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1. Summary

The molecular mechanisms involved in synaptic plasticity are thought to be the basis for the
understanding of learning and memory. However, the complexity of the molecular interactions
impedes a deep understanding of these mechanisms. Thus far, it has been well established
that a common trigger of the synaptic plasticity mechanism is an increase in postsynaptic
calcium concentration. Recently, the protein Copine-6 was found as a modulator of synaptic
plasticity due to its ability to respond to calcium influx and subsequently to sequester
components of the actin cytoskeleton to the postsynaptic membrane of excitatory synapses.
Therefore, Copine-6 seems to be a good candidate involved in hippocampal long-term
potentiation, learning and memory. Interestingly, Copine-6 has recently been related in
different neurological disorders like intellectual disabilities, depression and epilepsy (Anazi et
al., 2017; Han et al., 2018; Zhu et al., 2016).

In the last years, our group generated a mouse line in which a calcium-binding mutant
of Copine-6 was knocked-into the Cpne6 locus — called Cpne6P'®’N. Thereafter, we focused
on the biochemical characterization of this mouse. We showed that the calcium-dependent
enrichment of Copine-6 in membrane fractions of the mouse brain is abrogated in Cpne6P'6"N
mice in the presence of calcium. Importantly, the calcium mutant Copine-6°'¢"N is expressed
at the same level as wild-type Copine-6. These data therefore shows that the exchange of
Asp to Asn at position 167 of Copine-6 does not affect Copine-6 expression but suppresses
its calcium-dependent binding to membranes.

Furthermore, we also demonstrated that calcium binding to Copine-6 is crucial for its
ability to act as a synaptic plasticity modulator. We found that expression of Copine-6°""N in
the CA1 region of the hippocampus affects the relative proportion of spine types in vivo, as
neurons of the hetero- and homozygous knock-in mice express a significantly higher proportion
of thin spines at expense of mature spines, a phenotype that was not observed in Cpne6
knock-out (KO) mice. Differences in spine morphology were also observed in primary
hippocampal neurons derived from homozygous Cpne6P'®’N mice, in which an increase in the
number of "immature", filopodia-like, thin protrusions and a decrease in mushroom-like
protrusions were found. These results suggest that either maturation of spines is delayed or
that spines cannot be strengthened following Cpne6P'®"N mutation. Accordingly, we assessed
synaptic strengthening of spines from wild-type, hetero- and homozygous Cpne6P'®"N neurons
by inducing chemical long-term potentiation (cLTP). We found that while wild-type neurons
responded with an increased number of mushroom spines and synapses after cLTP induction,
phenotypes that have been correlated with synaptic strengthening (Papa et al., 1995;
Hosokawa et al., 1995; Fortin et al., 2010) neurons from heterozygous and homozygous

Cpne6P'®’N mice could not respond to the changes related to the cLTP induction paradigm.

14



This suggests that both mutant genotypes failed to undergo synaptic strengthening.
Interestingly, heterozygous Cpne6P'®’N neurons showed elevated numbers of filopodia-like
spines after cLTP induction, possibly as a compensatory mechanism to establish synaptic
connections. Finally, we also found in Cpne®P'¢’N mice morphological simplifications of CA1
hippocampal pyramidal neurons when compared to wild-type. This result suggests that the
binding of calcium to Copine-6 may indirectly affect neuronal morphology as a consequence

of spine immaturity.

In conclusion, the calcium-binding site point mutation of Copine-6 seems to have a
more profound effect on spine structure plasticity than the complete absence of Copine-6. A
similar phenomenon was observed when the phenotypes of mice deficient for CaMKII were
compared with mice expressing a phosphorylation mutant of CaMKII (Giese, et al. 1998). Thus,
the calcium binding site of Copine-6 seems to be a key element for its ability to act as a calcium
sensor and as a further modulator of the synaptic plasticity mechanism. Finally, this work might
help to deepen the molecular understanding of synaptic plasticity mechanisms and may also
provide new avenues for the molecular understanding of related neurological disorders,

revealing possible therapeutic targets.



2. Abbreviations

ADF actin depolymerizing factor

AMPA -amino-3-hydroxy-5-methyl-4-isoxazolepropionate

ARP 2/3 actin related protein 2/3

ASN Asparagine

ASD Autism spectrum disorder

ASP Aspartate

CREB-1 cAMP responsive element binding protein 1
CA 1 Cornu Ammonis field 1

Ca?* Calcium

aCaMKIl alpha calcium/calmodulin-dependent kinase Il
CaMKIl calcium/calmodulin-dependent kinase |l
cAMP cyclic adenosine monophosphate

CNS central nervous system

Cpne6P'7N Calcium insensitive mutant mice

DIV days in vitro

ERK extracellular signal-regulated kinases

KO Knock-out

Kl Knock-in

F/G-actin filamentous/globular actin

FXS Fragile X Syndrome

GAPs GTPase- activating factors

GEFs Guanine nucleotide exchange factor

GFP green florescent protein

GIuR glutamate receptor

GluA1/2 Glutamate A subunit

GTPase enzymes that bind and hydrolyze GTP

Ig Immunoglobulin superfamily

kDa kilo Dalton

LIMK LIM-domain-containing protein kinase
LTD/LTP long-term depression / long-term potentiation
MAPK mitogen-activated protein kinase

Mg #* Magnesium



mGIuR metabotropic glutamate receptor

NCAM Neural adhesion protein

NMDAR N-methyl-D-aspartic acid receptor

Pak1 p21-activated kinase

PKM{, Protein Kinase zeta type

PDZ PSD-95/Discs large/zO-1

PLC Phospholipase C

PKA Protein kinase A

PKC Protein kinase C

PSD postsynaptic density

Rac1 Ras-related C3 botulinum toxin substrate 1
Rho A Ras homolog gene family, member A
RNA ribonucleic acid

SynGAP synaptic Ras GTPase activating protein
TARPS Transmembrane AMPAR regulatory protein
vFWA Von Willebrand factor type A

vGlut1 Vesicular glutamate transporter 1

Wt wild-type

B- PIX B-P21 activated Kinase interacting exchange factor



3. Introduction

The ability to perceive our surrounding, generate responses, and integrate information
depends on the nervous system. The brain is considered the main hub for these interactions
and thanks to its ability to remain plastic we can generate or recall information. Consequently,
brain plasticity is thought to be essential for maintaining the learning and memory process. The
nervous system is known as a very complex structure consisting mainly of specialized cells
known as neurons and glia. Glia cells provide support to the neurons and their activity, whereas
neuronal cells are the basic function unit as they are essential for the communication in the

nervous system.

3.1 Synaptic structure

Skt The primary sites of communication

between neurons, is the synapse.
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Figure 1. Schematic view of an excitatory synapse ) ) .

formed by an axon and dendritic spine. Key elements of  the signaling process (Figure 1).

the synapses are indicated: Presynaptic vesicle, receptors,
and organelles (adapted from Stdhof and Melenka, 2008).

Synapses can be divided into chemical
and electrical ones. Electrical synapses impulse transmission occurs via gap junctions
between neurons, which connect their cytoplasm by channels, causing voltage change in the
pre-synapses to induce changes in the post-synapse. Although a rapid and bidirectional signal
transfer characterizes this type of synapse, this synapse cannot amplified the signal they
transmit. In the case of the chemical synapses, the signal transmission consist on a sequence
of events that initiated when an action potential invades the terminal of the presynaptic neuron.

The arrival of the action potential cause a change in the membrane potential that will lead to
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the opening of voltage calcium channels causing a rapid calcium influx. Consequently, a rise
of the calcium concentration occurs that will allow synaptic vesicle- neurotransmitter contained
to fuse with the plasma membrane of the presynaptic neuron. The neurotransmitters release
occurs from pre-synaptic neuron through a small space, called synaptic cleft, to receptors on
post-synaptic neuron. Thereafter, the neurotransmitter induces an ion current flow and cause
that the conductance and membrane potential of the postsynaptic neuron change. Depending
on the properties of the postsynaptic receptor, the signal can act as excitatory or inhibitory by
increasing or decreasing the probability of generating an action potential in the postsynaptic
neuron. Finally, if the sum of all the signals cause the neuron membrane to be depolarized
above a specific threshold, an action potential will be fired and will lead to the postsynaptic
generation of an electrical signal (amplification). In this way, information is transmitted from

one neuron to another.

3.2 Synaptic transmission

The process that allows inter-neuronal communication at the synapse is known as synaptic
transmission, which is based on a sequence of events that are initiated when an action
potential invades the presynaptic terminal and is further converted into a chemical message.
As previously explained, in the chemical transmission the neurotransmitters diffuse across the
synaptic cleft and reach the postsynaptic membrane where they bind to specific receptors.
One of these postsynaptic receptors that respond to positive potentials and presynaptic
glutamate release is the N-methyl-D-aspartic acid receptor (NMDAR). Upon depolarization,
NMDAR will show maximal receptor permeability as it expels Mg?* from the pore relieving it
from the block and allow sodium, potassium, and calcium to pass (LUscher and Malenka,
2012). Elevation in intracellular calcium have been established as one of the trigger events at
the postsynaptic neuron (Mulkey and Malenka 1992) as increase in the calcium influx through
the NMDARSs activates intracellular signaling cascades essential for inter-neuronal information
transmission (Bliss and Collingridge, 1993). Another important signaling mechanism that
occurs in the postsynaptic membrane is the increase in the number of amino-3-hydroxy-5-
methyl-4-isoxazolepropionate receptors (AMPAR). AMPARs are one of the principal
transducers of excitatory transmission and are targets of multiple signaling pathways that
regulated the strength of glutamatergic synapses. Most AMPARSs consist of tetramers of four
glutamate receptor subunits, GIuR1-GluR4 (Hollmann and Heinemann 1994; Seeburg 1996;
Dingledine et al 1999). In the case of the adult hippocampus, two forms of AMPARSs are known
to be predominant, Glur1/Glur2 heteromers and GIuR2/GIluR3 heteromers (Wenthold et al.,
1996). It is suggested that the functional properties of AMPARSs and their trafficking depend on
their subunit composition (Collingridge et al., 2004; Malinow and Malenka, 2002). Based on
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overexpression studies, the subunit-specific rules that determine the synaptic delivery of
AMPARSs were unraveled. It was shown that the insertion of GIuR1 containing AMPARs into
synapses is slow under basal conditions and is strongly stimulated by NMDAR activation,
whereas insertion of GIuR2/3 heteromeric receptors may occur constitutively on a much more
rapid timescale (Hayashi et al., 2000; Shi et al., 2001). Overall, these events are thought to
activate both pre-and postsynaptic mechanisms that will finally generate a persistent increase

in synaptic strength.

3.3 Synapse development — Synaptogenesis

Appropriate synapse formation and its specificity is a complex mechanism, which is necessary
for normal cognitive functions as it is thought to provide the substrate for perception, learning,
and memory. For a synapse to form, first a contact must be made between the presynaptic
and the postsynaptic site. Synapses can form, for example, from contact between axon and
dendritic shaft where axonal and dendritic filopodia contact their targets in a random manner.
In the case of the hippocampus is it known that during the first few weeks of postnatal life
dendrites have numerous filopodia (Ziv and Smith, 1996; Fiala et al., 1998). Nevertheless,
most of the contacts they establish are transitory and can result in retraction of the filopodia.
However, there is evidence that a small subset of these filopodia becomes stabilized and a
nascent synapse will subsequently be form on those sites (Marrs et al., 2001).

At the molecular level, the initial formation of contacts between axons and dendrites
appears to be mediated by trans-synaptic adhesion molecules, which include cadherins,
integrins, Immunoglobulin superfamily (Ig), Neural cell adhesion molecule (NCAM), nectins,
neuroligins, SynCAMs, and ephrins (Akins and Biederer 2006: Scheiffele 2003). It is thought
that signals by these cell adhesion molecules will lead to stabilized filopodia. Filopodia
stabilization seems to be a predefined event controlled either by glutamate and/or other
molecule release that might attract filopodia (Lohmann et al., 2005) or by the localization of
presynaptic terminal scaffolding proteins (Gerrow et al., 2006). Interestingly, ex vivo studies in
hippocampal slices revealed a high density of highly motile filopodia-like structures in an early
developmental stage. Furthermore, at later developmental times, dendritic extension and
filopodia dynamics progressively decline, accompanied by a steady increase of stable spine-
like structures (Dailey and Smith 1996; Ziv and Smith 1996). These observations support the
earlier suggestion that dendritic filopodia may actively participate in synapse formation during
synaptogenesis. The timing of synaptogenesis is usually measured by determining the time
course of stable accumulation of both pre- and postsynaptic core components of the
glutamatergic synapses (i.e. presynaptic vesicles, presynaptic active zone, postsynaptic
glutamate receptors and scaffolding proteins). Although the initial assembly of a synapse can
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be quite rapid, the development of a mature synapse is generally prolonged as evidenced by
the delay in formation of its mature ultrastructure (Ahmari and Smith 2002) and decelerated
maturation in electrophysiological properties (Mohrmann et al. 2003). During the time course
of nascent synapses recruitment of core components occurs and afterwards, at later stages
of synaptic maturation a second wave of proteins are added to the synapses, which may serve
for its stabilization (e.g. AMPAR and scaffolding proteins) (Malenka 2003; Song and Huganir
2002).

One of the events related to the maturation of glutamatergic synapses in the CNS is
the change of their localization. Synapses are initially formed on dendritic filopodia or dendritic
shafts, but later these synapses are located on specialized small excitatory protrusion known
as dendritic spines. Dendritic spines are the primary recipient of excitatory inputs in the CNS,
thought as biochemical compartments that locally control the signaling mechanism at individual
synapses. A general description of dendritic spines includes a continuum of shapes from short,
stocky spines to long-necked spines tipped by a bulbous head (Lippman and Dunaevsky,
2005). Traditionally, and based on ultrastructural analysis of the adult cerebral cortex, spines
have been divided into different types as stubby, thin, mushroom-shaped (Bourne and Harris,
2008). As it is thought that filopodia-like synapses will transform into spine synapses (Fiala et
al.,, 1998; Ziv and Smith 1996) dendritic spines morphogenesis has been suggested as a
critical event in the maturation of glutamatergic synapses (Yuste and Bonhoeffer 2004). In
fact, synaptic maturation consists of synapses growing larger accompanied with a
considerable increase in the amount of pre-and postsynaptic proteins.

As spines mediate most of the excitatory connections in the CNS, they have been
considered as core elements in the neuronal circuitry. Neuronal circuits are established during
development and modified during learning. Consequently, dendrite dynamics, synaptogenesis,
and loss of superfluous synaptic connections (pruning) are key functions in the reorganization,
remodeling and fine-tuning of neuronal circuits and therefore of crucial importance for nervous

system function.

3.4 Mechanism involved in synaptic plasticity and learning and memory

Synaptic plasticity refers to a series of mechanisms that mediate the activity-dependent
strengthening or weakening of neuronal circuities at the level of the synapse (Citri and
Malenka, 2008). In the adult organism, use-dependent adjustment of synaptic efficacy is
thought to have a role in learning and memory, where NMDAR has been implicated in initiating

the relevant structural and functional changes at synapses that will result in refinement of
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synaptic connections. Consequently, learning and memory might result from changes in
relative strength or efficacy of existing synapses

The molecular mechanisms leading to synaptic plasticity that underlie learning and
memory are very complex and therefore not completely elucidated. /n vitro and in vivo studies
have shown that the opening of NMDARs increases the calcium influx and consequently
activates calcium/calmodulin-dependent kinase Il (CAMKII) (Silva et al., 1992; Giese et al.,
1998) which upon activation translocate into the postsynaptic compartment (Lee et al., 2009).
Moreover, CAMKII is involved in the stabilization of AMPARSs via the phosphorylation of special
sites at their C-terminal part. Another downstream target of CAMKII is the cytoskeleton
molecule actin. Actin plays a key role in shaping dendritic spines and is critically important for
numerous processes that contribute to the plasticity of synaptic function (Matus, 2000; Hering
and Sheng, 2001; Luo, 2002; Hotulainen and Hoogenraad, 2010). Actin exists in two forms: F-
actin (filamentous polymer made of globular actin) and G-actin (globular actin monomers).
Actin filaments are polar structures that undergoes a continuous turnover which involves the
polymerization of G-actin at the barbed end of the filament and depolymerization of F-actin at
the opposite, pointed end, a process known as “actin treadmilling” (Star et al., 2002; Honkura
et al., 2008).

Members of the Rho family of small GTPase are well-known regulators of the actin
cytoskeleton that have profound influence on spine morphogenesis. Rho GTPases act as
intracellular molecular switches that cycle between an active GTP-bound form and an inactive
GDP-bound. Guanine nucleotide exchange factors (GEFs) facilitate the conversion from GDP-
bound to GTP-bound form and thus are activators, whereas GTPase activating proteins
(GAPs) enhance GTP hydrolysis and are thus negative regulators. GEFs and GAPs are known
to postsynaptically control Rho GTPases. Two members of the Rho family, transforming
protein RhoA and RAS-related C3 botulinum toxin substrate 1 (Rac1), are known to control
actin cytoskeleton rearrangement in a separate and opposing manner. While RhoA inhibits,
Rac1 promotes the growth and/or stability of dendritic spines. For example, Rac1 can be locally
activated in dendritic spines by the GEF BPIX (B-p21-activated kinase — PAK — interacting
factor). Calcium induced activation of CAMKII increases the GEF activity of PIX, which causes
a further activation of Rac1 (Saneyoshi et al., 2008; Park et al., 2003). Activated Rac1 triggers
the activation of p21-activated kinase 1 (PAK1), which in turn activates LIM domain kinase 1
(LIMK1). LIMK1 in turn inactivates ADF/Cofilin through phosphorylation and decreases the rate
of actin polymerization (Maekawa et al., 1999). Inhibition of ADF/Cofilin maintains actin fibers
and stabilizes synaptic structures. Cofilin phosphorylation and dephosphorylation will then
control pools of active Cofilin in the cell and thus actin filament dynamics (Meng et al., 2002;
Hayashi et al., 2004; Tashiro and Yuste, 2004) (Figure 2). Interestingly, Rac1 and RhoA

activation have been extensively characterized as causative factors in spine formation,
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enlargement, maturation and stabilization as well as in synaptic strengthening (Nakayama et
al., 2000; Saneyoshi et al., 2010; Woolfrey and Srivastava, 2016).

