2 in the TIF of hippocampal samples of human brain material.
Quantification of O.D. CAP2 dimer is normalized on the O.D. CAP2 monomer. For the statistical analysis, we used a 2-tailed

paired t-test. CAP2; AD mean = 87.26 +/- SEM 4.06, HC vs. AD **P<0.01, n = 6.
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5.2.) CAP2 association with actin is increased in AD hippocampi

To understand whether the interaction between CAP2 and its binding partners is
altered in AD hippocampal tissue compared to HC, Co-IP assays between CAP2 and
ADAM10 or CAP2 and Actin were performed. Co-IP experiments using an ADAM10
antibody first show that CAP2 co-precipitates with ADAM10, but there are no
significant changes in AD patients compared to age-matched HC (Fig. 17). The second
Co-IP experiment in which a CAP2 antibody was used, as expected, show that actin co-
precipitates with CAP2. Remarkably, the association between CAP2 and actin is
increased in AD patients compared to age-matched HC (Fig. 18). Overall, these results
suggest that the complex formation of CAP2 and actin is a novel target in AD

pathogenesis.
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Figure 17) ADAM10/CAP2 association is not changed in AD hippocampi.

Human homogenate IP with an anti-rabbit ADAM10 antibody reveals the presence of CAP2 in the immune-complex. IP ADAM10
was detected by WB with a rat anti-ADAM10 antibody, and CAP2 with a goat anti-CAP2 antibody. ADAM10/CAP2 association is
not changed between both groups. For statistical analysis we used an unpaired student t-test and quantification of the
immunoprecipitated CAP2 O.D normalized on ADAM10 O.D. AD mean = 141.5 +/- SEM 54.24, AD vs. HC P=0.46, n = 6).
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Figure 18) CAP2/Actin association is increased in AD hippocampi.

Human homogenate IP with an anti-rabbit CAP2 antibody reveals the presence of Actin in the immune-complex. IP CAP2 was
detected by WB with a goat anti-CAP2 antibody, and Actin with a mouse anti-mouse antibody. CAP2/Actin association is increased
between both groups. For statistical analysis we used an unpaired student t-test and did the quantification of the
immunoprecipitated Actin O.D. normalized on CAP2 O.D. AD mean=192.8 +/- SEM 34.55, AD vs. HC *P<0.05, n = 6).

5.3.) CAP2 and ADAM10 synaptic levels are altered in APP/PS1 mice
hippocampi

To unravel the complete mechanism and assess the role of CAP2 in AD, we took
advantage of an AD mice model. The AD mice model used in this project are the
APP/PS1 double transgenic mice, expressing a chimeric mouse/human amyloid
precursor protein (Mo/HuAPP695swe) and a mutant human presenilin 1 (PS1-dE9),
directed to CNS neurons 293, This mouse model shows early synaptic loss and plaque
accumulations before the age of 6 months, neuronal loss starting from 9 months on

and then cognitive deficits after 12 months of age (Fig. 19).
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Figure 19) Phenotype APP/PS1 mice

APP/PS1 double transgenic mice. Representative image of the phenotype characterization of the APP/PS1 mice expressing
(Mo/HuAPP695swe - PST1dE9). Synaptic loss is found around the age of 3 months, with accumulations of amyloid plaques at 6
months, at 9 months neuronal loss is seen where cognitive impairment starts around 12 months of age. (Obtained and modified

from https://www.alzforum.org/research-models/appswepsen1de?-0)

At the early stages of the disease (6 months of age), these animals show plaque
accumulation and synaptic dysfunction, while there are no strong cognitive deficits
detectable yet. In the hippocampus of APP/PS1 mice, a decrease in CAP2 and PSD-95
expression was detected (Fig. 20A/C), and in the synaptic fraction, reduced localization

of CAP2, PSD-95 and ADAM10 were detected (Fig. 20B/D).
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Figure 20) CAP2 and ADAM10 are altered in APPPS1 mice hippocampal brain tissue at 6 months of age.

A) Representative WB of the homogenate of hippocampal tissue of 6 months old mice. For statistical analysis we used an unpaired
student t-test for all protein individually. We normalized the O.D. of the protein on the O.D. of housekeeping protein Tubulin, and
normalized on the WT. (CAP2, APP/PS1 mean = 85.01 +/- SEM 4.286, APP/PS1 vs. WT **P < 0.01, ADAM10, APP-PS1 mean =
84.49 +/- SEM 5.821, P = 0.18, PSD-95, APP/PS1 mean = 80.59 +/- SEM 6.755,P<0.05, GIuN2A, APP/PS1 mean = 83.64 +/- 7.86,
P=0.07,n=6)

B) Representative WB of the TIF fraction of hippocampal tissue of 6 months old mice. For statistical analysis we used an unpaired
student t-test for all protein individually. We normalized the OD of the protein on the OD of housekeeping protein Tubulin, and
normalized on the WT.

(CAP2, APP/PS1 mean = 66.07 +/- SEM 10.36, APP/PS1 vs. WT **P<0.01, ADAM10, APP/PS1 mean = 71.51 +/- SEM 5.264,
***P<0.001, PSD-95, APP/PS1 mean = 70.78 +/- SEM 9.408, **P < 0.01, GIuN2A, APP/PS1 mean =76.37 +/-SEM 17.29,p=0.2,n
=46)

Additionally, since the CAP2 levels are reduced in APP/PS1 mice at 6 months of age,

we verified the dimerization of CAP2. No alterations in the expression of the dimer are
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found, but the availability of the dimer in the synaptic TIF fraction is decreased (Fig 21).
Indicating again a role of the CAP2 dimer in AD, in concordance with the results from

the AD patients.
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Figure 21) Availability of CAP2 dimer in synaptic membrane decreased in APP/PS1 mice at 6 months of age.

