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Zusammenfassung

Neurologische Entwicklungsstérungen entstehen durch Stérungen der Gehirnentwicklung, die oft
genetisch bedingt sind. Die krankheitsassoziierten Gene kodieren fiir drei funktionelle Klassen von
Proteinen: Transkriptionsregulatoren, synaptische Proteine und RNA-bindende Proteine. Es wurde
vermutet, dass den Pathomechanismen die gleichen molekularen Signalwege zugrunde liegen. In
diesem Projekt wurden Pathomechanismen analysiert und verglichen, die durch Fehlfunktion von
Genen aus zwei dieser funktionellen Klassen bedingt sind. Mutationen in den SHANK1- und SHANK3-
Genen sind mit Autismus-Spektrum-Stérungen assoziiert, und die SHANK-Gene kodieren fir
synaptische Geristproteine. Das Gen AGO2 kodiert fir das RNA-bindende Protein Argonaute-2.
Varianten in AGO2 wurden als Ausl6ser des Lessel-Kreienkamp-Syndroms identifiziert.

Shank-Proteine sind Geriistproteine von exzitatorischen, glutamatergen Synapsen. Shank-Proteine
verbinden postsynaptische Glutamatrezeptoren indirekt mit F-Aktin lGber ein Proteinnetzwerk. Der
N-Terminus von Shank3 interagiert mit G-Proteinen der Ras-Familie, wodurch Shank Proteine mit dem
MAPK-Signalweg in Verbindung stehen. Dieser ist wiederum an der Regulation der Translation
beteiligt. Es wird vermutet, dass eine veranderte Translation bei diversen Autismus-Spektrum-
Stérungen zu dem Pathomechanismus beitragt. Die Hypothese dieses Projekts war, dass der Verlust
von Shank die Translation verdndern kénnte. Diese Hypothese wurde mit Omics-Ansatzen liberprift.
Das Translatom und Proteom von Mausmodellen fir Shank-assoziierte Autismus-Spektrum-Stérungen
wurden untersucht. Aktiv translatierte mRNAs wurden aus hippocampalen Neuronen von Shank3a6-
Knockout-Mausen mittels microRNA-Affinitatsreinigung prapariert und durch RNA-Sequenzierung
analysiert. Der Verlust von Shank3af fihrte zu einer geringfligig veranderten Translation von einer
Untergruppe neuronaler Transkripte. Proteomics-Studien wurden an biochemisch aufgereinigten
postsynaptischen Dichtefraktionen aus Hippocampi von Shankl- und Shank3aB-Knockout-Mausen
durchgefiihrt. Durch Verlust von Shankl und Shank3ap wurde das postsynaptische Proteom stark
verandert. Die Menge der aktiven, phosphorylierten CaMKlla war in Postsynapsen von Shank-
Knockout-Mdusen erhdht, was zu einer fehlregulierten neuronalen Signaliibertragung beitragen kann.

Argonaute-2 spielt eine Rolle in der RNA-Interferenz. Um eine Hemmung der Translation
durchzufiihren, assoziiert Argonaute-2 mit microRNA und bildet den RNA-induzierten Silencing-
Komplex. Es wurde die Hypothese aufgestellt, dass von Patienten stammende Argonaute-2-Mutanten
andere microRNAs binden als Wildtyp-Argonaute-2 und dadurch die RNA-Interferenz beeinflusst
werden konnte. Um diese Hypothese zu testen, wurden primare kortikale Neuronen mit Adeno-
assoziierten Viren infiziert und damit die Expression der Argonaute-2-Mutante L192P induziert. Die
Expression der L192P-Variante fiihrte zu einem vermehrten Auftreten von dendritischen
Prozessierungsclustern, was durch Immunzytochemie und konfokale Mikroskopie nachgewiesen
wurde. Es wurde eine microRNA-Affinitatsaufreinigung durchgefiihrt und microRNAs sequenziert. Die
exprimierten und die an Argonaute-2-gebundenen microRNAs wurden identifiziert. Vier verschiedene
Aspekte der microRNA-abhdngigen RNA-Interferenz waren in Neuronen, die die Argonaute-2-Mutante
exprimierten, verandert. Einige microRNAs wurde unterschiedlich stark exprimiert, was auf ein
verandertes miRNom hinweist. Mehrere microRNAs wiesen eine veranderte Assoziation mit dem RNA-
induzierten Silencing-Komplex auf. Die Argonaute-2-Mutante besaB eine verdnderte
Strangselektivitat, die ,,arm switching” Ereignisse zwischen Leit- und Passagierstrangen von microRNAs
induzierte. Die Patientenvariante fluhrte zu einem verstarkten Einbau von Isomeren von microRNAs,
den so genannten isomiRs. Einige der isomiRs waren ausschliefSlich an Argonaute-2 L192P gebunden,
wahrend keine der isomiRs ausschlieBlich mit dem Wildtyp-Protein assoziiert war. Die Argonaute-2-
Variante filihrte zu einer Deregulierung des genomischen Clusters miR379-409. Die Deregulierung
dieses Clusters beeinflusst wahrscheinlich die Neurogenese, die neuronale Migration und die
synaptische Funktion.