Although most of the experimental approaches mainly show how calcium and its
interaction with CAMKII activates downstream pathways that control hippocampal synapses,
other signaling pathways have also shown to be critical in certain form of plasticity and/or
others brain regions. One example is the synaptic plasticity dependent activation of G protein
coupled receptors in the cerebellum and striatum (lto M., 2001; Calabresi et al., 1992).
Moreover, long lasting synthesis dependent forms of hippocampal plasticity cannot be
exclusively explained by CaMKII pathway but by protein kinases A (PKA) activation (Abel et
al., 1997; Roberson et al., 1999). Another novel protein known to have a role in the synaptic
mechanism is the RAS/RAP GTPase activating protein (SynGAP1). SynGAP1 binds to the
PDZ domain of PSD-95 and SAP 102. It is localized exclusively in excitatory synapses and is
a major constituent of the PSD. SynGAP is thought to be a central regulator of synaptic
signaling necessary for certain types of neuronal plasticity (Komiyama NH., et al., 2002;
Rumbaugh G., et al., 2006). Mutations within SynGAP1 are related to intellectual disabilities,
epilepsy and autism spectrum disorder (ASD) (Clement et al., 2012). In conclusion, it is likely
that the synaptic plasticity mechanisms require the work of different proteins that might interact
in “modules”, which will respond in accordance to the input and the neuronal plasticity type
(Figure 2).
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Figure 2. Postsynaptic signaling proteins. Proteins involved in the synaptic plasticity mechanism.
Schematic representation of NMDAR and associated proteins that act accordingly to the input receive in
the postsynapse (left). Activation of receptors and channels during the learning and memory lead to
regulation of intracellular signaling that affect actin dynamics. Among these regulatory proteins are Rho,
Rac GTPase and their effectors and actin binding proteins such as cofilin (modified from Lamprechet R.,
2011; Sheng and Kim, 2002).
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3.5 Cellular models of learning and memory

Long-term potentiation (LTP) and long-term depression (LTD) are a general class of cellular
synaptic phenomenon, which can be used to demonstrate the repertoire of long-lasting
modifications of individual synapses (Figure 3A). LTP is known as a repetitive activation of
excitatory synapses in the hippocampus that causes a potentiation of synaptic strength and
appears as a long lasting event. The properties of LTP make it an attractive cellular
mechanism for rapid information storage as, similar to memory, LTP can be generated rapidly
and is strengthened and prolonged by repetition. Important properties of LTP are 1)
cooperativity, related to induced coincident activation, 2) associativity, i.e. the capacity to
potentiate a weak synaptic input when it is activated in association with a strong input and 3)
input specificity, i.e. LTP is elicited only at activated synapses (Nicoll et al., 1995).
Consequently, the LTP mechanism is thought to provide an important key for the
understanding of some of the cellular and molecular mechanism by which memories are
formed (Whitlock et al., 2006; Pastalkova et al., 2006) and thus LTP is considered as a model
for the molecular basis and behavioral correlates of synaptic plasticity.

The mechanism that underlie LTP start with a large NMDAR-dependent increase in
dendritic spine calcium concentration, which leads to activation of intracellular signaling
cascades involving a number of protein kinases, in which the most known is CAMKII (Lisman
et al 2012). This leads to an increase in the conductance of synaptic AMPARs and promotes
the incorporation of additional AMPARSs into the PSD. Interestingly, AMPARs do not appear to
be inserted directly into the PSD, but rather are exocytose at perisynaptic sites. Thus, AMPARs
laterally diffuse in the plasma membrane and are trapped within the PSD due to their
interaction with “trap” proteins. The candidates that bear this trap activity are the membrane
associate guanylate kinase (MAGUKSs) family of PSD and include PSD-95, SAP97, PSD-93,
and SAP102 (Kim and Sheng 2004; Montgomery et al., 2004). The new synaptic AMPARSs are
stabilized thought their transmembrane AMPAR regulatory proteins (TARPs) which mediated
interaction with PDZ domain-containing proteins (Jackson and Nicoll, 2011). The insertion of
AMPARSs and associated molecules into the PSD leads to the growth of the PSD area / spine
(Lisman and Harris, 1993) (Figure 3B). Moreover, synthesis of proteins like aCAMKII or
AMPAR subunits may also play a key role in structural modification during LTP. In vitro studies
have shown that LTP induction results in a local growth of synapses, synaptic strengthening,
and growth of new synapses (Matsuzaki et al., 2004; Yuste and Bonhoeffer, 2001). Similarly,
neuronal activity can lead to short or long term changes in morphology, appearance or
disappearance of dendritic spines. Therefore, these short and long-term changes in
morphology and number of spines -known as structural plasticity- have been implicated in

synaptic plasticity and are related to strengthening of existing connections between two cells.
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In addition, the presynaptic active zone activity also increases, causing stable synapse
enlargement. Finally, the maintenance of these changes for more than a few hours depends
on the de novo transcription as well as local dendritic protein synthesis, presumably to provide
the synapse with a supply of the critical proteins necessary for maintaining synaptic strength.

The second cellular model known as LTD is a process elicited by prolonged repetitive
low-frequency stimulation (Dudek and Bear, 1992; Mulkey and Malenka 1992). LTD is input
specific and, like LTP, depends upon NMDAR-dependent increase in postsynaptic calcium
(Mulkey and Malenka, 1992). The predominant hypothesis is that quantitative properties of the
postsynaptic calcium signal within dendritic spines dictates whether LTP or LTD is triggered,
with LTD requiring a mild increase of calcium, whereas LTP requires an increase beyond a
threshold value (Bliss and Cooke, 2012; Lischer and Malenka 2012; Malenka and Bear, 2004;
Cummings et al., 1996; Malenka and Nicoll, 1993). The mechanism underlying NMDAR-
dependent LTD starts with a small increase in postsynaptic calcium concentration within
dendritic spines due to a mild activation of NMDARSs, which leads to preferential activation of
protein phosphatases. This causes a dissociation of AMPARs from their molecular scaffolds
in the PSD and their later movement into endocytic zones on the periphery of the PSD, where
they are endocytosed and potentially degraded. The mechanism involve in LTD maintenance
is not completely known. Nevertheless, there is evidence that LTD is accompanied by a
shrinkage in the size of dendritic spines (Nagerl et al., 2004; Zhou et al., 2004) and that this
may be due to the loss of AMPARSs (Hsieh et al., 2006). As in the case of LTP, it is also thought
that protein translocation may be needed for the long-term stable expression of LTD (Pfeiffer
and Huber, 2006).

It is generally accepted that the activity-dependent trafficking of AMPARSs into and out
of synapses during LTP and LTD, respectively, is the first critical step in the morphological
growth or shrinkage of synapses and that these structural modifications are the mechanism by
which bidirectional changes in synaptic strength are maintained. Indeed, the size of individual
synapses correlates closely with the number of AMPARSs they contain (Mastsuzaki et al., 2001;
Takumi et al., 1999) (Figure 3B). Consequently, LTP and LTD appear to be essential in the
stabilization and elimination of synapses during developmental fine-tuning of neuronal circuits

in many areas of the brain.
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Figure 3. (A) LTP and LTD mechanism. Weak activity of the presynaptic neuron lead to a mild
depolarization and calcium influx through the NMDAR and will lead to the activation of
phosphatases that will dephosphorylate AMPARSs, mechanism related with LTD. Strong activity
depolarization triggers LTP in part via CAMKIl, AMPAR phosphorylation. (B) PSD size and
AMPAR content is directly proportional to the spine volume and the number of vesicle number

correlates with PSD size, Lischer and Malenka, 2012).

3.6 Copine Family

Copines are members of a ubiquitous family described as cytosolic-soluble proteins that show
calcium-dependent phospholipid-binding properties. Copines share a common structure,
consisting of two N-terminal C2-domains responsible for calcium binding. On the other hand,
the C-terminal portion of copines show a distant relation to the “A domain” in the extracellular
portion of integrins (or von Willebrand factor A (WWA)-domain) (Lee et al., 1995), which is
known for binding extracellular matrix proteins. Furthermore, the C2 domain of copines have
conserved aspartates that could serve as calcium ion coordination residues, whereas the A-
domain is thought as a site for protein-protein interaction by which copines bind and recruit
target proteins to the membrane surface (Tomsig and Creutz, 2002). Consequently, because
of their domain structure, it has been suggested that copines can target proteins to the plasma
membrane in response to a rise in intracellular calcium via the C2-domains acting as the
calcium sensors. Interestingly, identified targets of copines are proteins involved in intracellular
signal transduction pathways, which include 1) regulators of phosphorylation (MEK1, Protein
phosphatase 5, CDC42 binding kinase), 2) regulators of transcription (Myc-binding protein,
Sno proto-oncogene, BCL-6 corepressor), 3) calcium-binding proteins (ALG2), 4) regulators of
ubiquitination/NEDDylation (UBC12, E2-230), 5) cytoskeletal regulation (Radixin, BICD2-
dynamitin-binding protein) (Tomsig et al., 2003). These arrays of potential targets suggest that
copines may be generally involved in providing calcium regulation of intracellular signaling
pathways. Therefore, by binding to membranes and target proteins, copines may be able to

specifically localize signaling pathway components to certain membranes in cells and
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consequently enhance the assembly of complexes involved in signaling across the plasma
membrane.

Furthermore, to exert its translocation-binding mechanisms, copines should show
calcium-dependent membrane binding. Indeed, in vitro studies using phospholipid vesicles
have found that some C2-domains of copines show phospholipid binding that is calcium
dependent (Tomsig and Creutz, 2000; Damer et al., 2005). Moreover, some copines showed
that replacement of the Asp to Asn in the C2B domain is sufficient to abolish calcium response.
Therefore, the C2B domain has been identified as a critical component for the membrane
association of copines (Perestenko et. al., 2015). Besides, the highly divergent C-terminus
probably confers unique characteristics to each family member. Interestingly, these C2
domains are also found in other calcium-sensing proteins like synaptotagmin, protein kinase
C (PKC), phospholipase C (PLC) and rabphilin (Perestenko et al., 2010), supporting the role
of Copines as calcium sensor proteins.

Homologous copine proteins are expressed in most plants, animals and protists. First
described in Paramecium tetraurelia (Creutz et al., 1998; Tomsig and Creutz 2002) and
subsequently in Caenorhabditis elegans, Arabidopsis, Dictyostelium and Homo Sapiens. The
expression of copines has been found in mammalian tissues, including brain, heart, lung, liver
and kidney. Screening of human tissues for human Copines 1-6 has shown that Copines 1,2
and 3 are ubiquitously expressed, whereas Copine-4 has a more restricted distribution in the
brain, heart and prostate gland, and Copine-6 is brain specific (Tomsig and Creutz 2002).
Nevertheless, the precise role of copines in cells remains unclear, although there is evidence
that they may be involved in the regulation of plasma membrane protein or lipid content.

A key molecule from this highly conserved protein family is Copine-6, which is
characterized by two C2 domains that bind phospholipids in a calcium-dependent manner and
an A domain at the carboxyl terminus. Interestingly, Copine-6 expression is restricted to the
brain, specifically to hippocampus and olfactory bulb. It has also been shown that Copine-6 is
located in postsynaptic elements like dendrites and cell bodies (Nakayama et al., 1999;
Reinhard et al., 2016; Burk et al. 2018). Furthermore, it has been shown that the levels of
Copine-6 increase after the induction of kindling or long-term potentiation in the rat
hippocampus (Nakayama et al. 1998); therefore suggesting that Copine-6 may be involved in
synaptic potentiation. In fact, previous investigations by our group have found that Cpne6
transcript and Copine-6 protein are expressed in the postnatal brain with peak expression in
the hippocampus at time points of synapse formation. In addition, Copine-6 has been shown
as a novel calcium sensor, which translates calcium signaling into changes in spine structure
(Reihard et al., 2016; Burk et al., 2018). Moreover, lack of Copine-6 prevents synapses to be

strengthened and Copine-6 KO mice fail to undergo hippocampal LTP, hippocampus
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dependent learning, and show memory impairment (Reinhard et al., 2016). In conclusion,

these investigations reinforce the importance of Copine-6 in synaptic plasticity.
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4 Aim of the Thesis

Synaptic plasticity is a complex mechanism that is not completely understood, however it is
well known that calcium acts as an important trigger for this mechanism. An interesting
candidate that seems to have a role in the synaptic plasticity is known as Copine-6.
Interestingly, Copine-6 is expressed exclusively in the brain and possesses the ability to bind
to phospholipids in a calcium-dependent manner. Therefore, we aim to investigate the role of
the calcium binding of Copine-6 in regulating structural plasticity and synapse function in an in
vivo model. For this end, a knock-in mouse model was generated based on the previous
finding that mutation of aspartate at position 167 to asparagine renders Copine-6 (called
Copine-6°'%7N) insensitive to calcium and thus is incapable of translocating to the postsynaptic
spines upon calcium influx in hippocampal neurons. Utilizing a series of in vitro and in vivo
experiments, including cultured primary hippocampal neurons, brain sections and live imaging
methods we want to analyze the Copine-6°'"N phenotype and establish the in vivo importance

of the calcium binding to Copine-6 in the synaptic plasticity mechanism.
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5. Results

5.1 Manuscript 1: “Mutation in the second C2 domain of Copine-6 cause changes in dendritic
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ABSTRACT

The process of learning and memory correlates with changes of synapse structure and function
in response to specific patterns of neuronal activity. The initial trigger of the synaptic changes
at excitatory synapses is a transient increase of calcium in the postsynaptic spine. Copine-6 is
a calcium-sensitive, phospholipid-binding protein that translocates to the membrane in
postsynaptic spines upon calcium influx and is required for hippocampal long-term
potentiation, learning and memory in mice. Moreover, Copine-6 is also required for spine
structural plasticity. Here, we mutated the calcium-binding site in Copine-6 and generated
knock-in mouse mutants. Hippocampal neurons of homozygous and heterozygous Copine-6
mutant mice show changes in spine structure and dendritic maintenance in culture and in vivo.
Time-lapse imaging shows that cultured hippocampal neurons from the calcium-insensitive
mutant mice are more motile and are non-responsive to stimuli triggering spine structural
plasticity. These results are strong evidence that calcium-binding of Copine-6 is important for
its function. The finding that spine structures are changed in the hippocampus of the mice
expressing the calcium mutant but not in those deficient for Copine-6 suggests a dominant-

negative role of the calcium mutant.
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INTRODUCTION

Learning and memory are based on experience-dependent adjustments of neural circuits.
There is strong evidence that the initial triggering events of learning and memory affect
synaptic function. For example, long-term potentiation (LTP) and long-term depression (LTD)
are both responses of synapses to particular patterns of neural activity and have both been
shown to reflect the changes that occur at the synaptic level during learning and memory. One
of the primary triggers for synaptic changes related to learning and memory is the transient
increase of calcium in the postsynaptic spine through N-methyl-D-aspartate receptor (NMDAR)
followed by activation of Calcium/calmodulin-dependent protein Kinase II (CAMKII) and
enhanced a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) subunit
insertion. CAMKII is considered a major decoder of Ca?* spikes and a key enzyme in activity-
dependent synaptic plasticity, enabling learning and memory processes (Schulman and
Greengard, 1978; Malinow et al, 1989; Silva et al., 1992; Lisman et. al, 2002, Lisman et al.,
2012). However, it was shown that pharmacological inhibition of CAMKII is not sufficient to
abolish the spine volume increase after long-term glutamate uncaging (Lee et al., 2009).
Furthermore, research from Buard et al. (2010), found in an in vivo model that neither
stimulated nor autonomous CAMKII activity is required for LTP maintenance or memory
storage (Buard et al., 2010). Indeed, many additional molecules have been implicated in the
strengthening of synapses. These include Syngap1, extracellular signal regulated kinase
ERK/mitogen-activated protein kinase (MAPK), Src Kinase, protein kinase C (PKC) and PKC
isozyme (PKMQ) (Sweatt, 2004; Thomas and Huganir, 2004; Kalia et al., 2004; Hrabetova and
Sacktor 1996; Ling et al, 2002; Pastalkova et al, 2006; Serrano et al, 2005; Rumbaugh et al.
2006). It is therefore likely that many different molecules can act as “modules” that can be
mixed, interconnected, and turned on and off to fine-tune the functional plasticity activity they
underlie. Therefore, core components (i.e. NMDAR-Calmodulin-CAMKII) of the calcium-
sensing pathway are likely linked to dozens of additional, more specialized molecular
participants that fine-tune module operation in a cell-type or synapse-specific manner.
Besides, information in the brain can be stored as structural alterations and / or by synapse
elimination and formation (Yuste & Bonhoeffer, 2001). As such, in the adult brain, circuit
changes are thought to be mediated by both structural and functional plasticity. These changes
seem to be regulated by multiple plasticity mechanisms targeting multiple sites of the synaptic
biochemical cascades within a larger functionally interconnected neuronal circuit.
Interestingly, in vivo approaches (e.g. controlled lesions, pharmacological inactivation
or molecular knockouts) that specifically target the hippocampus result in either learning failure
or spatial memory loss (Neves, 2008). It is thought that inappropriate loss of synaptic stability

may lead to the disruption of neuronal circuits and to brain diseases. Indeed, in different
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neurological diseases and pathologies that have a dysfunction in neuronal communication as
a hallmark (e.g. mental retardation, schizophrenia, Parkinson’s disease, autism, Alzheimer
disease), loss of synaptic stability, abnormal density and morphology of dendritic spines, and
aberrant synaptic signaling and plasticity occur frequently (Pfeiffer BE et. al., 2009; Stephan
KE et. al., 2006; Calabresi P. et. al. 2006; Sudhof TC and Malenka R. 2008; Selkoe DJ, 2009).

Recent data strongly suggest that the novel calcium sensor, Copine-6, plays a
fundamental role in synaptic plasticity. Proteomic, mass spectrometry and single cell analyses
all demonstrate that Copine-6 is enriched at the postsynaptic level (Susuki et al., 2011; Zeisel
et al., 2015; Heo et al., 2018). Copine-6 is a member of a highly conserved protein family
composed of two C2 domains that bind phospholipids in a calcium-dependent manner and an
A domain at the carboxyl terminus. Importantly, Copine-6 expression is restricted to the brain
and, in hippocampal neurons, it is upregulated by experimental manipulations like brief seizure
or chemical long-term potentiation (cLTP). We have previously demonstrated that Cpne6
transcript and Copine-6 protein are expressed in the postnatal mouse brain, reaching peak
expression in the hippocampus during synapse formation between postnatal day 7 and 28
(Reinhard et al., 2016). In this study, we also uncovered a novel calcium-sensing role of
Copine-6, facilitating the translation of calcium signaling into changes in spine structure. Lack
of Copine-6 prevented strengthening of synapses and Copine-6-depleted mice showed
impaired hippocampal LTP and hippocampal-dependent learning and memory (Reinhard et
al., 2016). Furthermore, mutation of aspartate167 to asparagine prevents the translocation of
Copine-6 the postsynaptic spines upon calcium influx when overexpressed in hippocampal
neurons (Reinhard et al., 2016).