A)Representative WB of the dimer of CAP2 in the homogenate of the hippocampus of APP/PS1 mice at 6 months of age compared
to wild type animals. Underneath the statistical analysis done by an unpaired t-test. Shown as the ratio of O.D. CAP2 dimer on the
O.D. CAP2 monomer. (WT mean = 0.8612 +/- SEM 0.1901, APP/PS1 mean = 0.5073 +/- SEM 0.0778, WT vs. APP/PS1 P = 0.12B,
n=56)

B) Representative WB of the dimer of CAP2 in the TIF fraction of the hippocampus of APP/PS1 mice at 6 months of age compared
to wild type animals. Underneath the statistical analysis done by an unpaired t-test. Shown as the ratio of O.D. CAP2 dimer on the
0O.D. CAP2 monomer. (WT mean = 0.7755 +/- SEM 0.06339, APP/PS1 mean = 0.4765 +/- SEM 0.06695. WT vs. APP/PS1 **P<0.01,
n=6).

5.4.) CAP2 association to its binding partners is altered in APP/PS1 mice
hippocampi

To unravel whether the interaction between CAP2 and its binding partners ADAM10
and actin is altered in the brain of APP/PS1 mice, we analyzed the ADAM10/CAP2 and
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CAP2/Actin complex levels in different stages of the disease. Surprisingly, the
interaction between CAP2 and ADAM10 is altered only in the early stages of the
disease, at 6 months, in the hippocampus of APP/PS1 mice compared with wild type
(WT), while at later stages of the disease (12 and 15 months), the binding is brought
back to normal levels. This might be due to an overcompensating mechanism during
the later stages of the disease, indicating that the binding between CAP2 and ADAM10
is important in the early stages of AD (Fig. 22).
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Figure 22) CAP2/ADAM10 binding is altered in the early stages of disease.

A) A representative image of a brightfield PLA assay between CAP2 and ADAM10 in APP/PS1 hippocampal slices of APP/PS1 mice
and WT mice.

B) A representative zoomed in image of the PLA signal (brown) in the CA1 area at é months of age.

C) Quantification of the PLA signal (# of dots normalized on the # of dots in the negative control and the ratio taken on the WT) by
an unpaired 2-tailed t-test, where a decreased association between CAP2 and ADAM10 is detected only at 6 months of age, which
is rescued at later age (12 and 15 months). 6months: CA1 area mean = 74.72 +/- SEM 12.08, WT vs. APP/PS1 *P<0.05, CA2 area
mean = 72.35 +/- SEM 5.925, ***P < 0.0001, CA3 area mean = 64.42 +/- SEM 9.269, ***P<0.001. n = 12 individual PLA assays on

sections of n = 4 animals each condition.

In addition, to find out whether the binding between CAP2 and actin is affected in
APP/PS1 mice at different stages of the disease, we performed a Co-IP assay,
precipitating CAP2 and revealing actin by western blot in the hippocampal tissue of
APP/PS1 mice compared to WT at different stages of the disease. We found that in
both the early stages of the disease (at 6 months of age) and at later stages of the
disease (at 12 months of age), the CAP2 association to actin is increased (Fig. 22).
These data are consistent with the data obtained in the AD patients hippocampi and

in neuronal cultures treated with AB oligomers, indicating that the binding between

103



CAP2 and actin is involved in AD pathogenesis, and might serve as a potential

pharmacological target.
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Figure 23) CAP2/actin binding in multiple stages of disease.

A) Homogenates from hippocampi of WT and APP/PS1 mice, at 6 months of age, were IP with rabbit anti-CAP2 antibody and Actin

co-precipitation was revealed. The CAP2/Actin association is increased in APP/PS1 mice compared to WT. For statistical analysis

we used an unpaired student t-test and did the quantification of the immunoprecipitated Actin O.D. normalized on CAP2 O.D.
and normalized on the WT levels. APP/PS1 mean = 471.5 +/- SEM 155.5, WT vs. APP/PS1 *P<0.05, n = 10).

B) Homogenates from hippocampi of WT and TG mice, at 12 months of age, were IP with rabbit anti-CAP2 antibody and Actin co-

precipitation was revealed. The CAP2/actin association is increased in APP/PS1 mice compared to WT. For statistical analysis we

used an unpaired student t-test and did the quantification of the immunoprecipitated Actin O.D. normalized on CAP2 O.D. and
normalized on the WT levels. APP/PS1 mean = 180.3 +/- SEM 38.10, WT vs. APP/PS1 *P < 0.05, n = 6).

104



6.) Potential therapeutic strategies for Alzheimer's Disease
targeting the CAP2 pathway

6.1.) Characterization CAP2 in APP/PS1 hippocampal neurons

Our results show that CAP2 is altered in both AD patients and APP-PS1 mice. In
particular, CAP2 protein levels are significantly reduced in AD, thus leading to a
decrease in CAP2 dimer in the synapses. Therefore, we designed a potential
therapeutic strategy aimed at the restoring of CAP2 levels in an AD model.

To this aim, we set up a primary hippocampal neuronal model, obtained from WT and
APP/PS1 mice. First, we characterized our model assessing human AB levels in the
medium by ELISA and the expression and localization of multiple proteins of our
interest as CAP2, ADAM10, GluN2A and PSD-95. In the cultures of APP/PS1 mice, we
found 1.21 pg/ml of AB in the medium taken at DIV14, suggesting that our cultures
produce human AB and release it into their medium, and thereby confirming the use
of this model. We couldn't detect decreased expression levels of CAP2 in the
homogenate of these neurons, like in the tissue homogenate, but in concordance with
the tissue there is a decrease in PSD-95 expression level, suggesting a decrease in
spine density. In addition, in the TIF fraction, we found a decrease of ADAM10 synaptic
availability (Fig. 24). Taken together, these data indicate that this model is suitable to

further explore whether CAP2 could rescue these deficits.
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Figure 24) Characterization of APP/PS1 primary hippocampal neurons.

In order to understand whether we could use the primary hippocampal neurons of APP/PS1 mice as an in vitro model, we
characterized the p0 cultures after homogenizing them at DIV14 and extracting the TIF fraction.

A) Representative WB image of the homogenate of wild type cultures compared to APP/PS1 cultures. Underneath is shown the
statistical analysis which was done by paired t-test, CAP2 P = 0.44 mean = 93.54 +/- SEM 8.13, ADAM10 P = 0.41 mean = 80.89
+/- SEM 22.43, PSD-95 P = 0.002 mean = 56.8 +/- SEM 10.99, GIuN2A P = 0.82 mean = 106.88 +/- SEM 31.25.