Analysen des Translatoms, des Proteoms, des miRNoms und der an Argonaute-2 gebundenen
microRNAs zeigten unterschiedliche Aspekte einer Deregulation, die zu den molekularen Defekten in
Modellsystemen fiir neuronale Entwicklungsstérungen beitragen. Dies deutet darauf hin, dass die
Pathomechanismen der Shank-assoziierten Formen von Autismus-Spektrum-Stérungen und des
Lessel-Kreienkamp-Syndroms nicht in gemeinsamen Pfaden konvergieren, sondern vielmehr zu
weitreichenden und Gen-spezifischen Verdanderungen von zelluldren Funktionen fiihren.



Abstract

Neurodevelopmental disorders arise due to malfunctions in brain development and often are
genetically caused. The disease-associated genes encode three major classes of proteins:
transcriptional regulators, synaptic proteins, and RNA-binding proteins. It was proposed that the
pathomechanisms may converge in shared molecular pathways. | functionally analyzed and compared
the pathomechanisms of insufficiency for SHANK1 and SHANK3, two genes associated with autism
spectrum disorders, with a variant of the AGO2 gene, encoding the RNA-binding protein Argonaute-2
and causing Lessel-Kreienkamp syndrome.

The SHANK genes encode Shank proteins, scaffolds of excitatory, glutamatergic synapses that
indirectly connect postsynaptic glutamate receptors to F-actin via a protein network. The N-terminus
of Shank3 interacts with Ras family G-proteins, connecting Shank to the MAPK pathway, which is
involved in translational regulation. Altered translation has been implicated in the pathology of autism
spectrum disorders. The hypothesis of this project was that loss of Shank may alter the regulation of
translation. Omics were applied to test this hypothesis. The translatome and proteome of mouse
models for Shank-associated autism spectrum disorders were investigated. Actively translated mRNAs
were purified from hippocampal neurons of Shank3aB knockout mice via microRNA affinity
purification and analyzed by RNA sequencing. Absence of Shank3af resulted in subtly altered
translation of a subset of neuronal transcripts. Proteomics were performed with biochemically purified
postsynaptic density fractions from hippocampi of Shank1 and Shank3a8 knockout mice. The loss of
Shankl and Shank3aP severely altered the postsynaptic proteome. The abundance of active,
phosphorylated CaMKlla was increased in Shank knockout mice, which may contribute to misregulated
neuronal signaling.

Argonaute-2 functions in RNA interference. To execute translational silencing, Argonaute-2 associates
with microRNA and forms the RNA induced silencing complex. It was hypothesized that patient derived
Argonaute-2 mutants may bind different microRNAs, altering RNA interference. To test this hypothesis,
primary cortical neurons were infected with adeno-associated viruses to induce expression of the
Argonaute-2 mutant L192P. Expression of the L192P variant induced increased occurrence of dendritic
processing bodies, shown by immunocytochemistry and confocal microscopy. MicroRNA affinity
purification was applied, and microRNAs were sequenced. The expressed and Argonaute-2-bound
microRNAs were identified. Four different aspects of microRNA-dependent RNA interference were
altered in neurons that expressed the Argonaute-2 mutant. A subset of microRNAs was differentially
expressed, indicating an affected miRNome. Several microRNAs exhibited altered association to the
RNA induced silencing complex. The Argonaute-2 mutant showed altered strand selectivity, which
resulted in arm switching events between guide and passenger strands of microRNAs. The patient
variant induced enhanced incorporation of isomers of microRNAs, termed isomiRs. A subset of isomiRs
was exclusively bound to Argonaute-2 L192P, whereas none of the isomiRs associated exclusively with
the wildtype protein. The Argonaute-2 variant resulted in deregulation of the miR379-409 genomic
cluster. Deregulation of this cluster likely affects neurogenesis, neuronal migration, and synaptic
function.