Based on these observations, we now aimed at understanding the significance of the
calcium binding of Copine-6 for its function at synapses. To this end, we generated knock-in
mice that express the Copine-6°'"N mutant. We now report that unlike wild-type Copine-6,
Copine-6°'%N remains in the cytosol and is not enriched at postsynaptic membranes in the
presence of calcium in vivo. Importantly, while the overall spine density in hippocampal
pyramidal neurons of 6-week-old Copine-6°'"N mutant mice is not changed, the relative
proportion between immature and mature spines is altered. Consistent with this finding,
cultured hippocampal neurons expressing Copine-6°'%"N have more immature and less mature
protrusions than neurons lacking Copine-6. Cultured hippocampal neurons expressing Copine-
6P'1%7N fail to undergo synaptic strengthening and display less active synapses after cLTP
induction. Finally, Copine-6°'"N neurons show reduced dendritic complexity in vivo and
reduced spine volumes in vitro. In conclusion, these findings strongly suggest that Copine-6
calcium binding is essential for its function as a modulator of structural plasticity and synaptic

function.
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MATERIAL AND METHODS

Mice

Cpne6P'%’N mice were generated by homologous recombination in embryonic stem cells (75%
C57BL/6, 25% 129 Sv) as illustrated in Supplementary Figure S1. The targeting vector
contained the genomic Cpne6 sequence from 5kb upstream of exon 1 until exon 9 with
following modifications. A loxP flanked PGK-neo cassette was introduced in the intron between
exon 3 and 4. To cause an aspartate (D) to asparagine (N) substitution at amino acid position
167 of Copine-6 the corresponding GAT triplet was exchanged to a AAT. To avoid mis-splicing
exon 5 and exon 6 were fused. Additionally, the targeting vector contained a MC1-HSV-TK
cassette (for negative selection). Targeted embryonic stem cells were injected into C57BL/6
blastocysts to obtain chimeric mice. Founder mice were intercrossed with Hprt-cre (Cre-
deleter) mice to remove the loxP-flanked neo cassette. Presence of the mutation in the founder
mice was confirmed by sequencing. Regular genotyping was performed by identification of the
removed intron by PCR with the following primers in exon 5 and exon 6: Cpne6D167N fw: 5'-
CAG ATT GTG GCT GAG G-3’ and Cpne6D167N rv: 5-TCA CTC TGG TCT CCATTG GT-
3’. All animal experiments were performed in accordance with the Swiss regulations for animal

experimentations and were approved by the veterinary commission of the canton Basel-Stadt.
DNA constructs

The cDNAs encoding GFP and B-actin were cloned from reverse transcribed mRNA isolated
from rat brain with following primers: GFP or including STOP codon: as BamHI 5’-CGC GGA
TCC TCA TGG GCT GGG GCT GGG-3. B-actin: ss EcoRlI 5-
CCGGAATTCTTCGCCATGGATGAC-3’ and as BamHI 5-CGC GGA TCC GAA GCA TTT
GCG GTG CAC-3'. For expression in cultured hippocampal neurons, cDNAs were subcloned
into pMH4-SYN-1 (gift from T. G. Oertner, Friedrich Miescher Institute for Biomedical
Research, Basel, Switzerland). tdRFP fusion constructs were generated by replacing EGFP

with tdRFP sequence as previously described (Reinhard et al., 2016).

Antibodies

For immunostaings and Western blot analysis, the following antibodies were used: Copine-6
(clone 42, Santa Cruz Cat. sc-136357); GAPDH (Cell Signaling 14C10 Cat. 2118); GIuR1
(Calbiochem Cat. PC246-100UG); Na*/K*-ATPase (GeneTex Cat. GTX22872); MAP2 (Abcam
Ab5392); vGLUT1 (Synaptic system Cat. 135 304), B-actin (Cell Signaling, Cat. 4970).
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Quantitative real-time PCR

Quantitative real-time PCR was performed on cDNA samples made from RNA collected from
hippocampal tissue of 6-week-old mice using SYBR Green Master Mix (Applied Biosystems)
on an StepOne Real time PCR detection system (Applied Biosystems). The following primers
were used Copine-6s: (5-CCC CAA GTA CCG AGA CAA GAA GA-3’); Copine-6as: (5-GGA
GGC TGT GAA GTC GAT AGC-3’); PgK1s: (5- CTC CGC TTT CAT GTA GAG GAA G -3):
PgK1as: (5 — GAC ATC TCC TAG TTT GGA CAG TG- 3)).

Tissue preparation from mouse brains

Hippocampi were dissected on ice and homogenized in lysis buffer (50 mM Tris pH 7.5, 5 mM
EDTA, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, including proteases and
phosphatase inhibitors) by glass/Teflon homogenizer. Insoluble material was removed by
centrifugation (16,000 x g, 15 min, 4°C). For Western blot analysis, the protein concentration
was determined by BCA assay (Pierce) and samples were boiled in SDS-PAGE loading buffer
5 min at 95°C. Equal amounts of total protein were loaded on SDS-PAGE.

Primary hippocampal cultures

Medium high density cultures (~50,000 cells per cm?) using the procedures described by
Reinhard et al, 2016 with some modifications were used for expression studies. In brief,
hippocampal cultures were established from 16.5-day-old fetal murine hippocampi. High
density hippocampal primary neuronal cultures were prepared as follows. The hippocampi
were dissected from embryonic day E16.5 mice embryos. After dissection in HBSS,
hippocampi were washed in ice-cold HBSS. For dissociation, hippocampi were incubated for
12 minin trypsin at 37°C followed by suspension in plating medium (MEM with GlutaMAX, 20%
glucose, fetal calf serum and pen/strep). Neurons were plated at a density of 50,000 cells per
cm? on poly-L-lysine y-Slide 8 well (Cat.No. 80826 IBIDI GMBH). Three hours after plating,
medium was exchanged by culture medium (Neurobasal medium, 0.5 mM glutamine, B27
supplement and pen/step). Hippocampal cultures were transfected at DIV7 or DIV14 with
Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. Chemical LTP was
induced as described previously (Fortin et al 2004), afterwards cultures were fixed with 4%

paraformaldehyde (PFA) in PBS including 120 mM sucrose.
Histochemistry and imunohistochemistry

Mice were transcardially perfused with 4% PFA/PBS and dissected tissue was postfixed
overnight in 4% PFA/PBS and dehydrated in 30 % sucrose. Brains were embedded in O.C.T.
and cut in 10 um-thick sections in the cryostat. Sections were stained with cresyl-violet. Slices
were mounted on glass slides and imaged with Olympus microscope. Immunocytochemistry

for GIuA1 was performed as described previously (Fortin et al 2004), Ibidi well (Cat.No. 80826
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IBIDI GMBH) were mounted with ibidi mounting medium and imaged with Leica SPE confocal

microscope.
Analysis of spine density and morphology in CA1 neurons

To analyze the spine density, mice were intercrossed with mice of the mouse line Thy1-mGFP,
expressing a membrane-targeted GFP in a subset of CA1 neurons (line 15) De Paola, 2003. .
6-week-old male littermate pairs were transcardially perfused with 4% PFA/PBS, brains were
post-fixed overnight in 4% PFA/PBS. Free-floating brain sections were cut in 50 ym on a
vibratome Sections were mounted on glass slides and imaged with confocal microscopy (Zeiss
LSM700 upright). The entire imaging and analysis procedure was done blinded to genotype.
In brief, low-resolution images of CA1 neurons with 1 ym intervals along z-axis were taken. On
these stacks, healthy-looking, secondary apical dendritic stretches, which were clearly
traceable to the soma, were selected and imaged with high resolution (0.08 um z-axis intervals,
1,024 x 1,024 pixels, 2.5 x digital zoom). After deconvolution (Huygens Deconvolution
software), images were analyzed with NeuronStudio software, a software designed for spine
detection and analysis (Wearne et al., 2005; Rodriguez et al. 2008). Automated detection of
dendrites and spines were performed and manually adjusted. For classification of spines,
default NeuronStudio classification scheme was used. The morphology of neurons (dendritic
ramification and Sholl analysis) was analyzed with the filament Tracing module of Imaris

software (Bitplane).
Live imaging and image analysis

Microscope pictures were generated with a FEI| MORE System microscope and Live imagine
acquisition 2.5 software. Cultured neurons were transferred into a life imaging chamber at
37°C, 95% Oz, and 5% CO.. Cells were kept for 210 min under the same conditions and images
were recorded every 2.5 minutes. For quantitative spine volume analysis of wild-type and
Copine-6°'%"N spines, each frame of a series of pictures (100x, 0.120 um z-axis intervals) was
analyzed using the surface Rendering Volume module of Imaris software (Bitplan). The region
of interest was outlined base on the soma and its primary dendrite. Free rotation to a horizontal
axis was done in order to get the volume of the spines without any artifact. All quantitative

analyses were performed in blind fashion to genotype and treatment.
Dendritic spines density and synapses analysis of hippocampal cultured neurons

Fiji software was used for the analysis of spine density and synapse analysis. Maximal intensity
projection images were opened with Fiji to analyze density of the different spine morphology.
Different spines morphologies were identified as thin, mushroom or filopodia structures.
Afterwards, spine density was determined for each subtype in dendritic stretch of 70 um length.

For the analysis of the synapses, different puncta were identified as vGlut1 (presynaptic),
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GluA1 (postsynaptic AMPA subunit) and juxtaposition between vGlut1 and GIluA1 (synapses)
in a 60 ym dendritic length. The total number of puncta (100%) is the sum of vGlut1 puncta,
GluA1 puncta and puncta with an overlap of vGlut1 and GluA1. Analysis was done blinded for

the genotype.
Spine head volume analysis

Imaris software was used for the analysis of the spine head volume. After modeling the
dendritic spine using the software, volume surface analysis was done automatically. Excel files
with the volume data were obtain directly from the software. For the analysis of the delta
volume changes, analysis was done as is described by Yasumatsu et al, 2008. In brief, the
percentage of spine volume change (A spine volume/2.5 min) was calculated from the different
frames as (V1 - Vo)/ Vo) x 100. Vo represents the starting volume and V1 is the volume after 2.5
minutes. The values from the previous formula were binned and quantified as number of
events, which represents the number of times that the spine volume change fall within the bin.
With this formula, spines that shrink generate values < 0, whereas those that grow result in

values > 0. A total of 68 frames (time 0 to 170 min)
Statistical Analysis

All data are presented as the mean % standard error of the mean (SEM), and are compared
using paired Student’s t test, Sidak-Boferroni Post hoc or Wilcoxon matched pairs t test using
Prism software (GraphPad Software, San Diego, CA, USA). Statistical significance was set at
*p <0.05, **p<0.01, ***p<0.001.
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RESULTS

Mutation of Asp167 to Asn in Copine-6 does not affect protein expression but prevents

calcium-mediated binding to phospholipids

Mutation of aspartate at position 167 to asparagine in Copine-6 (Copine-6°'6"N) prevents the
calcium-mediated binding to cell membranes and the mutated protein, when overexpressed in
hippocampal neurons, does not translocate to postsynaptic membranes upon NMDA receptor-
mediated calcium influx (Reinhard et al., 2016). As these data suggested that calcium binding
might be important for the function of Copine-6, we generated a knock-in mouse that bears the
same point mutation (Supplementary Figure S1). These mice, referred to as Cpne6P'¢"N
mice, did not show any overt phenotype (Figure 1A, B). Since Copine-6 is predominately
expressed in the hippocampus, we also examined the overall hippocampal structure of wild-
type (Wt) and Cpne6P'®’N mice. The gross structure and layering of the adult brain and
hippocampus was similar in both genotypes as determined by histological examination of
Nissl-stained, coronal brain sections (Figure 1C). RT-gPCR and Western blot analysis on wild-
type, hetero- and homozygous knock-in mice assured that any possible phenotype in the
mutant mice was not based on changes in gene or protein expression (Figure 1D).

As Copine-6 translocates to membranes in a calcium-dependent manner (Nakayama
et al 2001, Reinhard et al 2016), we examined whether mutation of the calcium binding site
would also abolish membrane binding in vivo. Hippocampal tissue from wild-type, hetero- and
homozygous Cpne6P'®’N mice were lysed with a hypotonic buffer and then submitted to
differential centrifugation to isolate a cytosolic (S2) and a membrane (P2) fraction (Figure 2A).
As previously shown (Reinhard et al., 2016), a substantial amount of Copine-6 in wild-type
mice co-fractionated with the membrane fraction in the presence of 2 mM calcium, while the
maijority of Copine-6 appeared in the cytosolic fraction in the presence of 2 mM EDTA (Figure
2B). In contrast, Copine-6 immunoreactivity was mainly associated with the cytosolic fraction
in Cpne6P'®’N mice, irrespective of the presence or absence of calcium (Figure 2B).
Quantification of the relative amount of Copine-6 in the cytosolic and the membrane fraction
confirmed this (Figure 2C). As expected, the amount of Copine-6 detected in the membrane
fraction in the presence of calcium, was also lower in the heterozygous Cpne6P'®’N mice
(+/Cpne6P'87N) than in wild-type mice (Supplementary Figure 2A, B). These experiments are
in line with previous in vitro data (Reinhard et al. 2016) and they show that mutation of one
single amino acid in the second C2 domain of Copine-6 mutant is sufficient to abolish calcium-

dependent phospholipid binding in vivo.

133



Abrogated calcium binding of Copine-6 alters spine morphology in favor of thin spines

and filopodia

As Copine-6 is involved in spine structural plasticity (Reinhard et al., 2016), we next wanted to
know whether abrogation of the calcium-binding site in Copine-6 would affect spine structure.
In a first step, we analyzed dendritic spine morphology of primary hippocampal neurons from
wild-type and Cpne6P'®"N mice. Dendritic spine morphologies were classified as filopodia, thin
or mushroom structures by co-transfecting neurons with expression constructs coding for 3-
actin-tdRFP (spine marker) and GFP (volume marker) (Figure 3A). Dendritic spines showing
co-localization of both markers (yellow in Figure 3A) were analyzed at day 14 (day in vitro;
DIV) and DIV 21. The morphology of the spines was classified as filopodia-like, thin or
mushroom-like as described (Peter and Kaiserman-Abramof 1970; Harris et al., 1992; Fiala et
al., 1998; Hering & Sheng 2001) and the number of each class of spines was determined in a
segment of 70 ym. At DIV 14, wild-type and Cpne6P'®’N expressing neurons did not show a
difference in the density of filopodia and thin spines but in the mushroom-like spines (Figure
3B; Supplementary figure S3B). At DIV 21, the density of mushroom-like spines increased
strongly in wild-type neurons compared to DIV 14, making this spine-type the most frequent
one. In contrast, maturation of spines was largely delayed in Cpne6P'®’N neurons as there were

still many filopodia- and thin-like spines at DIV 21 (Figure 3B; Supplementary figure S3B).
Abrogation of calcium-binding in Copine-6 affects spine motility

Several lines of evidence show that motility differs between spines. Such intrinsic fluctuations
might reflect a lack of structural stability, higher motility and immaturity (Dunaevsky et al., 1999;
Bonhoeffer and Yuste, 2002; Yasumatsu et al., 2008; Bhatt et al., 2009). For example, in vivo
and in vitro studies have shown that motility decreases after synaptogenesis and, conversely,
spines are more motile when the input is either immature or lacking (Fischer et al., 1998;
Lendvai et al., 2000; Mayewska and Sur, 2003). To understand whether abrogation of Copine-
6 calcium binding correlates with immaturity of the spines, we studied next the motility of
dendritic spines in wild-type and Cpne6P'®"N hippocampal neurons. Utilizing live-cell imaging
techniques, we tracked the spatiotemporal dynamics of dendritic spine volume changes as an
indicator of motility. Time-lapse imaging experiments were performed on DIV 14 neurons
transfected to express GFP (as a volume marker) and B-actin-tdRFP (as marker for dendritic
spines). Confocal images were collected at an interval of 2.5 min for 170 min. Subsequent
analysis was restricted to spines that persisted for the entire time of recording and that
appeared healthy (e.g. no blebbing). Moreover, only spines that showed a clear enrichment of
B-actin-tdRFP were included in the analysis thus excluding any filopodia-like spines.
Interestingly, we observed that dendritic spines predominantly exhibited amorphous changes
in shape, known as morphing (Dunaevsky et al., 1999; Fischer et al., 1998), and also they
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formed thin processes from the spine head (Figure 4A). Statistical analysis revealed that the
mean spine head volume was significantly bigger in neurons from wild-type than from
Cpne6P'®’N mice (Figure 4B). Motility of individual dendritic spines was calculated by
measuring the spine volume at time zero (Vo) and 2.5 minutes later (V+), which represents the
next recording. The percentage of volume change (A spine volume/2.5 min) was then
calculated as (V1 - Vo)/ Vo) x 100. With this formula, spines that shrink generate values < 0,
whereas those that grow result in values > 0. To compare the A spine volume/2.5 min between
wild-type and Cpne6P'®’N neurons, we binned the values and generated a frequency plot
(Figure 4C). The majority of spines of the wild-type neurons did not show big changes in A
spine volume/2.5 min (> 70% are found in the -20 to +20 class). There were significantly fewer
spines in the Cpne6P'®"N neurons that were stable in expense to an increased number of spines
with higher motility (Figure 4C). These data clearly show that spines of hippocampal neurons
isolated from Cpne6P'®"N mice are more motile than those from wild-type mice. These results
are consistent with the result that Cpne6P'®’N neurons have more immature spines than wild-

type neurons.

Primary hippocampal neurons from Cpne6°'¢’N do not undergo structural changes after
cLTP

We next sought to determine whether Copine-6 calcium binding also affects synapse
strengthening. Accordingly, we induced NMDAR-dependent structural spine plasticity in
primary hippocampal cultures using a cLTP protocol that specifically stimulates NMDARs at
synapses and has been shown to cause NMDAR-dependent increase in spine size (Fortin et
al. 2010), similar to the changes triggered by LTP-inducing high frequency stimulations
(Desmond & Levy 1990; Matsuzaki et al. 2004; Calverly & Jones 1990; Wallace et al 1991).
To quantify changes in spine morphology after cLTP induction, hippocampal neurons from
wild-type and Cpne6P'®’N mice were transfected with B-actin-tdRFP and GFP at DIV 14.
Induction of cLTP was subsequently performed at DIV 21. Individual, transfected neurons were
imaged and dendritic spine morphology was analyzed (Figure 5A). Quantification showed that
cLTP induced a significant increase in the density of mushroom-shaped spines in Wt
hippocampal neurons (Figure 5A, right); an effect that has been shown to be associated with
mature spines (Papa et al., 1995; Hosokawa et al., 1995; Fortin et al., 2010). Conversely, cLTP
induction failed to increase mushroom-like spine density in hippocampal neurons from
Cpne6P'®"N mice (Figure 5A, right).