B) Representative B image of the TIF fraction of wild type cultures compared to APP/PS1 cultures. Underneath is shown the
statistical analysis which was done by paired t-test, CAP2 P = 0.94 mean = 102.01 +/- SEM 27.85, ADAM10 P = 0.02 mean = 63.27
+/- SEM 14.40, PSD-95 P = 0.51 mean = 91.3 +/- SEM 12.69, GIuN2A P = 0.91 mean = 96.87 +/- SEM 27.74. n = 8 for the
homogenate and n = 6 for the TIF.
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6.2.) CAP2 overexpression rescues PSD-95 levels and ADAM10 synaptic

localization in APP/PS1 mice

Since we found a reduction of PSD-95 expression and ADAM10 synaptic localization in
the primary hippocampal neurons of APP/PS1 mice, we investigated whether the
overexpression of CAP2 could restore these levels. For this we transduced primary
hippocampal neurons of both wild type or APP/PS1 PO mice at DIV10 with a lentiviral
vector expressing CAP2, under the control of a neuronal promotor. Results show that
we successfully increased the levels of CAP2 by the viral overexpression of CAP2 (Fig.
25A). Then, we show that the overexpression of CAP2 is able restore the PSD-95 levels
that were decreased the APP/PS1 mice cultures (Fig. 25A) and significantly increase
the ADAM10 synaptic availability (Fig. 25B). These data suggest, that CAP2 isimportant
for the function of synapses, because of its importance for the regulation of the main
scaffolding protein of the postsynaptic compartment (i.e. PSD-95) and by its function
in the promotion of ADAM10 in the synaptic membrane, and thereby possibly its

activity.
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Figure 25) Overexpression of CAP2 in APP/PS1 PO primary hippocampal mice neurons rescues PSD-95 expression and ADAM10
synaptic localization.

To verify whether CAP2 overexpression affect the synaptic molecular composition in APP/PS1 mice cultures, we overexpressed
CAP2-FL in DIV10 cultures prepared from WT and APP/PS1 mice and homogenized the cells at DIV14 followed by a TIF
purification.

A) Representative WB image of the homogenate of wild type cultures compared to APP/PS1 cultures either with or without
overexpression of CAP2-FL. Underneath is shown the statistical analysis which was done by one-way ANOVA followed by post-
hoc Fisher LSD, the data is shown as O.D. PSD-95 normalized on O.D. of housekeeping protein actin and normalized on the WT
Mock. PSD-95 (WT mock mean = 100 +/- SEM 18.91, WT CAP2-FL mean = 113.1 +/- SEM 34.77, TG mock mean = 53.17 +/- 8.204,
TG CAP2-FL mean = 186.3 +/- SEM 26.68, ** p < 0.01 WT mock vs. TG mock, **** p < 0.01 TG mock vs. TG CAP2-FL, *** p < 0.001
WT mockvs. TG CAP2-FL.n=4.)

B) Representative WB image of the TIF of wild type cultures compared to APP/PS1 cultures either with or without overexpression
of CAP2-FL. Underneath is shown the statistical analysis which was done by one-way ANOVA followed by post-hoc Fisher LSD, the
data is shown as O.D. ADAM10 normalized on O.D. of housekeeping protein actin and normalized on the WT Mock. ADAM10
(WT mock mean = 100 +/- SEM 13.69, WT CAP2-FL mean = 109.9 +/- SEM 10.4, TG mock mean = 72.61 +/- 12.33, TG CAP2-FL
mean = 115.7 +/- SEM 8.206, * p < 0.05 WT mock vs. TG mock, ** p < 0.01 TG mock vs. TG CAP2-FL. n =4.)
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6.3.) Development of cell permeable peptides targeting CAP2/Actin
Interaction

The interaction between CAP2 and actin is increased in AD patients, APP/PS1 mice and
upon 0AB1.42 treatment. In addition, we showed that the actin-binding domain of CAP2
is important for ADAM10 endocytosis, and thereby, can regulate its synaptic levels.

In light of these data, the interaction between CAP2 and actin could represent an
interesting target to restore a pathological alteration in AD. To this aim, in collaboration
with Dr. Di Marino (Universita Politecnica della Marche), we designed two active cell-
permeable peptides (CPPs) (Pep A and Pep B) and an inactive CPP (Inactive) as a
control. The CPPs are constituted by a HIV-trans activating protein sequence (TAT -
YGRKKRRQRRR), which gives them the capability to cross biological membranes,
including the blood-brain barrier (BBB), and the sequence that mimics the actin
binding domain of CAP2. Therefore, the peptides can compete with the CAP2 binding

to actin.

6.4.) Testing CPPs capability to cross the blood-brain barrier

The mammalian brain is protected by the BBB, which is a highly selective barrier that
separates the brain extracellular fluids with the circulating blood. Since the BBB is so
selective in allowing permeabilization, we verified the ability of our CPPs to cross the
BBB. To assess this, we administered wild-type animals (C57BL/6) with intraperitoneal
injections of saline, used as a negative control, and our inactive and active peptides at
a dose of 3nmol/g. 24hours after, the animals were sacrificed by perfusion with 4%
PFA, and 50pum coronal brain sections were sliced with the vibratome. Then, we used
the brain sections for immunofluorescent labelling, to verify the capability of the CPPs
to cross the BBB and enter the brain. For immunofluorescent labelling, we used a
neuronal marker (MAP2) in green, a nuclear marker (DAPI) in blue, and an antibody
against the TAT sequence inserted in our CPPs (TAT) in red. The TAT protein was only
visible in the animals treated with our inactive and active CPPs (Fig. 26). The TAT signal

was present in neuronal cells with a distribution from nuclei to their dendrites. In the
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animals treated with saline solution no red signal was detected, indicating that the TAT

antibody specifically detects the TAT signal of the CPPs.