Analyses of translatome, proteome, miRNome, and Argonaute-2-bound microRNAs demonstrated
variable deregulations contributing to the molecular defects in model systems for
neurodevelopmental disorders. This suggests that the pathomechanisms of Shank-associated forms of
autism spectrum disorders and Lessel-Kreienkamp syndrome do not converge in common pathways,
but rather result in broad and gene-specific alterations of cellular functions.



1. Introduction

1.1. Neurodevelopmental Disorders

Neurodevelopmental disorders (NDDs) are diseases that arise due to malfunctions during brain
development. The clinical presentation of NDDs is characterized by deficits in cognition,
communication, and motor skills. Patients are often unable to achieve developmental milestones and
NDDs are regularly diagnosed in childhood (Parenti et al. 2020). Intellectual disability (ID), autism
spectrum disorders and attention deficit hyperactivity disorder (ADHD) are examples of well-known
NDDs (Niemi et al. 2018, Tarlungeanu and Novarino 2018). Frequently, a combination of ID, ASD and
epilepsy is the patient’s phenotype (van Bokhoven 2011, Du et al. 2018). NDDs often have a genetic
cause (Parenti et al. 2020). NDD-causing mutations include chromosomal rearrangements, insertions
and deletions of varying sizes, and single nucleotide variants (SNVs) in which only a single DNA base is
exchanged (Kong et al. 2012, Bourgeron 2015, Parenti et al. 2020). Frequently, these variants are not
inherited from the parents but occur de novo.

Brain development requires extensive spatial and temporal regulation of migration, function, and
plasticity of neurons (Prashad and Gopal 2021). Neurons, the key players of the central nervous system
(CNS), are highly polarized and complex. In addition to the cell body, which is called the soma, neurons
have long and branched extensions: the axons and dendrites (Chklovskii 2004). Synapses are
asymmetric intercellular connections between axons and dendrites of different neurons through which
they transmit information (Sheng and Hoogenraad 2007, Sudhof 2018). Synaptic transmission between
presynaptic sites on an axon and postsynaptic sites formed on a dendrite is enabled by the release and
reception of neurotransmitters. For this, the pre- and postsynapse must be precisely aligned.
Mutations in genes encoding synaptic scaffold or adhesion proteins disrupt synaptogenesis, which is
increasingly recognized as a major cause of NDDs (Zoghbi 2003, Grabrucker et al. 2011, Bourgeron
2015).

More than 900 NDD risk genes have been identified (Wright et al. 2015, Clark et al. 2018, Srivastava et
al. 2019). Interestingly, the proteins encoded by these genes appear to belong to different subgroups
depending on their cellular function. The major classes of proteins are chromatin remodellers and
other transcriptional regulators, synaptic proteins, and RNA-binding proteins (Wright et al. 2015, Clark
et al. 2018, Srivastava et al. 2019). In this thesis, | functionally analyzed and compared the
pathomechanisms of two classes of NDD risk genes using omics approaches. First, | analyzed SHANK1
and SHANK3, ASD-associated genes which encode postsynaptic scaffold proteins (Sheng and Kim 2000,
Grabrucker et al. 2011, Sato et al. 2012). Second, | analyzed a NDD-causing variant of the AGO2 gene
encoding the RNA-binding protein Argonaute-2, which plays a key role in the RNA interference
signaling pathway (Hammond et al. 2000, Lessel et al. 2020).