Spine morphology is intimately linked with synapse function as larger spines possess
bigger PSD (post synaptic density) and hence higher amounts of plasticity-related molecules
(Desmond & Levy 1986; Harris & Stevens 1989; Matsuzaki et al 2001). The structural changes

along with a failure to maintain mature dendritic spines in Cpne6P'®’N mice suggested that
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synaptic function may also be affected. Therefore, we examined the increase in surface GluA1
(AMPA receptor subunit) in juxtaposition with the vesicular glutamate transporter 1 (vGLUT1;
excitatory presynaptic protein) in Wt and Cpne6®'"N hippocampal cultures after cLTP induction
(Figure 5B). GIuA1 is known to translocate into spines after synaptic plasticity induction and
its synaptic incorporation is necessary for the stable increase in spine size and synaptic
strength in paradigms of NMDAR-dependent plasticity (Kopec et. al., 2007). Surface GluA1
content was assessed under non-permeabilizing conditions by immunofluorescence
microscopy using an antibody directed against the N-terminal, extracellular proportion of the
receptor (Fortin et al, 2010). Induction of cLTP resulted in an increase in the number of
excitatory synapses, defined by the juxtaposition of vGLUT1 and surface GIluA1, in wild-type
but not in Cpne6P'®’N neurons (Figure 5B, right). In fact, in neurons derived from Cpne6P'6"N
mice, the number of excitatory synapses slightly decreased after cLTP induction compared to
ACSF condition. Together, these data reveal an association between synapse number and
spine expansion, determined by the increase in mushroom-like spine number. This suggests
that Copine-6 calcium binding is important for the maintenance of strong synapses and

consequently the stability of mature spines.

Filopodia-like protrusions are increased in primary hippocampal neurons from

heterozygous Cpne6°'¢’N mice after cLTP

Using the same approach as described above, we also tested whether synapse strengthening
was affected in heterozygous Cpne6P'®’N neurons (+/Cpne6P'®’N) (Supplementary Figure
S4A). We found that the number of mushroom spines was not increased, whereas the number
of filopodia-like structures was significantly increased in +/Cpne6P'®’N after cLTP induction
compared to wild-type neurons (Supplementary Figure S4A, right). It has been established
that filopodia like protrusions are important during spine development as they help to find
possible connections to further mature and stabilize. To address whether there is a correlation
between the number of synapses and the increased number of filopodia-like protrusions after
cLTP induction we next analyzed the juxtaposition of the presynaptic marker vGLUT1 and the
GluA1, AMPA subunit (Supplementary Figure S4B). Our result showed that the number of
synapses was significantly lower in +/Cpne6P'®’N compared to wild-type neurons at both
treatment conditions (cLTP and ACSF). Second, the cLTP-triggered increase in the number of
synapses that could be detected in wild-type mice was completely blocked in +/Cpne6P'¢"N
neurons (Supplementary Figure S4B, right), indicating that although there is half of the
Copine-6 wild-type the half Cpne6P'®"N mutation already cause a change in the synaptic

activity.
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Pyramidal neurons in Cpne®?'*’N mice show aberrant dendritic spine structure and

stunted growth

To assess whether the changes observed in vitro also translate into changes in spine structure
in vivo, we crossed Cpne®P'6’N mice with a Thy-mGFP line (De Paola et al,, 2003) in which
GFP is expressed in a subset of pyramidal neurons in the CA1 area of the hippocampus
(Figure 6A). Secondary apical dendrites were imaged at high magnification and the density
and morphology of spines in young adult (6 weeks old) were analyzed in wild-type, hetero- and
homozygous Cpne®P’®’™N mice (Figure 6B; Supplementary Figure S5A). As cultured
hippocampal neurons from Cpne®'¢’N mice differ in their spine structure, we classified the
spines into thin, mushroom and stubby morphological categories according to the program
NeuroVision (Figure 6B, right). While there was no difference in the overall spine density
between wild-type and Cpne®P'®"N mutant mice (Figure 6C), morphometric analysis of dendritic
spines from Thy-mGFP-Cpne®®'®’N mice showed that CA1 pyramidal neurons contained a
higher density of thin spines and a lower density of mushroom spines with no difference in the
density of stubby spines compared to wild-type mice (Figure 6D). In the case of heterozygous
Thy-mGFP-CpnefP'¢"™N mutant mice (+/Cpne6P'®"N), we found an increased spine density in
+/Cpne6P'®"™N mutant mice when compared to wild-type mice (Supplementary Figure S5B).
The morphometric analysis showed high density of thin spines, and decrease density of stubby

spines compared to wild-type (Supplementary Figure S5C).

Finally, we also assessed whether the loss of calcium binding in Copine-6 affected the
overall morphology of pyramidal neurons. Firstly, dendritic ramifications of pyramidal neurons
from the CA1 of Wt and Cpne6”'®’N mice were analyzed using the IMARIS filament tracer
(Figure 7A, B). We found that both basal and apical dendritic branch points were reduced in
Cpne®P'®"N mice compared to wild-type mice (Figure 7C). A further analysis of the complexity
of the basal and apical dendrites of pyramidal neurons of the CA1 area was conducted by Sholl
analysis (see Supplementary Figure S6 for details). This Sholl curve analysis showed that
both the basal and apical dendritic trees from Cpne®P'¢’N mice were markedly less complex
than those from the wild-type mice (Figure 7D). Specifically, at radii at the distance between
40 and 60 um away from the soma, the number of intersections was significantly lower in basal
dendrites of the Cpne6P'¢"N mice than in controls (Figure 7D, left). A lowering of the number
of intersections in Cpne6P'®"N mice was also observed on the apical dendrites at a distance of
80 to 100 um (Figure 7D, right). The significant reduction in branching and intersections of
pyramidal neurons from the CA1 area of Cpne6”'®’N mice demonstrates reduced dendritic
complexity, strongly suggesting that abrogation of calcium binding in Copine-6 may indirectly

restrict dendritic complexity.

137



DISCUSSION

Copine-6 has been identified as a calcium-sensor regulating mechanisms involved in synaptic
plasticity (Reinhard et al 2016; Burk et al 2018). Due to the similarity of Copine-6 to other
calcium sensors (e.g. synaptotagmin, PKC, and Doc2) and the finding that it translocate to
dendritic spines in a calcium-dependent manner after NMDAR activation (Reinhard et al.,
2016), we here asked whether Copine-6 calcium binding is a key functional component
required for its role in synaptic plasticity. Utilizing a series of in vitro and in vivo experiments,
we demonstrate that in the knock-in Cpne6P'®"N mouse model, Copine-6 cannot localize to the
postsynaptic area of hippocampal synapses in a calcium-dependent manner, we show that the
density of mature spines is reduced while that of immature spines increases. Finally, cultured
hippocampal neurons from the mutant mice do not undergo synaptic strengthening after

potentiation and pyramidal CA1 neuronal complexity is decreased.

We found that a single amino acid change of Asp167 to Asn in the C2 domain was
sufficient to prevent calcium/phospholipid-dependent translocation of Copine-6 in the knock-in
mice (Figure 2). Although done in neurons, our results are consistent with an early report
overexpressing a Copine-6 calcium insensitive mutant, which shows that Ca?*-dependent
translocation of Copine-6 to the membrane was abolished (Reinhard et al., 2016). Therefore,
our work demonstrate for the first time that a point mutation blocks Copine-6 calcium-

dependent translocation in vivo.

Calcium binding to Copine-6 is critical for its modulator function in spine structure

plasticity

Calcium compartmentalization and translocation of Copine-6 in a calcium dependent manner
to the dendritic spines suggest a role of Copine-6 in the regulation of spine structural plasticity.
We found that Cpne6P'¢"N point mutation induces a shift of the dendritic spine morphology from
mushroom spines to thin spines (Figure 3 and 6). Interestingly, Burk and colleagues also
found a reduction in the number of mushroom spines using a Copine-6 mutant (called
cpne6CaM), which cannot bind to membranes in a calcium-dependent manner. Although they
did not analyze the number of thin spines, they also found an increase in filopodia-like spines
in their preparation (Burk et al., 2018). Thin spines have been identified as “learning” spines,
and are thought to represent an immature state of dendritic spines (Kasai et al., 2003; Holtmaat
et al., 2005; Zuo et al., 2006). Current investigations suggests that when compared to bigger
mushroom spines, thin spines are structurally more motile, transient, and have weaker
synapses (Kasai et al., 2003; Holtmaat et al., 2005). In addition, spine motility is considered a
marker of synaptic maturation as it decreases over time (Dailey &Smith, 1996; Ziv & Smith,

1996). Our results confirm that the immature spines that we observed in vitro and in vivo, are
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also highly motile and possess a small head volume (Figure 4), suggesting that mice
expressing the Cpne6P'®"N mutant are delayed in neuronal maturation, which may also affect
spine maintenance and stability. Besides, increased calcium influx via NMDAR cause Copine-
6 to be enriched in dendritic spines, thus Copine-6 calcium binding may be important to
strengthen and stabilized potentiated synapses. Using an LTP-inducing paradigm, we show
that Cpne6P'®’N neurons fail to undergo strengthening by showing a decreased number of
mature spines and excitatory synapses (Figure 5). NMDAR-dependent calcium influx can
induce LTP and LTD (LUscher and Malenka, 2012), therefore it seems likely that Cpne6P'6"N
immature neurons fail to potentiated after LTP induction and removal or endocytosis of
synaptic AMPAR may occur as an LTD response. Interestingly, Burk et al., found in Copine-6
knockdown slices that the initial phase of LTD was increased compared to control (Burk et al.,
2018). Therefore, these results suggest that because of abrogated Copine-6 calcium binding
there is a decrease in intracellular calcium levels that may cause activation of other pathways
(e.g. Phosphatases). Besides, the lack of maturation of Cpne6”'¢’N spines may affect spike-
timing dependent plasticity (Dan and Poo 2004; Caporale and Dan 2008), consequently the
direction of synaptic plasticity between pre- and post-synapses may not coincide with the
appropriate timing. These results corroborate that the calcium binding to Copine-6 is crucial
for its function as a modulator of synaptic plasticity and consequently important for the stability

of spines.

Non- synaptic filopodia-like structures are predominant in the heterozygous Cpne6P'67N

mutant mice

The effect of the heterozygous mice expressing Cpne6P'®’N and one wild-type copy of Copine-
6 was also analyze. We found that a proportion of Copine-6 translocate to the membrane
fraction in a calcium dependent manner (Supplementary Figure S2). This result suggest that
a dose effect might occur in the heterozygous Cpne6P'®’N, as 50% of the wild-type Copine-6
still harbor the ability to translocate. However, the remaining 50% from the Cpne6P'®’N mutation
seems to be sufficient to cause spine structure changes as in heterozygous Cpne6P'®’N mice
there is an increase in spines density, in which thin spines increases seems to occur at
expenses of stubby spines (Supplementary Figure S5). Although the presence of filopodia-
like spines is a distinguishable phenotype of the +/CPNEGP'®” neurons, we did not find any
significant morphological differences in our in vitro data (Supplementary Figure S3). A
possible explanation might be that the number of experiments needs to be increase to get a
significant result. Nevertheless, these results suggest a dominant-negative effect by the 50%
of the calcium insensitive mutation, which seems to be enough to affect Copine-6 function as
a modulator of synaptic plasticity. Interestingly, cLTP-inducting paradigms caused an increase
in non-synaptic filopodia-like spines in the +/Cpne6P'®’N neurons (Supplementary Figure S4).
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Although, we could not detect a decrease in mushroom spines, our results are similar to the
increase of filopodia-like structures in Copine-6 knockdown neurons (Burk et al., 2018). Based
on this, the effect observed in the heterozygous Cpne6P'®”N mice may be based on the
expression of only 50% of the wild-type Copine-6. However, a dominant-negative effect of the
mutant Copine-6 is more likely, as overexpression of the calcium mutant in the wild-type
background also affect spine size adjustments after cLTP (Reinhard et al., 2016) and that
heterozygous Copine-6 knockout mice do not show a similar phenotype as the heterozygous
Cpne6P'®’N mice (unpublished data). In addition, the increase in filopodia-like spines suggest
a compensatory mechanism that may be related with a recapitulation of a developmental
stage, which is use to revert the 50% of the Cpne6P'®’N mutation by trying to establish new
connections. Therefore, the heterozygous Cpne6P'®’N seems to undergo a process of
sampling, resamplilng, rewiring and refining, which in necessary to generate a well-tuned
mature network. However, spines in the heterozygous Cpne6P'®’N mice might become
destabilized, as there is less calcium influx and translocated Copine-6. In addition, the calcium
mutant could scavenge Rac1 and thus keep this GTPase away from the postsynaptic spines.
This in turn, could revert spines to filopodia-like structures that consequently cannot be
potentiated and are further eliminated. All together, these results support the previous finding
in the homozygous Cpne6P'¢"N, demonstrating that Copine-6 calcium binding is crucial for the

maintenance and stabilization of synapses.

Abrogation of calcium binding to Copine-6 cause changes in neuronal complexity,

implying that learning and behavioral abilities might be affected

It is known that subtle changes in dendritic or synaptic structure can lead to changes in
information processing, causing a remodeling of the neuronal circuitry (Holmaat & Svoboda,
2009; Penzes et al, 2011). Therefore, spine morphology and dendritic arborisation are key
determinants of neuronal connectivity and play critical roles in learning, memory and
behavioral function. Here, we found a decrease in dendritic branching and intersections of
Cpne6P'®’N pyramidal neurons in vivo (Figure 7). In addition, Cpne6P'®’N neurons showed
significantly less apical dendritic complexity at 100 ym from the soma into the stratum radiatum
region, which is a functionally distinct compartment receiving strong inputs from the CA3 region
via Schaffer Collaterals. Consequently, it seems that when Cpne6P'®’ fails to stablish mature
contacts there is a profound effect that may led to formation of immature structures that will
indirectly fail to keep a well-tuned mature network (Supplementary Figure S7). Suggesting
that Copine-6 calcium binding indirectly promotes dendritic complexity, by maintaining mature

synapses that are able to integrate synaptic inputs.

140



Besides, we found that the point mutation of Copine-6 does not cause any differences
in body and brain mass, along with gross morphology of the brain and hippocampus (Figure
1). Although differences in structural morphology are observed in various mouse models of
neurological disorders (e.g. Alzheimer Disease, Fragile X syndrome, and Autism), other
parameters such as changes in dendrites, spine morphology and potentiation (Kaufmann &
Moser 2000; Fiala et al., 2002) also correlate with impaired synaptic plasticity and learning and
memory. For example, studies of Fragile-X syndrome (FXS) mouse models have shown a
correlation between spine morphology, neuron functionality and behavior, supporting the
importance of proper dendritic spine morphology and density for normal synaptic plasticity and
behavior (Nosyreva and Huber, 2006, Comery et al., 1997; Pilpel et al., 2009). Furthermore,
reduction in the size and complexity of dendritic arbors are common in disorders associated
with intellectual disability (Kaufmann and Mosser, 2000). The structural-morphological
changes observed in Cpne6P'®"N mice suggest that Copine-6 calcium binding is essential for
its basal function at synapses. Interestingly, CPNE6 (encoding Copine-6) has been mapped
as a possible candidate gene involved in intellectual disability resulting from a missense
mutations in a specific locus of the Von Willebrand A domain (VWFA) (Anazi et al, 2017).
Moreover, Copine-6 has also been related with other neurological disorders, such as
depression and refractory epilepsy, as both syndromes are correlated with decreased levels
Copine-6 and a loss of strength or plasticity and increased levels of Copine-6 with hyperactivity
of synapses, respectively (Han et al., 2018; Zhu et al., 2016; Lai et al.,, 2016). These
investigations support a role of Copine-6 as an important regulator of hippocampal synaptic

plasticity, with a possible role in hippocampal learning and memory.

The calcium-biding site is key for the function of Copine-6 as its mutation has a more

profound effect in synaptic plasticity than the complete abolishment of Copine-6.

Increase of calcium after the NMDA activation, and the further activation of CAMKII is the best
characterized molecular mechanism related to the strengthening of excitatory synapses.
Moreover, the T286 autophosphorylation site of CAMKII is thought to act as a molecular switch,
which translated the increase postsynaptic calcium level into kinases signaling (De Koninck
and Schulman 1998; Giese et al., 1998). Interestingly, Copine-6 bears some functional
similarity to CAMKII, like its activation via the NMDAR calcium influx and its recruitment ability
into active spines (Shen and Meyer, 1999; Lee et al., 2009). Here we identified the Copine-6
calcium-binding site as a possible molecular switch acting as a sensor of calcium levels and
further initiating signaling cascades important for synaptic function. The phenomenon
observed in the different phenotype in mice expressing a phosphorylation mutant of CaMKI|

compared to mice deficient of CaMKII (Giese et al., 1998) is similar to our finding of a more
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profound effect by the calcium site abrogation than the complete elimination of Copine-6. This
base on that the knockout Copine-6 model shows no difference in basal synaptic function
compare to the knock-in calcium insensitive mutant. One possible explanation that complete
loss of Copine-6 does not affect spine structure could be a partial compensation by other
copines. For example, Copine-4 and -7 are known to be expressed in the brain (Tomsig and
Creutz, 2002) and to respond to calcium/phospholipid binding (Perestenko et al., 2010,
Perestenko et al., 2015). Copines have different affinities for calcium; therefore, their
translocation to membranes might occur at different rates, causing them to respond to different
patterns of neuronal activity. It might be that Copine-7 cannot cope with the increase amount
of calcium and consequently fail to keep synapses strengthened. Further, the proper
localization of proteins is critical for their correct functioning (Hung and Link, 2011). We show
that a single amino acid change affects the subcellular localization of Copine-6 and proteins
interactions, situation that can either reduce - loss of function- or induce -gain of function- a
specific protein localization. Copine-6 seems to rely on its ability to translocate to the dendritic
spines in a calcium-dependent manner, where it acts as a calcium sensor and is engaged with
signaling molecules that have an important role in synaptic plasticity - e.g. BDNF/TrkB/ERK,
Rac1/Cofilin/Actin - (Burk et al., 2018; Reinhard et al., 2016). Therefore, the inability of Copine-
6 to translocate to spines might affect the signaling efficiency of those proteins involved in the
synaptic structural plasticity. On the other hand, it is also possible that mislocalization of these
proteins may trigger other interactions that cause an impairment of the synaptic mechanism.
In addition, Copine-6 has been mainly found in post-synapses (Burk et al., 2018;
Reinhard et al., 2016; Bayes et al., 2011; Schrimpf et al., 2005; Nakayama et al., 1999),
therefore its role as a modulator of synaptic plasticity seems to be correlated with its
localization and translocation via its calcium sensor ability (Burk et al.,2018; Reinhard et al.,
2016). Recently, a publication by Liu et al. found Copine-6 in the pre-synapses where it acted
as a calcium sensor regulator of spontaneous neurotransmitter release by its interaction with
syb2 (Liu et al., 2018). They claim that Copine-6 can act as a SNARE protein in pre- and post-
synapses, a phenome observe in other calcium sensors (i.e. syb2) (Jurado et al., 2013).
Interestingly, a proteomic analysis from LOT axons (primary axons projected from the olfactory
bulb to the lateral surface of the telencephalon) shows that Copine-6 levels are upregulated
during early stage (from E14.5-E18.5) of maturation of axonal projections. However, in a further
analysis done in primary hippocampal culture neurons they shows that Copine-6 did not reach
a significant difference in its expression levels at different developmental stages (E15.5, E.15.5
and PO) (Yamatani et al., 2010). Important to note is that the analysis was done from cells of
different areas, therefore the expression of Copine-6, as well as it function could differ
according to that. In this work, we focus on the hippocampus as Copine-6 has been shown to

be predominately express in that brain area. Copine-6 is a novel protein and therefore its role
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in the CNS need to be further investigating. Regardless of its localization, all these
investigations clearly showed that Copine-6 has an important role as a calcium sensor that
interacts with other molecules amplifying the signaling cascade.