Saline

Inactive

Active

Figure 26) the inactive and active CPPs can cross the blood-brain-barrier. Wild type mice were treated with an acute treatment
with saline or the inactive and active CPPs with 3nmol/mg. 24 hours after the injection, the animals were sacrificed, and the brain
sectioned for IHC purposes. We stained 50um sections for DAPI (nuclear marker), MAP2 (neuronal marker) and TAT (marker
recognizing TAT sequence of our peptide). In the saline treated mice, we couldn’t detect the TAT sequence, but in the Inactive

and Active treated mice we detected the TAT signal, confirming that our CPPs can cross the blood-brain-barrier. Scale bar = 20pm.

6.5.) Uncoupling CAP2/Actin interaction in vitro

6.5)1. Testing CPPs efficacy
In order to understand which one of the two designed CPPs has the highest efficacy to
uncouple CAP2 from actin, we performed in vitro tests. We used a GST-Pull-down
assay, where we incubated a mouse brain homogenate with a GST-fusion protein for
CAP2 and added either the active or inactive CPPs at the concentration of 1uM or 10
uM for 30 minutes. Then the levels of actin were revealed by western blot (Fig. 27A).

This showed that the CPP with the highest efficacy was Pep B (Fig. 27A). As a second
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model, we used primary hippocampal neurons which we treated with the active or
inactive CPPs at the concentration of TpM or 10 pM for 30 minutes. As shown in figure
27B, Co-IP assays revealed that again the Pep B seems to be the peptide with the
highest efficacy.
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Figure 27) In vitro test of the efficacy of both CPPs designed to interfere with the CAP2 association to actin.

A) To test the efficacy of both CPPs (Pep A and Pep B) designed to disrupt the CAP2-actin complex, we performed a GST-Pull
down assay. We used a mice brain homogenate and incubated it with GST-CAP2 fusion protein and different concentrations (1
puM or 10 pM) of our active or control/inactive peptides. With this in-vitro assay we identified that Pep B, at the concentration of 10
uM, showed the biggest efficacy. (No statistical data since n = 1).

B) To confirm the efficacy in another way, we used primary hippocampal cultures that we treated with 1 uM or 10 uM or our active
or control/inactive peptides and performed Co-IP experiments, precipitating CAP2 with a rabbit anti-CAP2 antibody, and
revealing the co-precipitation of actin with a mouse anti-actin antibody, while CAP2 was revealed using a goat anti-CAP2 antibody.
A representative WB image is shown, and statistical analysis was done using a One-way ANOVA with a Tukey post-hoc test. The
most effective CPP, is again Pep B at a concentration of 10 uM, which is the only one that shows a statistical difference. Mock mean

=1+4/-0.39; Pep B 10 uM mean = 0.1688 +/- 0.057; Mock vs. Pep B 10 uM **p = 0,008, n = 6.

6.6.) Uncoupling CAP2/Actin interaction in vivo: Acute treatment

6.6)1. Testing CCPs efficacy and specificity in vivo
According to the results we got in the in vitro experiments, we proceeded with a test
of the CPPs in vivo. We treated 8 weeks old C57BL/6 mice by intraperitoneal injection
with either the active CPPs Pep A or Pep B or with the inactive peptide at a dose of
3nmol/gram, or a saline solution alone as a control. 24 hours after the injection, the
animals were sacrificed by dislocation and the hippocampal area and cortex were

rapidly dissected. We used the total hippocampal homogenate to analyze the
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interaction between CAP2 and actin. The homogenate was immunoprecipitated using
an anti-CAP2 antibody and the presence of actin was revealed by western blot. As
shown in Fig. 28A, Pep B is the CPP that shows significant reduction in the CAP2/actin
association and is able to interfere with the binding of CAP2 and actin, while Pep A
doesn't affect this interaction. To check whether the CPPs don't interfere with binding
of the other member of the CAP family, CAP1, to actin, we performed Co-IP
experiments shown in Fig. 28B. Both CPPs show specificity for the interference
between CAP2 and actin association, without affecting the binding between CAP1 and
actin. These results demonstrate the capability of Pep B to interfere with the

CAP2/Actin complex formation in vivo, without affecting CAP1.
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Figure 28) The efficacy and specificity of both CPPs in vivo upon an acute treatment.

A) To test the efficacy of both CPPs (Pep A and Pep B) designed to disrupt the CAP2-actin complex in-vivo, we used wild type
C57/BL6 mice that we treated with a dose of 3nmol/gram of the active or control/inactive peptides and performed Co-IP
experiments from hippocampal homogenates, precipitating CAP2 with a rabbit anti-CAP2 antibody, and revealing the co-
precipitation of actin with a mouse anti-actin antibody, while CAP2 was revealed using a goat anti-CAP2 antibody. A representative
WB image is shown, and statistical analysis was done using a One-way ANOVA with a Fisher LSD post-hoc test. The most effective
CPP, is again Pep B, which is the only one that shows a statistical difference. Saline mean = 100 +/- SEM 16; Inactive mean = 114
+/- SEM 18.9; Pep A mean = 98.81 +/- SEM 22.8; Pep B mean = 58.36 +/- SEM 9.5; saline vs. Pep B *p = 0.04; inactive pep vs. Pep
B*p=0.02,n=6.

B) The specificity of the CPPs was tested by investigating the binding between CAP1 (the other homologue belonging to the CAP

family) and actin remains intact. Data show no statistical changes upon the acute treatment with the CPPs, n = 6.
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6.7.) CPPs can modulate ADAM10 synaptic localization and activity

towards APP without affecting N-Cadherin shedding

To verify the effects of the CPPs in vivo, we analyzed the ADAM10 synaptic availability
and its activity towards substrates as APP and N-Cadherin. To this, we purified the TIF
fraction from the hippocampus to determine ADAM10 synaptic levels. Shown in figure
29A/B, Pep B was able to significantly increase the levels of ADAM10 in the synaptic
membrane by approximately 50%, indicating that the Pep B is able to modify ADAM10
synaptic availability in the synapse. As far as the activity of ADAM10, we noticed an
increase of sAPPa measured by ELISA (Fig. 29D), indicating an increase of ADAM10
activity towards APP. On the other hand, the activity towards N-Cadherin was measured
by western blot in the synaptic fraction, and there is no difference in the CTFa-N-
Cadherin, the cleavage product of ADAM10, showing us that the activity towards N-
Cadherin is not altered (Fig. 29A). Taken the data together, the activity of CPP Pep B
could serve as a novel therapeutic strategy, by interfering between the CAP2 binding
to actin. By this interference, we can increase ADAM10 synaptic localization, and
thereby its cleavage towards substrate APP. This is a mechanism how the toxic AB
peptide can be decreased in AD pathogenesis. To fully unravel the mechanism of
action, we have to understand whether the increased ADAM10 synaptic levels are due

to a decrease in endocytosis or an increase of exocytosis of ADAM10.
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Figure 29) CPPs influence ADAM10 synaptic localization and its activity towards APP.

A) Representative WB images of the TIF fraction of hippocampal tissue of APP/PS1 mice treated with Saline, Inactive peptide and
2 different active peptides (Pep A and Pep B) Underneath the corresponding graphs, where on the left the OD of ADAM10 was
normalized on the OD of Tubulin and then the ratio was made by normalizing them on the Saline condition. On the right the OD
of CTF-N-Cadherin is normalized on the OD of total N-Cadherin and the ratio was made by normalizing them on the Saline
condition. Data analysis done with a one-way ANOVA and Tukey post-hoc test. The Pep B significantly increases the ADAM10
synaptic availability comparing both with the saline (*p = 0,015 data represented as mean PepB 1,654 +/- SEM 0,23) and
inactive/control peptide (*p = 0,017 data represented as mean Inactive 1.01 +/- SEM 0.032), n = 6. Both CPPs are not able to affect
the synaptic levels of N-Cadherin-FL and its C-terminal cleavage product from ADAM10, and therefore not affecting its ratio. data
represented as Inactive mean 1,2 +/- SEM 0,236, Pep A mean 0,805 +/- SEM 0,236, Pep B mean 0,88 +/- SEM 0,18, n = 6.

B) To follow up whether the increase of ADAM10 synaptic localization also influences its activity towards APP, we used an ELISA
assay of the sAPPa fragment which is the cleavage product released by ADAM10 cleavage. The OD of the sAPPa was normalized
on the concentration of the homogenate of the mice treated with either saline/inactive or active Pep B. PepB shows a statistical

increase of the sAPPa fragment compared to the saline treated mice (*p = 0,038), data represented as mean 74,26 +/- SEM 4,8, n

= 6.
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Discussion
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The full molecular mechanism behind AD pathogenesis is still not completely
understood, although many studies point out that AB, in particular the soluble
oligomeric form, is the main driving factor of the disease, by inducing synaptic
dysfunction and the cascade of events leading to dementia >'¢'8 |t has been
demonstrated that if AB is present at high concentrations and in oligomeric forms, it
can affect glutamatergic synaptic transmission and eventually cause synapse loss 37-40,
The production of AB can be prevented by the cleavage of APP by the a-secretase
ADAM10 3436, Additionally, ADAM10 activity can regulate synaptic morphology and
synaptic connectivity 213220, ADAM10 can only exert its activity towards its substrates
when its inserted in the synaptic membrane. The synaptic localization of ADAM10, and
thereby its activity, is governed by the interaction with SAP97 and AP2 to the C-terminal
domain of ADAM10, which control forward trafficking and endocytosis of ADAM10
respectively 212213, Notably, such interactions are altered in AD patients at the earliest
stages of the disease ?*' and this mechanism is tuned by activity-dependent plasticity,
where LTD activates the ADAM10 forward trafficking and LTP fosters ADAM10
endocytosis 213, In order to understand the complete mechanism controlling ADAM10
in the synapse, and in light of the importance of ADAM10 cytoplasmic domain in the
regulation of ADAM10 activity, we performed a two-hybrid screening and that has
recently identified a protein called cyclase-associated protein 2 (CAP2) as a novel
protein partner of ADAM10. CAP2 is a member of the CAP family, which are
evolutionary highly conserved multidomain proteins involved in several processes
including regulating changes in actin cytoskeleton, such as cell migration, movement
and polarity, vesicle trafficking and endocytosis '7. Therefore, CAP2 is linking signaling
pathways to the actin cytoskeleton. Additionally, CAP2 is a known actin binding protein
that can form dimers and has a limited expression, including the brain, indicating
unique roles of CAP2 in neuronal cells 24°. Since CAP2 is a novel binding partner of
ADAM10 and might have an influence on the regulation of its synaptic localization, it is
important to understand the role of CAP2 in this process to unravel its role in AD.

Therefore, the first aim of this study was to unravel the binding domains responsible

for the association of CAP2 with its binding partners, i.e. ADAM10 and actin, and to
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understand their function in ADAM10 synaptic localization. The binding domain to
ADAM10 is located in the N-terminal domain of CAP2, where the association to actin
takes part in the last 24 amino acids of the C-terminal side of CAP2 (Fig. 1/2).
Importantly, ADAM10 and actin don't compete for the binding to CAP2. Additionally,
we found that upon interference with association between CAP2 and actin, the synaptic
localization of ADAM10 is increased, because of a decrease of ADAM10 endocytosis
(Fig. 3) 213. Since the actin cytoskeleton plays an essential role in endocytosis, where
actin assembly can create protrusions that encompass extracellular materials 317372,
these data suggest that CAP2 is involved in ADAM10 endocytosis. Overall, these data
confirm that CAP2 is a novel binding partner of ADAM10, capable of regulating its
synaptic localization.

Since there is not much known about the function of CAP2 in the brain 39, we
characterized the physiological role of CAP2 in the brain. We show that CAP2 is
expressed in the post-synaptic fraction of the neuron, but not as enriched as ADAM10
(Fig. 4). Then, we produced a mutant lacking the CAP2 dimerization ability by mutating
the Cys32 to Gly, and it turned out that CAP2 dimer formation is important for the
association of CAP2 to cofilin. Considering the role of cofilin-1 in severing F-actin and
maintaining fast actin treadmilling rate in dendritic spines '"1"2, we can hypothesize
that CAP2 could be a novel regulator or cofilin activity (Fig. 5).