In conclusion, understanding the molecular mechanism may shed light into the
functional and structural changes that occur during synaptic plasticity. Transgenic, knock-in
and knockout animal models are becoming increasingly useful for disentangling the roles of
pre and post-synaptic structures, as the use of these models allow us to investigate the effect
that the mutant gene had, therefore give us insight to understand key functions. Copine-6 has
been show to rely on its calcium sensor ability, therefore our knock-in Cpne6P'*’N  mouse
model allowed us to specifically investigate the effect of the abrogation of the calcium binding
of Copine-6. Thanks to the generation of our knock-in mouse model, we can conclude that
expression of the calcium mutant in the Cpne6P'®’N mice causes a severe disruption of the
maturation, maintenance and potentiation of excitatory synapses and has deleterious
consequences on dendritic complexity. Thus, our results suggest that calcium binding to the
C2B domain is a key functional component for Copine-6 to act as a sensor switch that regulates
synaptic plasticity mechanism.

Here, we demonstrate that this calcium binding of Copine-6 is critical component for its
function as a regulator in the synaptic plasticity mechanism and consequently for the spine
structure of pyramidal neurons in vivo. While Copine-6 has been shown to interact with several
signaling pathways that have also been implicated in synaptic function (Reinhard et al., 2016;
Burk et al., 2018; Han et al., 2018), it still remains largely upon as to how the calcium mutant
affects spine structure in vivo. It might be that the presence of multiply pathways enables the
cell to selectively regulate individual pathways in response to physiological stimuli and thereby
to regulate specific aspect of synaptic function, causing it to be robust. Therefore, it seems that
different pathway are needed in order to keep the synaptic mechanism suggesting that one of
this pathway may be regulated by Copine-6. One possibility is that the calcium mutant act as
a scavenger of those interacting proteins and hence prevents their calcium-dependent
transport to synapses.

Finally, the number of immature spines and its relation with ID and neurological
disorders identified Copine-6 as a regulator of the synaptic plasticity mechanism, which also
imply a role in learning and memory mechanism. Therefore, further investigation should be
done to access whether Copine-6 calcium- binding mutation also affects murine learning and
memory. Nevertheless, our results opened a new avenue for continuing the investigation of
Copine-6 and its role in the synaptic plasticity, learning and memory. The mouse model
presented here will allow to further investigate the mechanisms that are involved in this process
and may also allow to get more insights into the mechanisms involved in intellectual disability

(Anazi et al, 2017) and other neurological diseases in which spine structure and the process
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of learning and memory is affected. Such studies might provide new avenues for the molecular

understanding of these disorders and may reveal possible therapeutic targets.
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Figure 1. Characterization of the mice expressing the Copine-6°'®"N calcium mutant. (A)
Representative pictures of wild-type (Wt) and mice expressing the calcium-insensitive Copine-
6 mutant (Cpne6P'®™N) and body weight quantification (right). (B) Picture of dissected adult
brains from Wt and Cpne6P'®’N mice and brain weight quantification (right). Data are mean
+SEM from n = 4 male mice (13 weeks old) per genotype. n.s. P > 0.05 by Student’s t-test.
Scale bar, 5 mm. (C). Cresyl violet-stained coronal brain sections of 13-week-old wild-type
(Wt) and Cpne6”'*"N mutant mice at the hippocampus level. The overall organization of mutant
and wild type mice is the same. (D) Cpne6 mRNA levels were measured in hippocampal
lysates from wild-type (Wt) and Cpne6°’”N mutant mice by real-time PCR. Data are mean
+SEM from n = 3 male mice (6 weeks old) per genotype. n.s. P > 0.05 by Student’s t-test.
Right: Western blot analysis of hippocampal lysates from mice of the indicated genotype. Note

that there is no change in the transcript and the protein levels between the different mice.
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Figure 2. Calcium-mediated membranal translocation is abrogated by Cpne6P'¢"N
mutation in vivo. (A) Hippocampal lysates were separated into cytoplasm and membrane
fractions by high-speed centrifugation. Abbreviations are as follow: S1 — S2, supernatants; P1
— P2, pellets (B) Representative Western blot analysis from subcellular fractionation of adult
mice hippocampus in the presence of calcium or EDTA added after first centrifugation. (C)
Quantification of the levels of Copine-6 immunoreactivity in the cytosolic (cyt) fraction S2 and
the membrane (memb) fraction P2 in the presence of calcium or EDTA. GAPDH was used as
loading control to compare the different genotypes. Copine-6 from wild-type mice partitions in
the membrane fraction in the presence of calcium. In contrast, the distribution of the mutated
Copine-6°'%N mice is not affected by Ca?* as it largely partitions with the cytoplasmic fraction.
Data are represented as mean + SEM from n = male 4 mice per genotype. *p <0.05, **p<0.01,

***n<0.001, Student’s t-test and Sidak-Bonferroni Post hoc analysis.
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Figure 3. The Copine-6"'®"N calcium mutant affects spine structure in cultured
hippocampal neurons. (A) Upper row: Scheme of the different spine morphologies analyzed.
Lower row: Maximal intensity projection of representative dendrites hippocampal neurons at
DIV 14 and DIV 21 from wild-type (Wt) and Cpne6P'®’N mice. Neurons were transfected with
cDNAs encoding B-actin-tdRFP (spine marker) and GFP (volume marker) at DIVO7 or DIV 14,
respectively. Scale bar 10 ym. (B) Quantification of filopodia-like, thin and mushroom spines
at the indicated time points. Mushroom-like spines density is higher in wild-type mice compared
to Cpne6P'®’N mice at DIV 14 and 21. Density of spines was quantified from 70 um dendritic
length. Data are mean = SEM from n = 15-20 neurons; Wt: n = 877 spines, Cpne6P'®"N: n=
1112 spines; *p <0.05, **p<0.01, ***p<0.001, Student’s t-test and Sidak-Bonferroni Post hoc

analysis.
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Figure 4. Dendritic spines of hippocampal neurons from Cpne6°'*’N mice are more
motile. (A) Deconvolved images of a representative dendrite of wild-type (Wt) and Cpne6P'67N
mutant hippocampal neurons expressing (-actin-tdRFP (spine marker) and GFP (volume
marker) at DIV 14. Representative image of a dendrite from wild-type hippocampal cultured
neuron (right). Scale bar 10 um. (B) Mean spine volume in Wt and Cpne6P'®’N neurons over
the entire recording. (C) Distribution of relative spine volume changes within 2.5 minutes of Wt
and Cpne6P'®N neurons. Data are mean +SEM from n = 73 dendritic spines from 5

independent experiments. *p <0.05, **p<0.01, ***p<0.001; unpaired t test; f test.
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Figure 5. Copine-6°'¢"N—expressing neurons do not show spine structural plasticity. (A)
Representative confocal pictures of DIV 21 neurons isolated from wild-type (Wt) or Cpne6P'6"N
mice, which were transfected at DIV14 with constructs coding for B-actin-tdRFP (red; spine
marker) and GFP (green; volume marker). Cultures were incubated with ACSF or cLTP-
inducing ACSF (cLTP) for 10 min. Spine morphology analysis 60 mins after ACSF/cLTP
treatment . Scale bar 10 ym. Right column: Quantification of mushroom-like spines from
neurons isolated from Wt and Cpne6P'®’N mice. Density of the spine morphology was
determined by the number of spines in 70 um dendritic length. Density of mushroom-like spines
is increased after cLTP induction in Wt but not in Cpne6®'®’N neurons. Data are mean +SEM
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from n = 15-20 neurons from four independent cultures. Wt: n = 600 spines, n = 540 spines
from ACSF and cLTP condition, respectively. Cpne6P'®"N: n = 512 spines, n = 542 spines from
ACSF and cLTP condition, respectively. Scale bar, 10 ym. *p <0.05, **p<0.01, ***p<0.001,
Student’s t-test with Sidak-Bonferroni post hoc test. (B) Representative immunofluorescence
image of dissociated hippocampal neurons (DIV 21) stained for MAP2 (green) vGlut1 (red) and
surface GIuA1 (blue/grey). Scale bar 10 uym. Bottom: Cultures after 10 min incubation with
ACSF or cLTP-inducing (cLTP) medium for 10 minutes, stained for MAP2 (green), vGlut1 (red)
and GIuA1 (blue). Example of surface GIluA1 juxtaposed to vGlut1 is indicated by a white
rectangle. Right: Quantification of the number of synapses, as defined by the juxtaposition of
GluA1 and vGlut1. Data represent the percentage of Glutv1/GluA1-positive synapses
normalized to the sum of vGlut1, GIuA1 and Glutv1/GluA1puncta. N= 18-19 neurons per
genotype from 4 independent cultures. Wt: n= 943 puncta, n = 1052 puncta from ACSF and
cLTP condition, respectively. Cpne6P'®"N: n = 836 puncta, n = 943 puncta from ACSF and cLTP
condition, respectively. *p <0.05, **p<0.01, ***p<0.001, Student’s t-test with Sidak-Bonferroni

post hoc test.
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Figure 6. Spine morphology is altered in mice expressing the Copine-6°'*’N mutant. (A)
Representative low-power view of the hippocampus of a 6-week-old wild-type (Wt) mouse
expressing sparsely membrane-associated GFP (Thy-mGFP mice). Abbreviations are: DG
(Dentate Gyrus), CA1 (Cornu Ammonis 1). Scale bar= 50 um. (B) Representative high
magnification of secondary apical dendrites of CA1 neurons in Thy-mGFP mice on wild-type
(Wt) and Cpne6P'®’N background. Scale bar = 10 pum. Representative image of the
classification of the spines by NeuroVision (right corner). (C) Quantification of the spine density
in Wt and Cpne6D167N mice. (D) Quantification of the density of thin, mushroom and stubby
spines in the different mice. The density of thin spines is increased in Cpne6D167N compared
to Wt mice while the density of mushroom spines decreases. Data are mean +SEM from n =
21-26 dendrites from three 6-week-old mice per genotype. Wt: n = 1734 spines; Cpne6P'¢’N- n
1444= spines. n.s *p <0.05, *p<0.01, ***p<0.001, Student’s t-test with Sidak-Bonferroni post
hoc test.
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Figure 7. Dendritic ramification of neurons of the CA1 hippocampal area are simplified
in Copine-6'"N mice. (A) Representative images of coronal brain sections showing the
Cornu Ammonis (CA1) and Dentate Gyrus (DG) areas of the hippocampus in wild-type (Wt)
and Cpne6P'®’N mice expressing Thy-mGFP. Scale bar = 50 ym (B) Maximum intensity
projections of pyramidal neurons of the CA1 area and their respective filament analysis by
IMARIS. Scale bar = 50 um (C) Quantification of the number of apical, basal and total dendritic
branch points per neuron. (D) Sholl analysis of the apical and basal arbors of pyramidal
neurons in Wt and Cpne6P'®"N mice. Data are mean +SEM from six-week-old mice genotype
(n = 6 per genotype); Wt: n = 53 neurons, Cpne6D167N: n = 56 neurons. *p <0.05, **p<0.01,
***n<0.001, Student’s t-test with Sidak-Bonferroni post hoc test.
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SUPPLEMENTARY FIGURES
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Supplementary Figure S1. Design of the Copine-6°'%"N calcium mutant mice. The GAT
triplet coding for Asp at position 167 (which is required for calcium binding) was mutated to
AAT (encoding Asn). Note: because of the proximity of the GAT codon to the splice junction

between exon 5 and 6, the two exons were fused in the targeting vector.
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Supplementary Figure S2. Calcium-mediated membranal translocation of the
heterozygous Copine-6°'"N mutant mice. Transcript and protein levels of Copine-6. (A)
Cpne6 mRNA levels were measured by real-time PCR from hippocampal RNA extracts of six-
week-old male wild-type (Wt) and Cpne6P'®’N mice (n = 3) (left). Levels of the mutated
transcript do not differ between Wt and +/Cpne6P'¢’N. (B) Representative Western blot from
subcellular fractionations of adult mice hippocampus in the presence of calcium or EDTA. (C)
Quantification of the levels of Copine-6 immunoreactivity in the cytosolic (cyt) fraction S2 and
the membrane (memb) fraction P2 in the presence of calcium or EDTA from wild-type (Wt) and
+/Cpne6P'®"™N mutant mice. GAPDH was used as loading control to compare the different
genotypes. Copine-6 from wild-type and heterozygous Cpne6P'®"N mice partitions in the
membrane fraction in the presence of calcium. Data are represented as mean £ SEM from n
= male 4 mice per genotype. *p <0.05, **p<0.01, ***p<0.001, Student’s t-test and Sidak-
Bonferroni Post hoc analysis.
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Supplementary Figure S3. The heterozygous Copine-6°'*"N hippocampal neurons does

not show to have changes in the spines structure plasticity.

(A) Representative scheme of the different spine morphologies analyzed (upper row).
Maximal intensity projection of representative dendrites of wild type (Wt) and +/Cpne6P'67N
hippocampal neurons at DIV 14 and DIV 21 transfected at DIVO7 or DIV 14 with B-actin-tdRFP
(spine marker) and GFP (volume marker), respectively (lower row). Scale bar, 10 um. (B)
Quantification of filopodia, thin, and mushroom spines from neurons isolated from wild type
(Wt) and +/Cpne6P'®"N. Density of spines was quantified from 70 um dendritic length. Data are
density mean + SEM from n = 15-20 neurons; Wt: n = 877 spines, +/Cpne6P'®’N: n= 976 spines;
*p <0.05, *p<0.01, ***p<0.001, Student’s t-test and Sidak-Boferroni Post hoc analysis.
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Supplementary Figure S4. Heterozygous Copine-6'¢"N—expressing neurons show
impairments in structural spine plasticity and synaptic strengthening. (A) Representative
confocal pictures of DIV21 primary neurons isolated from wild-type (Wt) or +/ Cpne6P'6"N mice,
which were transfected at DIV14 with constructs coding for $-actin-tdRFP (red; spine marker)
and GFP (green; volume marker). Cultures were incubated with ACSF or induced cLTP (cLTP)
for 10 min. Spine morphology analysis 60 mins after ACSF/cLTP treatment. Scale bar 10 pm.
Right column: Quantification of mushroom-like spines from neurons isolated from Wt and
Cpne6P'®"N mice. Density of the spine morphology was determined by the number of spines in
70 um dendritic length. Density of mushroom-like spines is increased after cLTP induction in

Wt but not in +/Cpne6P'®™N neurons, while density of filopodia-like spines is increased in
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+/Cpne6P'®"N neurons but not in Wt. Data are density mean +SEM from n = 15-20 neurons per
genotype from four independent cultures. Wt: n =600 spines, n = 540 spines from ACSF and
cLTP condition, respectively. +/Cpne6P'®"N: n =666, n = 789 spines from ACSF and cLTP
condition, respectively. Scale bar, 10 um. *p <0.05, **p<0.01, ***p<0.001, Student’s t-test with
Sidak-Bonferroni post hoc test. (B) Cultures after 10 min incubation with ACSF or cLTP-
inducing (cLTP) medium for 10 minutes, stained for MAP2 (green), vGlut1 (red) and GIluA1
(blue). Example of surface GluA1 juxtaposed to vGlut1 is indicated by a white rectangle. Right:
Quantification of the number of synapses, as defined by the juxtaposition of GluA1 and vGlut1.
Data represent the percentage of Glutv1/GluA1-positive synapses normalized to the sum of
vGlut1, GluA1 and Glutv1/GluA1puncta. Scale bar, 10 ym. N = 18-19 neurons per genotype
from 4 independent cultures. Wt: n= 943 puncta, n = 1052 puncta from ACSF and cLTP
condition, respectively. +/Cpne6P'®’N: n = 838 puncta, n = 767 puncta from ACSF and cLTP
condition, respectively. *p <0.05, **p<0.01, ***p<0.001, Student’s t-test with Sidak-Bonferroni

post hoc test.
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Supplementary Figure S5. Structural spine plasticity in heterozygous Copine-

621N mutant mice is altered. (A) Representative high magnification of secondary apical

dendrites of CA1 neurons in Thy-mGFP mice on wild-type (Wt) and heterozygous Cpne6P'67N

(+/Cpne6P'®"N) background. Scale bar = 10 um. (B) Quantification of the overall density of

spines in +/Cpne6P'"N and wild-type mice (C) Quantification of the density of thin, mushroom

and stubby spines in wild type (Wt) and +/Cpne6P'¢"N mice. The density spines is increased in

+/Cpne6P'®"™N compared to Wt mice. Thin spines density is increased while the density of

stubby spines decreases. Data are mean +SEM from n = 21-26 dendrites from three 6-week-

old mice (n = 3 per genotype). Wt: n = 1734 spines; +/Cpne6P'¢"N: n = 1673 spines. n.s p>0.05,
*p <0.05, **p<0.01, ***p<0.001, Student’s t-test with Sidak-Bonferroni post hoc test.
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Supplementary Figure S6. Representative Sholl analysis from CA1 basal dendrites of

six-week-old Thy-mGFP Wt and Cpne6”'¢’N mice. Images were processed and analyzed
by IMARIS software (for more details see methods).
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Supplementary Figure S7. Model of the possible mechanism that occurs in our
Cpne6P'¢7N | | oss of the calcium binding of Copine-6 seems to be related with the abundance
of immature dendritic spines. In the Cpne6P'®’N mouse, immature thin spines cannot be
strengthened and consequently a simplification of the dendritic arborisation of the CA1
pyramidal neurons results. The dendritic simplification may cause an impairment in the micro

circuitry of the Cpne6P'®"N hippocampus.
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6.1 Publication1: “Inhibition of the MID1 protein complex: a novel approach
targeting APP protein synthesis”
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Abstract

Alrheimers disease (AD) & chamcterized by two neuropathological hallmarks: senile plaques, which are composed of
amylkdd-f (AR} peptides, and newrofibrillary tangles, which are composed of hyperphosphondated tau protein. AR
peptides are dorved from sequential protealytic cleavage of the amyoid precursor protein (APFL In this study, we
identified a so far unknown mode of regulation of APP protein synthests involving the MIDT protein comples: MIDT
binds to and regulates the translation of APP mANA. The underying mode of actien of MIDT involes the mTOR
pathway. Thus, inhibition of the MIDT comples reduces the APP protein level in cultures of prirmaty neurons. Based on
This, we used cne compound that we discovaned previcwsly 1o intedens with the MID T comples, metioormin, for in vivo
expariments, Indead, leng-tem freatment with metformin deaessed APP protein expression levels and conseguently
AR in an AD mouse model, Importantly, we have initisted the metomin treatment late in ife, a1 a time-point whens
e wiete In an already progressed state of the disease, and could abserve an improved behavionl phenotypa, Thess
findings together with cur previous ohsenvation, showing that inhibitien of the MIDT amplex by metiomin also
deaeates tau phosphonation, make the MIDY complex a particularly interesting drug tanget for teating AD.