Then, to go into more detail in unraveling the physiological role of CAP2 in the brain,
we took advantage of a CAP2 KO mice model. In the hippocampi of CAP2 KO mice we
found a decrease in synaptic levels of ADAM10 and GIuN2A, which are absent in the
cortex or striatum. Moreover, no alterations in protein expression are found in the total
homogenate, indicating that only the ADAM10 localization is affected by the lack of
CAP2, and thereby can influence synaptic plasticity and ADAM10 activity (Fig. 6).
Additionally, when looking at the spine morphology and density of hippocampal
neurons in the brain of these mice, we found a decrease in spine density and a
decrease in the spine length and width. The morphology of the spines is also affected,
where we found an increased percentage of the more immature stubby spines (Fig. 7).

Additionally, the CAP2 KO mice show elevated levels of the toxic AB1.42 variant in the
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hippocampal area compared to the WT mice (Fig. 8). These outcomes indicate a
possible role of CAP2 in the maturation of spines and in the regulation of ADAM10
localization and A production in the hippocampus (Fig. 30).
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Figure 30) Schematic overview of the role of CAP2 in hippocampal dendritic spines. A wild type healthy dendritic spine compared
to a spine lacking CAP2 of a CAP2 knock-out {CAP2 KO) mouse. The lack of CAP2 influences the structure of dendritic spines by
decreasing the spine density and shifting the morphology towards a more immature spine shape. In addition, the levels of
ADAM10 and the NMDAR subunit GIuN2A in the synaptic membrane are decreased influencing the functionality of the synapse.

Moreover, an increase of the toxic AB1.42 species in found in the hippocampus.

For future research, to fully elaborate the function of CAP2 in the brain, the CAP2 KO
mice should be fully characterized. For instance, electrophysiological recordings and
cognitive behavioral tests in the CAP2 KO mice could give a better functional indication
about the role of CAP2 in the brain.

In light of the findings regarding the structural alterations detected in the absence of
CAP2, we investigated the role of CAP2 upon activity-dependent synaptic plasticity
phenomena. Therefore, we induced either LTP or LTD in primary hippocampal neurons
by chemically inducing well established cLTP or cLTD protocols (Fig. 2A/10A) 213314315,
We found that stimulating neurons with a cLTP treatment, elicited and increased CAP2
synaptic availability and notably, this stimulation also caused an increase in CAP2 dimer
levels in the synaptic fraction (Fig. 9B/C). Whereas, upon cLTD induction in primary
hippocampal cultures, we did not find any alterations in the CAP2 synaptic localization
or dimer formation (Fig. 10). This indicates that CAP2 plays a role in LTP, but notin LTD.
Then, to evaluate whether the effects we found upon cLTP stimulation could be
ascribed to the CAP2 Cys32-dimerization motif, we transfected primary hippocampal
neurons with EGFP-CAP2 and either Myc-CAP2 or Myc-CAP2(C32G) and then we
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induced cLTP. Taking advantage of a PLA assay, we found that cLTP increased the
dimerization in the EGFP-CAP2/Myc-CAP2 condition, confirming the results obtained
by a biochemical approach (Fig. D). On the other hand, when we interfered with the
dimerization of CAP2 with the CAP2(C32G) mutant, we couldn’t detect differences in
the PLA signal. These effects are specifically due to LTP, since upon LTD induction we
couldnt detect any effects (Fig. 10D). In addition, given the pivotal role of cofilin-
mediated actin dynamics in the structural remodeling of spines during activity-
dependent synaptic plasticity phenomena 33, we tested whether cLTP modulates the
CAP2 association to cofilin. To address this, we performed PLA assays after cLTP
induction and the quantitative analysis revealed a significant increase in the association
between endogenous CAP2 and cofilin upon LTP induction (Fig. 9E). These results
indicate a role of CAP2 in synaptic plasticity, possibly through an increase in self-
association, which affects the binding to cofilin and could enhance the cofilin-mediated
actin filament dynamics. This goes hand in hand with previous research, where it has
been already shown that CAP proteins promote actin filament dynamics, by
cooperating with ADF/cofilin 291292 To evaluate if the association between CAP2 and
its binding partners ADAM10 and actin is affected by activity-dependent synaptic
plasticity, we looked at their interactions upon cLTP and cLTD induction. The CAP2
complex formation with ADAM10 is increased upon cLTP, where the formation of this
complex is not triggered by cLTD (Fig. 11A/C). The CAP2/actin interaction is strongly
reduced by cLTP, while again cLTD is not affecting their association (Fig. 11B/D).

Since CAP2 association to its partners is affected by activity-dependent synaptic
plasticity, we wondered whether this pathway could be a target of aberrant plasticity
phenomena, as the ones triggered by AB oligomers (0AB1.42). To address this, we used
an oABi4, preparation which we fully characterized, to trigger aberrant plasticity.
Primary hippocampal cultures were treated with a preparation of 0oABi.42 which is able
to induce synaptic depression within 30 minutes and spine loss in 24 hours, in the
absence of cell death. Since several studies show that oABi4; affects the
phosphorylation of GIuA1 serine-845 by decreasing its phosphorylation, which is an

event related to LTD 38132162 We also show that our oABi.4, preparation protocol
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induces a decrease in phosphorylation of this site (Fig. 12). In these experimental
conditions, the short-term exposure to 0AB1.42 results in an increased ADAM10 synaptic
availability (Fig. 13A/B). Although it has been shown that LTD fosters SAP97-mediated
ADAM10 delivery to the postsynaptic compartment 213241, 0AB;.4, treatment leads to a
decrease in the association between ADAM10 and AP2 complex, which is responsible
for the endocytosis of the enzyme, without affecting the binding to SAP97 (Fig. 13D).
Accordingly, we found that the short-term exposure of oABi4, decreases CAP2
synaptic availability without affecting its expression and dimer formation (Fig. 13B/C).
Therefore, we show that the aberrant plasticity by 0AB1.42, but not the physiological
LTD, decreases CAP2 availability in the synapse. In addition, we detected an increase
in the CAP2 association to actin and a decreased binding between CAP2 and ADAM10
upon the short-term exposure to 0AB1.42 (Fig. 14A/B). Since AP2 and CAP2 are involved
in the ADAM10 endocytosis pathway, our data suggest that the increase in ADAM10
synaptic localization is due to the impairment of its endocytosis rather than to a
stimulation of its forward trafficking, suggesting that the molecular mechanism
underlying LTD and regulating ADAM10 are profoundly different from those
responsible for oAB1.4-induced depression. Moreover, these outcomes indicate that
CAP2 and its binding to ADAM10 and actin are targets of the acute exposure to oAB:.
2. Taken together, our data indicate that oABi4, triggers aberrant plasticity
phenomena. Possibly, the increased ADAM10 synaptic levels could be related to a
negative feedback mechanism, where the increased levels of toxic AB can stimulate the
non-amyloidogenic pathways. Overall, here we show that 0AB1.42 can trigger aberrant
synaptic plasticity pathways related to the amyloid cascade, and thereby affect synaptic
plasticity. Since the synapses are considered to be an early site of pathology in AD 318
and loss of synapses is the best pathologic correlate of cognitive impairment in AD
patients %9, understanding the molecular underpinnings leading to synaptic
dysfunction will aid in the development of tailored synapse-targeted therapies for AD.
Considering that the CAP2 pathway is a target of 0AB:42 and that ADAM10 synaptic
localization is reduced in AD patients 24!, the next step focusses on the complex

formation of CAP2 with ADAM10 and actin in AD patients’ hippocampal tissue and in
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animal models at different stages of the disease. For this, we first looked at the CAP2
expression, dimerization and localization in the synapse. We detected a decreased
expression of CAP2 in AD patients’ hippocampi compared to non-demented controls
(Fig. 16) and in AD mice model (APP/PS1 mice) compared to wild-type mice at 6
months of age (Fig. 20). In addition, ADAM10 synaptic levels are also reduced in the
hippocampi of 6-month old APP/PS1 mice (Fig. 20). Additionally, the CAP2 dimer total
levels are not altered, but the dimer availability in the synaptic membrane was reduced
both in AD patients and APP/PS1 mice at early stages of the disease (Fig. 16/21).
Furthermore, in AD patients the ADAM10 association to CAP2 is not altered (Fig. 17),
while the CAP2 binding to actin is increased (Fig. 18). Since the AD patients are late-
stage AD patients, we were interested in figuring out whether the binding between
CAP2 and ADAM10 could be altered in earlier stages of the disease. For this we used
the 6-month-old APP-PS1 mice, which already show early symptoms of the disease,
progressing into the full-blown pathology around 12 months of age (Fig. 19).
Surprisingly, in these mice, we found a decreased association between ADAM10 and
CAP2 only at the early stages of the disease, where these levels are stabilized and
returned to normal at later stages of the disease (Fig. 22). These results suggest a role
for the CAP2-ADAM10 complex in the earlier stages of the disease. In the APP/PS1
animals we also detected an increased binding of CAP2 to actin, both in the early and
later stages of the disease (Fig. 23). Taken together, these results show an important
role of CAP2 in AD pathogenesis, where especially the increased binding between
CAP2 and actin seems to play a role in ADAM10 synaptic localization in AD.

In light of these results, we planned two therapeutic approaches to interfere with the
CAP2 pathway in AD pathogenesis. According to the decreased expression of CAP2
in AD pathology, we performed an in-vitro rescue experiment in APP/PS1 mice
hippocampal cultures. We found that the overexpression of CAP2 rescued the reduced
PSD-95 levels in the APP/PS1 mice, and restored the ADAM10 synaptic localization,
which thereby might stimulate ADAM10 activity towards its substrates (Fig. 25). These

results indicate that CAP2 overexpression could stabilize the postsynaptic side of
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spines and restore ADAM10 synaptic localization and possibly its activity, thus
rebalancing the main pathological features of AD.

The second rescue approach targets the CAP2-actin complex formation, since the
results we obtained in AD patients and AD mouse model pointed in the direction that
especially the association between CAP2 and actin seems important in controlling the
synaptic levels of ADAM10. In collaboration with Prof. Daniele Di Marino (Universita
Politecnica delle Marche), we designed cell permeable peptides (CPPs) to interfere
selectively with the CAP2 complex formation with actin (Fig.31). With this tool we tested
in-vitro and in-vivo whether the interference between the CAP2-actin complex
influences ADAM10 synaptic levels, and potentially rescues the synaptic dysfunction
and cognitive impairment in AD mice. First, we investigated the efficacy of the
designed CPPs towards its target in an in-vitro approach. For this, we treated primary
hippocampal cultures with our inactive and 2 active (Pep A and Pep B) CPPs, and
performed Co-IP experiments. We saw that especially Pep B is able to disrupt the
binding between CAP2 and actin (Fig. 27). Then to confirm the Co-IP results, we
performed a GST-Pull down using mice brain homogenate incubated with the CPPs.
The results confirmed that Pep B shows to be most efficient in disrupting the CAP2-
actin association (Fig. 27). In light of the in-vitro results, we moved to an acute in-vivo
model, where we treated 6 months-old wild type (C57/BL6) mice with a 3nmol/g dose
of the CPPs and looked at the main 4 outcomes; 1: the efficacy of the CPPs to interfere
between CAP2 and actin binding, 2: the specificity of the CPPs, 3: CPP effect on
ADAM10 synaptic localization and 4: ADAM10 activity towards its substrates. 24 hours
after an intraperitoneal injection, Co-IP assays showed that the Pep B was able to
significantly interfere with the CAP2-Actin association (Fig. 28). Since CAP1 and CAP2
are the two homologues from the CAP family and their genes share 64% of amino acid
identity in mammals 247248, we verified CAP1/actin association is not affected (Fig. 28).
These data highlighted that Pep B is effective, but also specific for the interference
between CAP2 and actin. Then, we assessed whether ADAM10 levels were increased
in the synaptic fraction. Pep B significantly increased ADAM10 availability in the
synaptic membrane (Fig. 29A), thus demonstrating that CAP2/actin association is
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instrumental in the regulation of ADAM10 synaptic availability, as previously shown in
hippocampal cultures (Fig. 3). Since ADAM10 is only active towards its substrates when
it is inserted in the synaptic membrane, the increase in ADAM10 synaptic localization
should also promote the activity of ADAM10. To address this, we looked at the sAPPa
levels in the hippocampal homogenate by ELISA. Pep B was able to significantly
increase the neurotrophic factor of APP released by ADAM10 cleavage (Fig. 29B). In
order to assess whether the ADAM10 cleavage activity was also altered towards other
ADAM10 substrates, we analyzed the metabolism of N-Cadherin. Western blot analysis
of the hippocampal synaptic fraction indicates that Pep B treatment is not affecting
ADAM10 cleavage of N-Cadherin since there were no changes in the C-terminal
cleavage product that ADAM10 produces by shedding N-Cadherin (Fig. 29A).
Considering the age of the mice, it might be the case that ADAM10 exerts a
preferential activity towards APP instead of N-Cadherin in adult mice.