Introduction

Akheimer's disease (AD), the most common form of
dementa in the elderly, is characterized by two neuro-
pathological hallmarks: senile plagues, which are com-
posed of Afi peptides, and neuwrofibrillary tangles, which
are composed of hyperphosphorylated tan protein. The
disease was first described in 1907 by Alok Alzheimer’,
who observed these two pathological hallmarks in
patients’ brains, A} peptides are derived from sequental
protealytic cleavage of the amyloid precursor protein
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micrombule-associated  protein  that stimulates  and
stahilizes microtubule assembly. Upon  hyperpho-
sphorylation, @y dissociates from microtubules, resulting
in microtubule destahilization and neuromal death. The
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which is capable of dephosphorylating tau at AD-relevant
phospho-sites™.

As we have shown previously, the MID1-PP2A protein
complex regulates the phosphorylation of tau’, MIDI acts
as an E3 ubiguitin ligase and promotes the ubiquitin-
dependent degradation of PP2A", Therefore, MIDI is a
negative regulator of PP2A activity and thus inhibition of
the MID1-PP2A complex is a promising approach to
activate PP2A, and thereby induce its activity towards its
target protein tau, In line with this, we have shown pre-
viously that the anti-diabetic drug metformin is capable of
dephosphorylating tau at AD-relevant phospho-sites by
interfering  with the assembly of the MIDI-PP2A-
complex’. Upon metformin  treatment, the MIDI-
dependent degradation of PP2ZAc is inhibited, resulting
in increased PP2A activity and dephosphorylation of tau
al AD specific sites’. Besides regulating PP2A activity,
MID1 alsy regulates the activity of the PP2A opposing
kinase mTOR”, Both enzymes, PP2A and mTOR, play a
crucial role in the regulation of translation initiation by
the eukaryotic initiation factor (elF) complex. In detail, in
absence of mTOR, 2 negative regulatory protein complex
containing 4E-BP1 in association with el FAE binds to the
5 end of the mRNA and inhibits translation To activate
translation mTOR phosphorylates 4E-BP1,  thereby
releasing its inhibitory action and allowing a hetero-
timeric complex containing elF4E, elF4A, and elF4G to
assemble at the 5" end of the mRNA. At the same time,
mTOR also phosphorylates and thereby activates p70 56
kinase (S6K). S6K in turn phosphorylates and thereby
activates its downstream targets elF4B and 56, 56 is part
of the small ribosomal subunit (405). elF3 is a mult-
subunit protein that recruits 405 to the mRNA Once
associated with the mRNA, 405 starts scanning towards
the ATG start codon Upon start codon recognition, the
large ribosomal subunit (B0S) binds and, together with
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405, forms the translationally competent dbosome. The
elF complex is released from the mRNA and translation
starts", PP2A and mTOR control translation by reg-
ulating the phosphorylation of 4E-BP1 and 56K, MID1
binds to GC-rich mRNAs and recruits its interacting
proteins, including 56K and &', By regulating the
activity of both PP2A and mTOR, MID1 controls the
translation of mRNAs bound to the MID1 complex' ™",

In this study we asked if MIDI, besides its regulatory
action on phospho-taw, could also affect APP, We show
here a so far unknown connection between MIDT and
APP; MID1 binds to the APP mBNA and regulates its
translaion. The underlying mode of action of MIDI
imvolves the mTOR-dependent translation Initiation
pathway. Furthermore, we used metformin, a compound
that we had shown previously to interfere with the MIDH
complex and inactivate translation of MIDI-target
mBNAs™*", for a chronic treatment of an AD mouse
model at a progressed state of disease, Our data show that
metformin treatment decreases the protein levels of APP
and consequently Afl. This together with our previous
observation that disassembly of the MID1 protein com-
plex by metformin zlso decreases tau-phosphorylation’,
makes the MID1 protein complex a particularly interest-
img drug target for treating AD.

Results
Translation of APP is regulated by MID1

To investigate if the APP mRNA is regulated by the
MID1-PP2A complex, we first tested if MIDI is able to
bind to APP mRNA. For this we performed RNA-
immunoprecipitations. Primary cortical newrons of wild-
type mice were transfected with FLAG-MIDL. After LIV-
crosslinking FLAG-MID] was purified and MID1-bound
mBNAs were isolated from the immunoprecipitates, As
negative control an immuno precipitation using unspecific
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Fig.1 APP is a MID1 target mRMA. a RNA immiino precipitation. Primany newrons were tran shected with MIDH-FLAG. Afterwvards MIDH-mBENPs were
puritted by immuno precipitation {IP FLAG) and MID 1-bound mRhAs wee analywed for the presence of APP mRMA using RT-RCR Unspedihc IgG
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lgGs was pedormed. RT-PCRs clearly showed the pre-
sence of APP mRENA in the MID1l-immunoprecipitates
(Fig. 1a).

In previous studies we showed that binding of the
MID1-complex to its target mRNAs induces protein
translation from the respective mRNA""", Therefore,
we asked if the observed binding between APP mRNA
and MID] leads to an induction of APP transhition To
test this we performed an experiment in primary cortical
neurons with a peptide that mimics the binding sequence
between MID] and the 2 PP2A complex and therefore
spedfically outcompetes MID1, Depletion of MID led to
a significant reduction of APP protein as shown on a
western blot (Fig. 1b). Of note, the mRNA level of APP
did not change significantly (Fig. 1c), which is in line with
an inhibition at the protein synthesis level

MID1 regulates APP translation by interacting with the
mTOR-dependent translation initiation pathway

As we have shown previously, the MID1-complex reg-
ulates translation in concert with mTOR To identify at
which exact step of the mTOR-dependent translation
initiation MID1 functions, we analyzed proteins that bind
te MID1. For this we performed an immunoprecipitation
of FLAG-MIDI and amalyzed all MID1-bound proteins by
mass spectrometry, As expected, we detected several
members of the mTOR-translation initistion cascade
(Fig. 2a and Table 1}, several of which we validated on 3
western blot of FLAG-MID1-immunoprecipitates using
specific antibodies (Fig 2b). Interestingly, all MIDI-
bound proteins identified here were proteins of the
mTOR-dependent translation pathway that act down-
streamn of mTOR as well as S6K and 4E-BP, suggesting
that MID regulates the mTOR-dependent translation by
acting on either the elFs or the dbosome. Thus, in a
second set of experiments we added EDTA during the co-
immunoprecpitation. EDTA dissociates ribosomal parti-
des™, While binding of most of the identified proteins to
MID1 was abolished by the treatment, RPLPO, a member
of the large subunit of the ribosome remained attached to
MID1 (Fig. 2c). Since all of the proteins identified by mass
spectrometry bind ENA in general, their presence in the
MID1-immunoprecipitate may be explained by RNA-
mediated indirect binding rather than by direct protein-
protein interaction. To test which of the identified pro-
teing bind to MID] independent of RNA, we performed
co-immunoprecipitation experiments in the presence or
absence of RNase. Binding of the identified elF proteins to
MID1 was abolished by EMNase treatment, while RPLPO,
RPL5, and RPS3 remained attached to MID1 (Fig. 2d).
These data suggest that MID1 directly binds to the ribo-
some to stimulate mTOR-dependent translation. In line
with a MIDI-mTOR dependent trarslation of APP,
application of an mTOR inhibitor reduced APP
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translation both in an in vitro translation assay (Fig. 2e) as
well as in pdmary neurons (Fig. 2f).

Metformin reduces APP protein and APP cleavage
products

To target MID1 we decided to use metformin, a com-
pound that we had shown previously to interfere with the
MID1 complex and inactivate translation of MID1-target
mBENAs"'*", In line with what we have observed for
other MID1-target mBN As, metformin treatment of pri-
mary cortical newrons also led to a reduction of APP
protein in a dose-dependent manner (Fig, 3a).

Finally, to investigate this effect in vive, we chronically
treated transgenic APP/PS1 mice with 5 g/l metformin in
the drinking water for 8 months. In line with our data
from prmary nevrons, full-length APP protein was sig-
nificantly reduced in metformin treated mice (Fig. 4a),
while APP mBENA levels were not significantly changed
after metformin trestment (Fig. 4b). Together, these data
suppest that the APP protein level was decreased in vivo
on the translational level, which can be explained by
inhibition of the MID1 complex. In line with an mTOR-
MID1-PP2A -dependent down-regulation of APP in these
mice, the phosphorylation of 56 was significantly reduced
in brain lysates of these mice, as determined by western
blots (Fig. 4c).

A reduction of APP should lead to a reduced Af} plaque
burden in the treated animals. To quantify this we first
measured levels of A on dot blots, showing that A levels
were significantly decreased in metformin treated animals
(Fig. 5a). Second, in an ELISA measuring the levels of
A4S0 and AP42, a significant decrease of Af} peptides was
observed in both female and male mice (Fig 5b). OF note,
there was also a significant difference in AP levels between
female and male mice. To investigate the AP plague
burden in the hippocampus, we performed Thioflavin-S
stainings. In line with dot blot and ELISA experiments,
thioflavin staining showed less appregates in metformin
treated animals (Fig 5c). To test if metformin affects
leaming and memory, APP/PS] mice that were reated
with metformin were examined in behavioral tests. A
significantly improved performance in the Morris water
maze was observed in animals that were trested with
metformin (Fig. 5d).

Besides regulating translation, mTOR is also a known
regulator of autophagy, Therefore, in our in vive set-up
we cannot rule out that the observed reduction of Ap
could be at least partially due to increased clearance via
autophagy. To address this, we analyzed the degradation
of Ap in SH-EP cells containing TAMBA-AP42 aggre-
gates. Clearly, no increased degradation of AP was
detectable in these cells, suggesting that metformin
treatrment does not induce autophageal degradation of AJ}
(Fig. &).
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Table 1 Statistical analysis of proteins identified mass spectrometry analysis of MID1 immunoprecipitates

Protein name Gene 1D LogZ ratio Pvalue
ATP-binding cassatte sub-Smily O member 3 AR JTREAN 2OMER
ATP-binding cassete sub-Bmily F member 2 ARCF2 1 BRE+N SOGE-0
Apoptotic chromatin condensation inducer in the nudeds AN 2TEN 139E0
Ald=hyde dehydrogenase X, mitochondral ALDHIB 1R AS1E-(
Mitochondrial 10-formydtetrahydrololate dehydrogenase ALDHIL2 1E5E+01 187E-0
THO comples: subunit 4 ALYREF 195E-01 755E-(¢
Sennalthreonine-pratein phosphatase & reg. ankymin repeat subunt A ANKRDZE 2EEHN THB5E-00
Coatomer subunit delta ARCHI 1ERE+D1 F36E0
Activating signal cointagrator 1 complex subunit 3 ASCC3 2 BRE-H01 7o6ER
ATPaze family A%& domaim-ontaining protan 34 ATADA 1T+ ILRE-(0
Sodiumi/potassum-transporting ATFase iubunit slpha-1 ATR1IAL 2N AISE-M
Ribospmne Biogenesis protein BMS1 haomolog BME AR BOER
Ribosome Diogenesis protein BRX1 homolog BRI JEREHN 141E00
Caprin-1 CAPRINT 2HE+N SEEE-H
Conitedhooll domainscontaining protein 124 o JHMEA 121E4H
Tcompla protain 1 subunt gamma am TEAE40T AREE-(0
Tcompled protéin 1 subuni epsilon TS 2 EEHN 14XEL8
Cell divisgan cycle 5Hike protein (Dol JME-D 3A51E-8
Centrosomal protein of 170 kDa TEP170 LTE+01 253E08
Chromatin target of PRMT1 protein CHTOP 281+ 4550
(1 1P-z==sndating protein 2 asr2 2 MEAN 483E(R
Mathyiozome subunit piCin ANSTA 1G7FE+01 LIGELR
Coatomer subunit gammna-2 OOPG2 2 50E0 JORE-O
Coronin-1C CGROIC J0REDT JOOE-0
Osvage and pohademdation speciicry factar subunit & {PEFG J9E+ 41 3E8
Oeavage and pohadenvation speaficty factor subunit 7 PaF7 2HEM 2IE-H
Probable ATP-dependent RNA helicase DDX17 DOX1TY I E 1 28E-00
Probabée ATP-dependent RMA helicase DDNI0 DD 1HEM 281E-
Nucleolar RMA heficase 2 Do 3ME=M B42F-(8
Probable ATP-dependent RNA helicase DI Do 19ED 458E-00
ATP-dependent RNA heficase DINIX DonaEx 1E5E+01 SAZE-(
Probable ATP-dependent RNA helicase DDA D LAEHT ABEF-(H
Probable ATP-dependent RNA helicase DI DG L9PE+ 138E-0
ATP-dependent RhA heficase DONG0 DONED 1ERE+D1 LTSE8
Putathe premBh Asplicing factor ATPdependent RNA helims DHY1E THX1E 2 FEEH SETEAR
Putathe ATP-dependent RNA heficas DHQAO DHX30 T9E+01 103E-(0
ATP-dependent RhA helicass A DHXD TEE+00 450E-(8
Hongation factor 2 EF2 4 GRE-D0 B14E-(H

116 kla LS small nudear ibonucdeopmtein component BT ERCE &54E8
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Table 1 continued

Protein name Gene ID Log2 ratio P-value
Fukanpotic tanslation iniation Scbor 3 subont A EF3a A ME-M FESE-0H
Eularyatic translation inftiation Soor 3 subunit B BF3B 3 19E+01 62 2E-A
Fulanyotic transiation inftiation fctor 3 subunit BF3C 31.13E+M 143E-1
Fulanpotic translation inftation Scor 3 subuna O BF3C JME+M 172ER
Fulanyatic translation iniation &oor 3 subunit E HF3E A 15E+01 J0FH
Eularyotic translation inttiation Botor 3 subunit F BF3F J0BE+M SOOE-(R
Fulanpotic translation inftation Scor 3 subunit G BF3G 2A0EL0 1E4E-04
Fulanyatic translation ination &oor 3 subunit | BF3l AOTE+ 4G5EH
Bukaryonc transiation inmiation Soor 3 subunit | HF3l 2TRE+ I97EH
Fulanpotic translation inftation Sctor 3 subuni ¥ BF3K LTEE+ 435E00
Fulanyatic translation infation &oor 3 subunit L BF3L AOEH0 162E4H
Bukaryonc transiation inmiation Soor 3 subuni M HF I JBE+ 252E0
Fulanyotic transiation intiation &cdor 3 subunit H BF3z3 2WBE-D 434E4
Fulanyatic inftiation factor 44 HF441 JREAD 1 28E(0
Eukaryonc initiaton fcor 4440 HF4A3 2EGE+ 23TED
Fularyotic transiation intiation Gcor 48 HF4E ERini 20 105E-00
Eulanyatic transiation inftiation fcar & BFs 2NEHM 1 74E-00
Emarin BAD I RE0 199E-0
Hlin-2 ERLINZ 28E-D 754E-4M
Exosome component 10 BXCRCIO 2I6EHM 345E-(A
Erozome complex componant RRP45 EXORCO IR0 FEIELD
Constitutive coactivator of PRAR-gamma-like protsin 1 FaM A T HE+M 1 3EE-0
Phenylslanine—tRMNA liga= alpha subunit FARLA 2 TBE+HM FE4EA
Phemylalanine—tRMA figase beta subunit FARSE L TRE-D 11 7E-(
406 ribosomal protein 530 Fal Z85E+0 231E-
Protein furry homalog-like FRYL I0E+M 254E-00
Gemeassocated protsin 4 GEMING ITEHM 253E(A
Guanine nudeotide-binding protein subunit beta-2-ike 1 GBI 3 I5E+01 I4TE-4
huclealar GTP-binding protein 2 GHLE IT5E+ FART=EY:]
Guanine nudeotide-binding protein-lie 3 GHL3 JAEE01 A03E-M
Golgin subfmily A member 3 GGA3 THE+M 196E-
Geneml transaription Bctor 3C polypeptide 2 GTRCE ZT5E+M I97E(H
General transaription Sctor 30 polypeptide 3 GTF3C3 2ETE+N J56E00
CGeneral transcription Sctor 30 polypephide 4 GTFICA 2 E+O 24EEA
Mucleolar GTP-binding protemn 1 GQTPEP4 2ETE+ 1. HEED
Histone H28 HISTIH2EN LO9E-01 162E-00
Heterogensous nuckear nibonucieo protsins C1AC2 HMRMPC I0BE+O AZIEM
Heterogeneous nuciear ribomcienproten [0 HWRMPD ZHEEH JEQED
Heterogensous nucksr ribonuckeo protein F HMRMPF 2 TE-0 A5TELA
Heterogensous nuckear nibonucieo protsin K HMRMPK 2EEE+O 2A43IE0M

72
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Table 1 continued

Protein name Gene 1D Log2 ratio Pvalue
Heterogeneous nuclear ribanucleoprotsin b HNRN P ESEE00 188E-0
Heterogensous nuckar rbomnuckeoprotzin R HHENFPR 200EH 42GE-(R
Hetenogeneous nucksaT rbonucleoprotedn U HMENPL IHEH 134E-08
Eofeucine—tRM A, igase, cyfoplasmic I&R= 2TEAN 3128
insufin-like growth factor 2 mRNA-binding protein 1 KGF P ERE =] 109E-(A
Irsufin-iike growth factor 2 mRNA-binding protsin 3 ¥SFZEPY 2EEH 122600
Irterisukin enfance-binding factor 2 iF2 310E 108E-00
interieukin enhancer-binding tactor 3 ILF3 1ITEHN J95E-(A
Imparfin-g POE THEA 130E-(0
irsulin receptor substrate 4 R 133E-00 13BE-A
influenza wirus M51A-binding protein hhE1ABP I1EHN A0SE-(A
Tyrasine-protein knass 14K1 laxi 2EE A£4E-(A
BTE/POT domaln-containing protein KCTEH 7 KT T JEEEOT 123E-(0
BTB/POZF domain-containing protein KCTDS KT FEEEHDT IGTE-M
Kinesin-like protein KIF11 KIF11 1ABE-00 125E-(B
la-refated protein 1 LARP1 ER = QITE-4
La-related protein 4 LARP4 28E+01 T22E-(A
La-related protewn 48 LARPAE 2ERE+0T BM1EH
L domain and actin-binding protein 1 Lstal JEREAN FA4E-(R
leucine-rich PPR motif-containing protein, mitochondrial LRPFPRC 201 RAXE-H
Putatve RhA-binding proten Luc7-fike 2 Llucn2 J0E+01 330E-(H
Luc?-like protein 3 LluEna 2HE-D 520E-(H
Microtubule-assodated protein 18 MAPIE AME+D ITGE-(A
Sennethreanineprotedn kinas MARKD MAREE 2HE- I7EE-H
Methionine—RNA ligase cytoplasmic MWARS 2EFESDT THIE-(H
Matrin-3 MATR3 2ETE400 13208
O A rephication boenang factor MOMT MOAT JEIE B19E-08
B3 ubsquitin-protein ligase Midiine-1 A ATEEHN I2GE-M
Putatre heficse MOV-10 MOVTO LTTE401 H49E-0
T8 ribosomral protain 517, mitochondrial MRPSIT 29E+ [ ]
85 mibosomal pratein 521 mitochondrial MRPEIZ LHEO A H9E-(H
285 nbosomal protain 525 mitochandrial MRPRIS LTE401 11460
T8 ribosomal protain 527, mitochondrial MRPS2T LEED I4BE-I0
Pratein LYRIC MTDH LT 1 03B
Myb-binding pratein 1A MYBEFTA 2E0EL01 144E-(8
Mvorsin-10 MYHIO T13E<00 2HBE-00
Myosin-g MY HD SR 478E-(A
Uncomvenfional mycsindb MYOMB 2HEHN FEBE-(0
Micatinamide phosphoribosyitransierase WAMPT 2TSEA B55E-08
Mucleosame amembly protan 1-like 1 WAPILL I5TE+ T18E-(A
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Table 1 continued