Together, these results demonstrate that the developed Pep B can interfere with the
binding between CAP2 and actin, and that, by this interference, we can increase
ADAM10 synaptic levels and activity towards APP. We showed that the CAP2 actin
binding domain is relevant for ADAM10 endocytosis, however the mechanism
according to which CAP2/actin association control ADAM10 synaptic localization has

not been determined yet (Fig. 31).
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to rescue the pathological pathway by interfering with the binding of CAP2 and actin.

A limitation to the use of CPPs is that this sort of peptides are not targeting and
penetrating a specific cell type. In order to increase the delivery towards specific
targets, the pharmacokinetics of the CPPs could be improved by the design of
peptidomimetics, which could be a next step in the use of our CAP2/actin interfering
peptide. Another approach could be to design a viral strategy where it is possible to
target a specific cell type with the use of a neuron specific promotor controlling the
expression of the CAP2-actin binding domain sequence.

For future experiments, we will also use our CAP2-actin CPP in a chronic treatment
setup in an AD mice model, to access whether it is possible to rescue the cognitive

impairment and synaptic deficits found in the AD mice.

In this framework, we hypothesized that the actin-binding protein CAP2, a newly
identified partner of ADAM10, can be positioned at the crossroad of the amyloid

124



cascade and actin-mediated spine dysmorphogenesis, and can be implicated in brain
pathologies, like AD, in which there is an impairment of the localization/activity of
ADAM10. According to that, in previous research, microarray analysis of hippocampal
gene expression of AD patients, reported a downregulation of CAP2 gene 302-304
Moreover, the CAP2 gene is present at chromosome 6p22.3 in the human genome. An
interstitial 6p22-24 deletion syndrome of the short arm of chromosome 6 was reported
where patients with this deletion have a variable phenotype including a developmental
delay 299300 Since CAP2 could be involved in synaptic failure in both
neurodegenerative and neurodevelopmental disorders, it represents a potential
pharmacological target for several diseases. Our current data support the fact that
CAP2 protein expression levels are altered in AD patients, and that CAP2 is involved in
the amyloid related synaptic dysfunction.

In order to identify a disease-modifying strategy for AD, it is fundamental to target the
disease as early as possible. Therefore, we focused on the earlier stages of AD and
used different in-vitro and ex-vivo models. First, we took advantage of an in-vitro model
based on AB oligomers synaptotoxicity to investigate the earliest hallmark of AD. The
results showed that CAP2 synaptic trafficking is affected by AB oligomers, without
influencing the CAP2 expression. At the later stages of the disease in AD patients, when
also synaptic dysfunction and brain atrophy is found, also the CAP2 expression is
decreased. It would be important to address the CAP2 mRNA levels at different stages
of the disease in an AD mice model in order to assess whether the decrease of CAP2
protein levels could be ascribed to transcriptional deficits or to an increased
degradation.

More importantly, the formation of the CAP2/ADAM10 complex is strictly modified in
the early stages of the disease, while the binding between CAP2 and actin is altered
along disease progression. This might point at an over-compensatory mechanism for
the ADAM10 binding of CAP2 at the later stages of AD, but this hypothesis should be
further investigated.

Since we found that the CAP2/actin complex is important for ADAM10 synaptic

localization, we focused on trying a rescue strategy targeting CAP2/actin (Fig. 31). To
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understand whether uncoupling the CAP2/actin complex can serve as a potential
strategy to increase ADAM10 activity and to ameliorate possibly cognitive impairment
in AD, future research should aim at a chronic treatment with the CPP B in an AD mice
model at different stages of the disease. Here, the dendritic spine morphology and
cognitive behavioral tests should give an idea on the structural and functional effects
of the peptide in a disease model, where also ADAM10 localization and activity

towards its substrates should be investigated.

It's important to keep in mind, is that targeting ADAM10 activity, influences multiple
substrates all throughout the body 3'7. It is known that ADAM10 expression and its
activity are important in several pathologies 3'?, affecting the brain 320321 but also a
number of other diseases including the liver 322 and the immune system 323-325
Thereby, accelerating ADAM10 activity towards its substrates, could exert, besides the
beneficial cleavage of APP and preventing AB accumulation, toxic effects in other
organs. Therefore, a substrate/cell specific approach should be used to activate
ADAM10. It was previously described that ADAM10 activation has a better tolerance
compared to its inhibition in both human 326 and mice 320327, Besides APP, there are
two other examples of pathways that profit from an increased ADAM10 shedding
activity, namely Notch and Prion protein. Where the increase of Notch shedding
accounts for an increased hippocampal neurogenesis 327329, prion protein shedding
can reduce the levels of prion protein that acts directly as a receptor for the AB
oligomers 330, Hence, when targeting ADAM10, the substrate specificity should be
taken into consideration. For this reason, we tried to target ADAM10 activity through
CAP2, a protein that has a more specific expression including the brain than ADAM10.
In conclusion, we demonstrated that the actin-binding protein CAP2, a confirmed
binding partner of ADAM10, can serve as bridge to keep the right balance between
ADAM10 synaptic localization and actin regulation, to avoid AB accumulation and
synaptic dysfunction that is seen in AD patients. Therefore, CAP2 serves as a novel

target in the AD pathogenesis that is worth studying in more extensive research.
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