Protein name Gene 1D Log2 ratio Pvalue
MNuclear cap-binding pratein subunit 1 NCER 2HE- AALE-0
Hoclealin ML 2EE+HM G74EA
Mucleplar compiex protein -4 homolog NOCAL JANE=DT B37EL(A
Frobable 285 rRNA [oyrosinefidad THOGHmethyitran sferase MNOFZ JEE+0 SOBE-(H
Ospvage and pohadendation speohchy factar subunit 5 NUIDTM 2OEE+N £21E-8
OTU domain-comtaming protein 4 OTLIDA 2 e 14584
Prabyl 4-ydrasylase subunit alpha-1 PaHAL 2 HE+ 444E-01
Proliferation-assodated peotein 304 PAXGA ALBE+ J55ELA
Palyadenylae-binding pratein 1 PABPCT 3340 217EH
Palyadanylae-binding pratein 4 PABPCH I 1E+01 I7BEA
Progemmed =il death protein 4 POCDA TE+D 837EH
Profine, giutamic add- and leucine-rich protedn 1 PELF1 2EE QO9E(R
Zerne'threoninepratein phosphataze PGAME, mitochandrial PGAMS 285E+01 A52E(H
Pratein arginine N-methyttransiemse 5 PRMTS I ME+M G1GE-0
Pre-mRMA-processing Bctor 19 PRPFIG ELiT | IETE-H
LU small nudear ribonudeoprotein Prid PRPF3 2R+ 1690
L4/U6 small nudear nbonudeoproten Prpdl PRPF31 29E+ BASE
LU small nudear rbonudeoprotein Prpd PRPR 2EE+D AB3E-H
Pre-mRhA-processing factor & PRPRS 29RE+0 E1E-H
PFremBHA-processingsplicng factor & PRPER ANEN A0aELA
Ribase-phosphate pyrophospholinass | PRPS1 LSRE-00 I50ELH
Ribose-phosphate pyrophosphokinase 2 PRPE2 28E4M 1 56E-00
Phosphoribosyl pyrophasphate synthase-assodated potein 1 PRPEAPT J0RE+ BL0EA
Phospharibosyl pyrophasphate synthase-assodated potein 2 PRPEARZ 325E-01 215E-0H
Protein PRRCA PRROA BB+ 843E8
Pratein PRROC PRROC 1ETE=O1 AO5E-(2
NE protesse reguiatony subunit 4 PECT 29FE+D1 SFRE-H
M protease regulatory subunit 7 P2 R4 BOGE-(0
HE protease regulatony subunit GA PEC3 EE. S SS0E-(H
M protease regulatony subunit 68 a4 119E+00 1 54E-(0
i protease regulatory subunit & PSACE A4 SRE-H00 A7VE-(n
HE protease regulatony subunit 108 PRACH JBAE=O1 1524
265 proteazome non-ATRase regulatony subunit 1 FEDN e 18
25 proteasome non-ATRase regulatony subun 10 PEMD0 ZB5E+M 200
265 proteasame non-ATPase regulatony subunit 11 PEMAT JA0E- 124800
25 proteazome non-ATRase regulatony subunit 12 PRADIZ 290E+0 418E-08
25 proteasome nan-ATRase regulatony subuni 13 FSM03 ZEEE+ ERRE=YC
265 proteasome non-ATRas: regulatony subunit 14 FETH4 2E0E- 1 B5E-(8
M proteasome non-ATRase reguiatony subunit 2 PSMD2 215E+00 438E(H
25 proteasome nan-ATRase regulatony subuni 3 PSMD3 EDCEi| 148E-04
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Tabile 1 continuad

Protein name Gene 1D Log2 ratio Pvalue
2B proteasome non-ATRass regulatony subunit 4 PEADH 2 FEE+M 1 FOE-(4
X proteasome nan-ATRase regulatory subunit & PaMDE 2EE-+01 QRsE-A
ME proteasome non-ATPase regulatony subunit 7 DT ATRE00 113842
i proteasoms non-ATRase reguiatony subunit 8 FEMDE 2T5E+01 | S5E-8
Paly(Ll-hinding-splicding factor PURSOD PLIFS0 TR0 YLRE-M
Pyrraline-5-carboxyate reductase FYCR1 I R5E+O IASELH
RhA-binding pratein 10 REMI1O 330E+01 4 ZARE-00
RMA-tending protein 14 REM14 e G57E-H
RNA-tinding protein 25 REM2S 2TRE+01 TFIE@A
FhlA-binding pronein 26 REM>S EEEH01 IF9E-0
FNA-tending protsin 27 REMLIT 2HE+01 | I0E-
RNA-tending protein 28 REMIE 2EAE+01 S02E-A
RhlA-binding motif protein, ¥ chromosome REhX ILHE+- BOOE-R
FMNA 3-terminal phosphats oydas-ike protsin RC11 2EAE+O1 1 £4E-(8
Retiulocalbin-2 RN LRE+01 I6TEB
Replication factor C subunit 3 RAC3 FETEH ZI4ED
Telomes-asacited potein RIF FiF1 AMEHOT 2166
Seringfthreonine-piotein: kinase RIC1 RICOH1 J00E+01 ID5E-H
RING finger protein 219 RWFI1G FME Z50E-A
RNA-binding protein 39 RWPCZ ZEREHOT BOYE(H
606 rinosamal protsin L10 RPLIO A06GE+01 TBAE-(H
&R ribosomal proten L10a RPLIOA I FIEHO 2HELD
&5 ribozamal protain L11 RPLIT ERLE | (ME-A
605 ribosamal protsin L12 RPL1Z ENE GAIE-
&R ribosomal protein L13 RPL13 3 A0E-+01 430E-00
605 ribosomal protein L13a RPL13A ANTEH JISELH
&6 ribosomal protein L14 RPL14 AOTE+O TERE-M
605 ribosomal proten L15 RPL1S SETE+H00 BO0E-(A
&5 ribosomal protein L17 RPLIT ENCEN] AE9E-00
&0 ribosamal protsin L18 RPL1S 3BE01 | GRE-H
& ribosomal proten L18a RPL18A I MEHOT 21064
FRibosomal protein L19 RPL1S A2EEH 436E4H
6 ribosamal protein LI RPL1 ANE+0T | ZRE-8
605 rnbosomat protein L22 RPL22 ORE-+H0T | ATE-(H
65 ribosomal protein LE-fiks 1 RPL22L1 2 TE+01 GEGE-MA
605 ribosamal protein LA RPLZ3 J0SE+01 4 F0E-08
605 ribosomat protsin (233 RPLIIA 3 ME+O] | 26E-CH
605 ritosomal protein L RFL34 AMRE+01 1 ME-A
&5 ribosamal protein L3 RPLIG IHE+0 | HOE-CA
&0f nbosomat protsin L7 RPLAT A IBE+0T IDGE-R
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Table 1 continued

Protein name Gene 10 LogZ2 ratio Paalue
& ribosomal protein LFa RPL2TA J06E+01 S33E-4
&5 ribosomal protsin L8 RPLIE I 2F+401 GFE-0
605 ribosomal protain 129 RPLIG LI9E0 IAFGE-04
&5 ribosomal protein L3 RPL3 FASE+00 &7 XE-08
&5 ribosomal protein 130 RPLIO IHE+D ZDGE-B
&5 ribosomal protain L3 i L1501 J1IE-04
&5 ribosomal protein 112 RPLIZ 1 1BE+01 I51E-
&5 ribosomal protein L34 RPL34 TA0E+01 473E-(8
&5 ribosomal protein L5 RPL3S ERETS 143600
&5 ribosomal protein L35a RPLISA 3 14E401 IDVED
&5 ribosomal protein L36 RPLIG 100401 14%E-(0
&6 ribozomal pratein L36a RPL3IGA JEFE+O S51E-04
405 ribosomal protain L37a RPLATA A07E+ 105E-04
&5 ribosomal pratein L38 RPLIS ZA0E+01 I49E-(0
&5 ribosiomal protein L4 RPL4 336E+01 18208
605 ribosomal protsin LS RPLS 326E+01 GHIE-08
&5 ribosomal protan L6 RPLE G IDE00 QA5E-(B
&(f ribosomal protein L7 RPLT 31BE+0 12 EB
605 ribosomal protsin LTa RPLTA B E400 17468
& ribosomal proten L8 RPLA 3 E+ SFIE-04
&(f ribosomal protein L9 RPLS J06E+01 110E-04
&0 aodic ribosomal pratein PO RPLPQ 3. HE+D1 218E-08
& aodic ribosomal protein P2 RPLP2 2 EFEO 4328
4lf ribosomal protein 510 RPS1O IHE+D 186E-8
405 ribosomal protain 511 RPS11 I ME401 1 B4E-08
4% ribosomal protain 512 RPE12 L14E+01 405E-04
4 ribosomal protein 513 RPST3 13401 THOE-8
45 ribosomal protain 514 RPS14 J15E401 407E-4
4% ribosomal protain 515 RPS15 L1540 333E-0
4(f ribosomal protein 515 RPS15A 319E401 1F0E-08
4% rbosomal protain 516 RPS1G 3 ME401 1 DRE-B
4% ribosomal protain 517 RPSIT 319401 17RE-B
45 ribosomal protein 518 RPS18 BOHEH0 T90E-9
405 ribosomal protein 519 RPS19 12401 16568
(& ribosomal protein 52 RPS2 3 FE+01 171E-(8
45 ribosomal protein 530 RP=H0 IHE+D ABIE-0
405 ribosomal pratein 521 RPa21 TERE+01 4TE-(B
405 ribozomal protein 523 RPS23 32501 131E-08
405 ribosomal protsin 524 RP=24 A00F+ 1.10E-04
405 ribosamal protein 525 RPS25 1I4E+01 S19E-(B
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Table 1 continued

Protein name Gene ID Log2 ratio Pvalue
4% ribosomal proten 536 RPE3S J0BE+ Z54E-00
4R ribosomal protein 527 RPSET JOE+O1 A65E4H
4% ribosomal protan 53 RP53 I1EmEM 3XSEH
4% rbosomal protein 53a RPS3A 330E=01 AT5E-H
40f ribosomal protsin 54, X sofarm RPS4E GEREL00 228E(H
4(f: ribosomal protain 56 RPS6 ERE =] 2 I8E-M
40f ribosomal protein 57 RPSF 32BE-01 199500
4(f ribosomal protsin 58 RPSE JMEH A63IELH
40k ribosomal proten 59 RPSS INE=M I04E(A
405 ribosomal protein SA RF5A 3301 1298
Ribomme-binding protein 1 RREP1 2BE+HM IHOE-00
RRP1 Hike protein FRP12 1 5RE=01 11360
Ribosomal L1 domain-containing peatein 1 RSL1DM TERE-O1 1 56E-0
LMUEUS trisnRMP-assodated protsin 1 SARTI TOEH 1.18E-(0
Splong factar, anginmeaSennench 15 SCAR I HME-N 1 G8E-(
Pratein SDA1 homalog SDAD TE=01 168E-0
Plasminogen acthatar inhibtor 1 RNA-binding pratsin SERBF1 3 BE+N 219E-00
Sphcing factor 38 subunit 1 SF3B1 THEM 887EMH
Sphicimg factor 38 subunit 3 SF3E3 IRE0 1.14E-(0
Superkilier viralicidic actndty I-like 2 SKNIHLZ ETRE+ON EOSE-(H
L5 =mall nucliear ibanudeoprmtsin 200 kD8 halices ShRNPIH0 JOEE- S98E(R
U5 small nuclear fibonudeopotein 40 kDa protein SHRMP4G 2O 141E0
Small nudear ribonucleopratein 5m O SHRPDH L=l 148E(A
Small nudear ribonuclko protein Sm 02 SHRPL2 TarE-0 4B
Small nudear ribonuckoprotein Sm- 03 SHRPDA TOREO1 193E0
Small nuckear ribonucieo protein-assocaned protens Band B SNEPN I06E+N ALIEH
Spectrin alpha chain, non-enythmoytic 1 SPTAMI IHE-M QHIE-M
Spectrin beta chain, non-enythracytic | SPTEM1 IME+OT Q41ELR
SRSF protain kinase 1 SRPE1 IME SBVEH
SRSF protein kinase 2 SRPEZ 2ANE=O1 2BBE-I0
Sermefanginine repetithe matre pratein | SRRM1 285EH00 1 48E-(0
Serrate RWA etiector molecule homalog SRRT 257E+ 204E-A
Seninefanginine—rich splicing Bctar 1 SREF1 2 TEAN 184E-0
Serinefanginine-rich splicing Gctar 2 SRGF2 2EEHM A5SE-00
Seningfanginine—rich sphcing fcor 3 SREF3 TETEN 142E-(A
Double-stranded RMA-binding protein Staufen homalog 1 STALN 28RE=01 1.1BE-2
Senne‘threonine-protsin kinase 38 STHIS 2 TBEHI J59F-00
SUMN domain-containing protain 2 SN2 TETE- SI5E-0H
Hetenogensous niclear ribonicleo protein O SYMCRIP TREA 1 (8E-0
Venslong-chain enoyl-loA educas TECR 2 MEHM A459E(H
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Table 1 continued

Protein name Gene ID Log2 ratio Palue
Testis-axpremad saquence 10 protsin TEXTD TR 164808
THO momplex subunit 2 THOC2 T5IE+01 1.37E-0
Tight junction protein Z0-2 TIPZ ZEREH GESIE-(R
Trarsmembrane protein 33 TWEMA3 L ME01 111E
Tro pomodulin-3 TWCTH 2EE01 447EH
TRMT14ike protsin TRMTIL IEE+D1 Q34E-A
Tubulin beta-3 chain TUEE3 15701 SO4E-(4
Tubulin beta-44 chain TUBBE4A 261ED1 2O0F-0
Spliong facror U2AF 35 kDa subunit L2AaF 2A0E- TOXE-H
Sphicng factor UZAF &5 kDa subunit LIZAFZ ZOBE-01 430E-(H
L2 snRNPas=acisted SURP motitcontaining protein LIZSURP 2 MEEH | FBE-(6
E¥ wbdquitin-protedn ligase UBRS LIERS 2 TREA 275E-D
L4UELS tri-snRNP-assodated protein 2 LisP3e 18RE-01 214E-00
Transitional endoplasmic retculum ATRase WP JTHOE+O1 THIE-R
Mimenitin Vi 135E=<00 20BE-0
Methylosome protein 50 WORYT 330E-01 22TEDD
Bxpartin-T LPOT LEH F2TELH
Muclease-sensitne dement-binding protein 1 YEX1 ATEA I00E-0A
¥TH domain-containing protein 1 YTHDC 2 TRE- BA2E(A
¥TH domain-cantaining Smily protsin 2 YTHDF2 | EUE00 I42E-00
Fine finger 00CH domain-containing protein 18 FCAHIB 1 ED1 T14E-(
Finc finger C0CH-type anthviral protain 1 FCIHA T FE- 1 3FE-
Ainc finger profein 632 INFE22 25BN 114E-00

o2 ratin and p-values were Eslculated oing messured protein intendiies, Le ot aed ko Cumant P00 of all Sotopic dhaters ssodsed with the identified amino
acd sequence Lag2 ratio was calculsted from the intensity sum of samples contrals. pvalues ane the sl of 8 wo-sided -4, samples vi control In cases whene
intensities had been measured in 2 {oul o 3) replicates, the third intensity value was added through imputation. il no intensty could be messuned inall 3 regicates,
the intensties wes i lfom O to 1 in oxder 1o 25 be able to caladate & ratio |ame spplie o cirses whene anly | indentity could be meatured)]

f Tontral TEmi T TEml 3
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Contel .2mM 1mé 25 me

Fig. 3 Disruption of the MID1complex by metformin reduces APP protein level, Primary neumne were treated with diferent dosss of
mistormin. Potsin extracts were analyzad on westem blots detecting APP and frachin as kading control Graph shows quantdication of westam
biots, mean walues=5EAM n=3 "p <001, APP amyloid precursor protein

In summary, all these data suggest that metformin  Discussion
inhibits the MID]l-dependent translation of APP and In this study, we show 2 novel regulatory mechanism
thereby reduces AP plague burden and improves cognitive  controlling the protein synthesis of APP; this mechanism
impairments in an AD mouse model. involves the MID] protein, which induces the ranslation

78



Matthes et al. Cell Death Discowery (201844

Page 13 of 19

, F- 5 & b "
£ 2 E ¢z
8 £ 8 E APP E o
feetiade male = = ® £ g
A — — -| E 100 Eé
P a A
E 50 ;E
- - - ;
0 i 0o
B-actin Control  Medforemin Contral - Metformin
Cc E £
T 5 E S
g8 & 8 §
fermale rale
p-56 s total 56
= 180 £ 150
---ae- > 8
= (-]
p-GETeTs gg il - E:— 100 -
]
-"q 3" 3 =
&
-3
total 58 Contral  Metfarmin g O Contiol Mo
- - - -
B-actin

Fig. 4 Metformin reduces APP protein level in mice. Male and female APP/P51 mice [age 12-13 months] were treated for 8 months with 5
g1 metformin in the drinking water. a Protsin extracts fiom brain tizue of these animals were analred on western blots detscting APF and

f-actinas loading control . & representative blot of n= 3 males and n=4 females = shown Graphs show quantiication of western biots. mean values
=5BM *=p = 005 b Relative AFP mRNA sxpresion was measured in brain tiszues described ina by means of realtime PCR Columins represant
mean values+ 5B n= 5 c Protein extracts trom brain tissse of these animats was analyzed on westem blots, deteding phospho-56 (p-36], total 36
and f-actin a loading control. A repetentative biot of n==6 & shown. Graphs show quantification of western biats, mean values = 5EM. *= p < (05

L

of APP by regulating mTOR-elF signaling. Disassembly of
the MID1 protein complex by metformin reduces the
protein production of APP, Furthermore, we show that
chironic treatment of AD mice with metformin decreases
the protein level of APP and its cleavage products,
including AP, This together with our previous observation
that disassembly of the MID] prowin complex by met-
formin also decreases tau-phosphorylation”, makes MID1
a particularly interesting drug target for treating AD.

Among other effects, metformin induces PP2A activity
by interfering with the assembly of the MIDI-PP2ZA-
complex”, Although MID] has an inhibitory effect on
PP2A", it positively regulates mTOR”, Therefore, met-
formin activates PP2A, while at the same time it sup-
presses mTOR Decreased mTOR signalling results in
activation of autophagy and decreased trandation of
mBMNAs regulated by its downstream effectors S6K and
4E-BP1*', The MIDI1 protein complex via PP2A and
mTOR stimulates translation of mBNAs that are asso-
ciated with this protein complex, some of which play a
role in neurodegeneration'' ™%,

Here we identified APP mRNA as a novel binding
partner of MID1, suggesting that the MID] complex also
induces its translation Since the biguanide metformin
interferes with the assembly of the MID1 protein com-
plex, it thereby reduces tranclation of the APP mRNA,
leading to decreased processing by the amyloidogenic
pathway, This mode of action of metformin has also been
shown for other mRNAs that are associated with the
MID1-complex, including the androgen receptor (AR)
and BACE] mRNA'" Furthermore, we report @ so far
unknown additional connection between MIDT and the
mTOR-dependent translation initiation pathway: MID1
binds to RPLPO, a protein of the large dbosomal subunit.
Metformin treatment inteferes with the MID1-complex
assembly and thus inhibits MID1-dependent transla-
tion™*", Overall, metformin seems to decrease transla-
tion of several MIDL-PP2A-mTOR dependent mRNAs
However, since chronic administration of metformin is
well toleeated in type 2 diabetes patients, this does not
seem to be particularly deleterous. Additonaly, both
induction of autophagy and reduced protein translation
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Fig. & Metformin treatment does not induce degradation of Af.
Determination of cefiular APM2 aggregate loads in SH-FP cells
cantaining TAMRA-AR4D aggregates Cells were treated with difisrent
amaunts of metharmin and AP42 aggregate load was quantihad by
autamated fluorsscence microscopy. Aggregates per c2ll were either
quanthed by the TAMRA-Bbaling or alfernativay by
immunafluorescence wEing the &E10-Af-antibody. BOGC. a substance
that wa peviously reportsd o remade! AR fibrils™ *2, was uzed as
posithe contol Graph show mean vales £ 5EM n=3. *p < Q001

are especially vital for the adult nervous system, since
these processes control homeostasis of AP and phospho-
e, Therefore, we believe that reduced protein
translation of several mBNAs repulated by MID1/PP2A/
mTOR would be beneficial.

The use of metformin as a putative drug for reating AD
has been discussed controversially'™ '™ While in some
studies metformin treatment increased APPY or Ap
levels™, other studies showed that metformin attenuated
ADlike neuropathology for example by decreasing the
level of the APP processing enzyme BACEL, or
by decreasing tau hyperphosphorylation”™, This dis-
crepancy can be explained by differences in the experi-
mental set-up in the different studies, First, the effect of
metlormin seems to be dose- and tme-dependent. For
example, in cell culture models high doses of metformin
(5=50 mM) or long incubation times result in an increased
expression of APP and BACEL™™", while lower doses
(1-2.5mM) decrease BACE] protein levels as well as APP
cleavage products and tan phosphorylation™ ™", In wild-
type mice treatment with 2 g/l metformin in the drinking
water results in increased expression of BACE]L and APP as
well as APP cleavage products™, while treatment with 5
g/l reduces BACE] protein expression' as well as tau-
phosphorylation’, Also the period of treatment seems to be
impottant. Different to studies in which increased APP and
BACEL levels were detected™ ™, our study lasted over a
treatment period of 8 months. Therefore, differences
between scute and chronic pharmacological treatments
could account for the observed effects. Of note, in our
experiments we detected a sipnificant difference in Af}
levels between female and male mice, with female mice
having an increased AP burden compared to male mice.
This observation is in line with previows findings, showing
that female mice exhibit much higher y-secretase activity in
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aged brain compared to male mice and therefore, Ap pla-
que pathology in female mouse models of AD is increased
compared to mabes ™, Interestingly, another study in which
metformin had been wsed in a chronic treatment demon-
strated that learning and memory were Improved by met-
formin treatment in female mice, while it had an opposite
effect in male mice™. This shows that also the sex of the
experimental animals wsed could account for different
findings. Another important point is the age of the
experimental animals in which the treatment was initiated.
To our knowledge our study is the first study in which
metformin treatment was initiated in aged mice displaying
an already progressed state of the disease,

Taken together, our study shows that long-term treat-
ment with metformin  inhibits the MID1-dependent
translation of APP and thus reduces AP plague burden
without any side effects for the animals, The administration
ofmetformin for a prolonged period (8 months) started late
in life and in an already progressed state of the disease
Therefore, our data represent the effects of metformin on
biochemical and cognitive changes of the CNS in a pro-
gressed  disease stage of AD. In addition, we could
show In our previous work, that disassembly of the MID1
protein complex by metormin alss  decreases tau-
phosphorylation”, making the MID1 complex a particu-
larly interesting target for treating all AD neuropathol ogies.

Materials and methods
In vitro translation

To create an hAPP-Luciferase fusion construct, the
human APP wild type splice variant 695 ¢cDNA sequence
was amplified by PCR from the pcDNA-hAPPE95wE plas-
mid using primers APP-pGLAM -fwd and APP-pGL3m-rev
(Table 2), thereby creating HindIll and Neol restriction
sites, which were used to insert the amplified sequence into
the pGL3m plasmid'' 5 of the firefly luciferase sequence.
To enzble in vitro transcrption, a T7 site was inserted by
PCR using primers T7-hAPP-ivts-fwd and pGL3-2258-
ivts-rev (Table 2), The resulting amplificate was phenol-
ehloroform purified and subjected to in vitro transeription
using the RiboMAX™ Large scale RNA production
system-T7 (Promega, Mannheim, Germany) accerding to
the mamufacturer's instructions. In vitro transcribed RNA
was phenol-chloroform purified and translated in vitro
using the Flexi Rabbit Reticulocyte Lysate System (Pro-
mega) in presence or absence of inhibitors. Luciferase
activity was quantified using the Firefly Luciferase Assay
System (Promega) on a FLUOstar Omega 96-well plate
reader (BMG Labtech, Ortenberg, Germany).

Immunoprecipitation

Cells have been authenticated by PCR-single-locus-
technology (service by Eurofins (Ebersberg, Germany)) in
December 2016, HEK293T cells were transfected with

1 81
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Table 2 Primer sequences
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TGEC ARA AAG OTT GGEC ATT 006G GTA OTG TG GTA ARG CCA
CaT O CCA TG O5C CTG GAC CGT TCOT GOA TOT GOT CAA AGA ACTTGT AGGT

mAPP-RT-fwd CAC ATC QTG ATT OO TAC CG
mAFP-RT-rev GTC TCA CAS ACA TOC ATC OGS
miGAPDH-RT-fwd GCA CAG TCA AGG COS ADA AT
miGAPDH-RTrey GOC TTC TOC ATGGTG QTG A4
APP-piaL 3m-fwd

AFP-pGlImev

T7-hAPP-rvts-had

PGl 3 2358 ts-rev

CGA AAT TAA TAC GAC TCA CTA TAG GGG TAA AGC CACCAT GOT GOCOGG TTT GGECACT GO
C0G CaC O0A COG GAA GGRA GOT GAC TGG

PCMV-MID1-Tag2A using PolyFect (Qiagen, Hilden,
Germany) according to the manufacturer's instructions,
Untransfected cells were used as control. Cell pellets were
lysed in TEM buffer (20 mM Tris pH 7.4, 100 mM KCl, 5
mM MgCl,, 0.5% NP40, 1 mM DTT, protesse inhibitors)
using a Precellys cell homogenizer. For pre-clearing, 200
pl of IgG-agarose beads were added to the lysates and
incubated rotating for 30min at 4°C, The beads were
pelieted for 5min at 21,000 x g. Precleared lysates were
then added to 200 pl anti-FLAG M1 Agarose Affinity Gel
(Sigma-Alddch/Merck, Darmstadt, Germany). After
overnight rotation at 4 °C, the beads were washed 6 times
and resuspended in 50 ul 1x S5DS Buffer and boiled for 10
min at 95°C. The proteins were then either identfied by
mass spectrometry analysis or analyzed on a western blot,
For ribosome disassembly, immunoprecipitation was
performed in TEM buffer containing 40 mM EDTA. For
EMase digest, the beads were washed three times afier
overnight incubation, anti-FLAG beads were split into
two aligquots and resuspended in NEBuffer 3 (B7003S,
Mew England Biolabs, Frankfurtl Germany). RNase If
(M0243, New England Bioclabs) was added to a final
concentration of 500 U/ml to one immunoprecipitate and
incubated for 45min at 37°C. Subsequently, beads were
washed three times and treated as described abowve,

Mass spectrometry

The eluted proteins were concentrated into one band
on an SDS-PAGE gel. The band was excised and the
proteing contained were processed using an automated
sample preparation setup™ ., The generated peptides were
purified on StageTips ", Samples were measured on a (-
Exactive mass spectrometer (Thermmo-Fisher, Waltham,
MA, USA) coupled to a Proxeon nano-LC system
(Thermo-Fisher) in data-dependent acquisition mode,
selecting the top 10 peaks for HCD fragmentation. A 1h
gradient (solvent A: 5% acetonitrile, 0.1% formic acid;
solvent B: 80% acetonitrile, 0.1% formic acid) was applied
for the samples wsing an in-house prepared namo-LC
column (0075 mM = 150 mM, 3pm Reprosil C18, Dr.

Maisch GmbH, Ammerbuch-Entringen, Germanyl A
volume of 2pl sample was injected and peptides were
eluted with 3 h gradients of 5-75% solvent B at flow rates
of 0.25 pl/min. MS zequisition was performed at a reso-
lution of 70,000 in the scan range from 300 to 1700 m/z
The normalized collision energy was set to 26 V. The
mass window for precursor fon selection was set to 20 m/
z. The recorded spectra were analyzed using the Max-
Quant software package (Version 1.3.05)" by matching
the data to the Uniprot human database (downloaded on
06.05.2012) with a false discovery rate (FDR) of 1%,

Peptide treatments

Murine primary cortical neurons were treated with 25
M ofa peptide that mimics the MID1 -4 binding site and
thus outcompetes MIDT from binding to od-PP2Ac As
control a mutant peptide was used. Peptides (GSK' 3644
and GSK'365A) containing a 29-residue sequence from ad
(AQAKVFGAGYPSLPTMTVSDWYEQHRKYG and
AQAKVFGAGYPSLPTMTVSDWAEQHRKYG, respec-
tively) with an N-terminal sequence derived from HIV-
TAT protein (RKKREQRRE) were supplied by Cambridge
Research Biochemicals (Billingham, UK), They were syn-
thesized using standard automated solid-phase peptide
synthesis via the Fmoc/tBu strategy, Cleavage from the
resin was performed using 95% tdfluoroacetic acid. Crodes
were purified by preparative high-performance  liguid
chromatography (HPLC), freeze dried and characterzed by
high-performance liguid chromatography (HPLC) and
matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry.

In vivo treatments mice

Male and female APP/PS1 (B6C3-Te( APPswe, PSEN1AES)
85Dbo/Mmjax) mice (age 12-13 months) were treated for
8 months with 5 g/l metiormmin in the drinking water with
daily change of water and addition of fresh metformin Water
intake and body weight of the animals were monitored, After
8 months of treatment, animak were sacrificed and brains
were snap-frozen in liquid nitrogen and broken up using a
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mottar. All procedures were in compliance with German
Animal Protection Law and were approved by the competent
authorties (Landesamt fir Namrschuz und  Ver
braucherschutz Nordrhein-Westphalern: AZ 87-51.04.2011.
AD45/01).

Morris water maze

We assessed spatial leaming and memory in the Morris
water maze in APP/PS] mice treated with metformin or
vehicle control, The water pool (Med Associates) had a
diameter of 1.2 m and was filled with opaque water
(temperatuire: 24 °C) Mice received 6 daily training trials
for 3 consecutive days on a hidden version of the Morris
water maze (Le., the maze contained an escape platform
hidden underneath the water surface in a constant loca-
tion of the pool). To evaluate the accuracy with which the
animals had leamed the position of the escape platform,
we performed a probe tral (during which the platform
was removed from the pool) once training was com pleted.
Behavior of the animals was recorded using an automated
tracking system {Ethovision XT, Noldus), We determined
the number of crossings of the exact target location (Le.,
where the platform was located durng training) and
compared it to the average crossings of analogous posi-
tions in the adjacent, non-target quadrants (reference).

Thioflavin-5 staining

Sagittal brain sections were incubsted in 1x TBS buffer
containing 10% Triton X-100 and transferred onto glass
slides. The slides were dried overnight at room temperature,
Slides were washed 3 times for 3 min in distilled water, and
incubated for 3 min in 0.1% Thioflavin-$ staining solution
(dissolved in 10% ethanol diluted in distilled water) in the
dark. Sections were washed 3 imes in distilled water and
incubated for 20 min in 1% acetic acid in the dark. Slides
were washed with tap water, cover-slipped with mounting
medium (Thermo-Fisher), and stored in the dark at 4 °C.

Western blot

Brain samples were homogenized either in RIPA buffer
(20 mM Tris-HCl (pH 75), 150mM NaCl, 1 mM EDTA,
ImM BGTA 1% NP-40, 1% sodium deoxycholate, 2.5
mM sodium pyrophosphate, 1 mM [-glycerophosphate, 1
mM NagVOy, 1 pg/ml leupeptin) or in SDS PAGE buffer
B (40 mM Tris-HCI pH 6.8, 4% Glycerol, 2% 5DS, 0.01%
bromophenolblue, 2mM 2-mercaptoethanocl), sonicated
and boiled for 5 min at 95 °C. Proteins were analyzed on
10 or 12% SDS gels and blotted onto PYDF membranes
(Roche, Mannheim, Germany). Blots were blocked in milk
and incubated with the antibodies listed below,

Bands were demsitometrically gquantified using AIDA
software w27 (Raytest, Straubenhardt, Germanyl
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Statistical analysis

Statistical analyses were performed using two-way
ANOVA, as well as Student's t-test or Mann-Whitney test
(bwo-tailed) for two-group comparisons, as appropriale.

Dot blot

Brain samples were homogenized in RIPA buffer. 50 pg
total protein per well were loaded and proteins were
transferred to a PYDF membrane using a HYBRI-DOT
manifold, The aggregates on the membrane were detected
by incubation with anti-beta-amyloid 6E10 antibodies
(BioLegend, San Diego, CA, USA),

ELISA

ELISA zssays to measure Afl were performed using the
AP40 [ A2 ELISA Kits (Life Technologies) according to
the manufacturer's protocol

Antibodies

The following antibodies were purchased from Cell
Sigraling (Leiden, Nethedands): 56 (#2317), pS6 (#4858),
actin  (§4967), elF3A (#3411), oIF4G (#2498), RPLS
(#51345) and GAPDH (#2118). FLAG-HRP (A8592)
antibody was purchased from Sigma; RPLPO (ab192866),
RPS3 (#128995), and APP (ah2071) from Abcam (Cam-
bridge, UK}, and anti- beta-amyloid 6E10 from BioLegend
(R03001).

Reaktime PCR

Total RNA was isolated using the RNeasy Plus Mini Kit
(Qiagen). cDNA was synthesized wsing the TagMan
reverse transcription reagents kit (Applied Biosystems,
Waltham, MA, USA) and real-time PCR was carried out
using the SYBRGreen PCR master mix (Applied Biosys-
tems). Primers used are listed in Table 2.

REMA immunoprecipitation

Murine pAmary cortical neurons were transfected with
FLAG-tagged MIDI1 using Lipofectamine 2000 (Invitro-
gen Waltham, MA, USA). 48 h after transfection, cells
were treated with or without 25mM metformin and
incubated another 24 h. After UV-crosslinking (200 m]/
cm?) cells were lysed in TKM buffer (20 mM Tris pH 7 4,
100mM KCL 5mM MgCly, Complete protease inhibitor
cocktail (Roche), RNAse inhibitor, 0.2% NP40) and
MID] protein complexes were purified by immunopre-
cipitation wsing anti-FLAG M1 Agarose Affinity Gel
(Sigma-Aldrich) or lgG-agarose (Sigma-Aldrich)  as
a negative control. Prowin-bound mBENA was isolated
after DNAse and proteinase K digestion by phenaol-
chloroform purfication and analyzed by RT-PCR. Primers
used are listed in Table 2.
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Automated fluorescence microscopy and determination of

cellular Ap42 aggregate loads

For fluorescent labeling of AP aggregates, 20 uM A2
peptide stock solutions diluted in low salt buffer (10 mM

NaCl, 1.9 KH.PO,, 8.1 mM K,HPO,, pH 7.4) were mixed
with 5% AP42 peptides which have been N-terminally labeled
with the fluorophore 5-Carboxytetramethylrhodamine
(TAMBA) in solid-state peptide synthesis by AnsSpec, Fre-
mont, USA. Then, mixed Af peptide solutions were aggre-
gated at 37 °C for 18h under 300 rpm constant agitation
followed by sonication with a Sonic Dismembrator Model
120 from Fisher Scientific GmbH (Schwerte, Germany) at
low intensity for 6 rounds of 10 s, SH-EP cells (DSME,
Braunschwelg, Germany) were cultured in DMEM (Gibeo by
Thermo-Fisher GmbH, Dreeich, Germany) containing 10%
fetal bovine serum (FBS), 5% Glucose, 100 units/ ml penicillin
and streptomycin, respectively. Incubation was carried out at
37 Cwith 5% (v/v) CO,. For A[M2 aggregate internalization,
cellswere treated with 600 nM or 1 pM TAMRA-A M2 for 18
h To ensure removal of free and surface-bound aggregates,
AP containing medium was aspirated, cells were washed with
phosphate- buffered saline (PBS), trypsinized and collected in
fresh medinm. Then, cells were seeded into 96-well cell
culture plates and treated with different amounts of met-
formin foré h Cells were fixed In 2% paraformaldehyde for
20min at room temperature, followed by Nuclei staining
with Hoechst (1:2500 Hoechst 33342, Sigma- Aldrich Che-
mie Gmbh Munich, Germany) and then washed twice with
PBS, before fluorescent microscopy was performed in a
Cellomics ArrayScan Hight-Content System  (Thermo-
Fisher) using an objective with 20-fold magnification. After
image acquisition, automated data analysis was performed
using ArrayScan VT1 (700 Series, Thermo-Fisher). For
quantification, individual cells were detected via Hoechst
fluorescent signals (XT53, filter and dichroic-emitter pair)
and total TAMBRA fluorescent areas per cell (XT32, filter and
dichroic-emitter pair] were measured and calculated from
technical triplicates. Alemnatively, A} was stained by
immunofluorescence using the GELD antibody (BloLegend).
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