1.2. Autism Spectrum Disorders

Autism spectrum disorders (ASD) are a clinically heterogeneous subgroup of NDDs characterized by
impairment of social interaction and communication, restricted interests, stereotypic or repetitive
behaviors, restlessness, and sensory impairments (Asperger 1944, Kanner 1968, Lord et al. 2000, Foxe
et al. 2015). The phenotype exhibits wide variability among autistic individuals. ASD is rarely diagnosed
alone but rather as a comorbidity with other NDD-typical symptoms such as ID, ADHD, epilepsy, and
anxiety (Skuse et al. 2009, Gillberg 2010, Constantino 2011, Moreno-De-Luca et al. 2013). While the
extent to which environmental and epigenetic factors contribute to ASD remains unclear, a strong
genetic contribution has been demonstrated in several studies, and the estimated heritability of ASD
ranges from 38%-90% (Hallmayer et al. 2011, Ronald and Hoekstra 2011, Sandin et al. 2014). 10%-25%
of ASD cases are monogenic forms in which a single mutation in one gene causes the core symptoms.
Mutations in all three SHANK genes, encoding the Shank/ProSAP proteins, have been reported in
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individuals diagnosed with ASD (Bonaglia et al. 2001, Durand et al. 2007, Moessner et al. 2007, Berkel
et al. 2010, Sato et al. 2012). Although high homology exists between SHANK1, SHANK2, and SHANK3,
patients with SHANK mutations display a variable phenotype of ASD in combination with ID,
schizophrenia, and other comorbidities (Grabrucker et al. 2011, Berkel et al. 2012, Sato et al. 2012).
SHANK3 was first described as a disease-causing gene. Haploinsufficiency of SHANK3 was identified as
the cause of Phelan-McDermid syndrome, also known as deletion 22g13.3 syndrome, characterized by
ASD-like features, ID, delayed development or absence of speech, and hypotonia (Bonaglia et al. 2001,
Wilson et al. 2003, Manning et al. 2004, Phelan 2008). Various SHANK3 variants have been identified
in autistic patients, including deletions and duplications of genomic sections of varying sizes,
translocations and point mutations (Bonaglia et al. 2005, Bonaglia et al. 2011, Boccuto et al. 2013). The
point mutations include frame shift, splice site, and missense variants (Durand et al. 2007, Moessner
et al. 2007, Gauthier et al. 2009). Collectively, mutations in SHANK3 account for 1% of genetically
caused ASDs (Moessner et al. 2007, Boccuto et al. 2013). ASD-associated mutations in SHANK1
contribute to 0.04% of all ASD cases and are rarer compared to SHANK3 (Leblond et al. 2014). De novo
deletions spanning SHANK1 and adjacent genes, as well as missense and splice site variants have been
reported in males diagnosed with mild ASD with ID and in females with depression or anxiety (Sato et
al. 2012, Qin et al. 2022).

1.2.1. Shank Proteins Function as Scaffolds of the Postsynaptic Density

The Shank/ProSAP proteins are postsynaptic scaffold proteins of excitatory, glutamatergic synapses
(Sheng and Kim 2000, Gundelfinger et al. 2006, Kreienkamp 2008, Grabrucker et al. 2011). These
synapses localize to the tip of dendritic spines, protrusions originating from dendrites. Spines form a
biochemical microcompartment for calcium ion (Ca?*) signaling by separating the spine head from the
dendritic shaft through a narrow spine neck (Noguchi et al. 2005, Higley and Sabatini 2012, Raghuram
et al. 2012). Thus, a single neuron can be equipped with up to 10,000 of these microcompartments,
allowing for complex signal processing (Sorra and Harris 2000, Carlisle and Kennedy 2005). Spines
change dynamically in size and protein composition to adapt to the signals they receive, which is the
molecular basis of synaptic plasticity (Grunditz et al. 2008, Colgan and Yasuda 2014). The
morphological and molecular adaptations of spines are enabled by activity-dependent rearrangement
of filamentous actin (F-actin), a cytoskeletal protein enriched in spine heads (Fischer et al. 1998,
Hotulainen and Hoogenraad 2010, Dent et al. 2011). The Shank proteins, i.e. Shank1, ProSAP1/Shank2,
and ProSAP2/Shank3, indirectly connect F-actin to neurotransmitter receiving receptors at the
postsynaptic membrane (Du et al. 1998, Boeckers et al. 1999, Lim et al. 1999). Through several protein-
protein interaction domains, Shank proteins interact with various postsynaptic proteins and scaffold a
dense protein network beneath the postsynaptic membrane (Sheng and Kim 2000, Sheng and
Hoogenraad 2007, Kreienkamp 2008). This sub-membranous network is the so-called postsynaptic
density fraction or PSD (Chen et al. 2005, Sugiyama et al. 2005, Sheng and Hoogenraad 2007, Sheng
and Kim 2011). All three Shank proteins exhibit a broad expression pattern throughout brain regions,
cell populations and developmental time points. Notably, higher expression of Shank was observed in
the hippocampus and cortex, brain areas implicated in learning processes and cognition (Zitzer et al.
1999, Bockers et al. 2001, Bockers et al. 2004, Roussignol et al. 2005). The domain structure is highly
conserved among the three members of the Shank protein family. From the N- to the C-terminus, full-
length Shank consists of the Shank/ProSAP N-terminal (SPN), the ankyrin repeats (ANK), the SRC
homology 3 (SH3) and PSD-95/Discs large/Z0-1 (PDZ) domains, followed by a proline-rich region and a
sterile alpha motif (SAM) (Figure 1) (Naisbitt et al. 1999, Tu et al. 1999, Sheng and Kim 2000, Bockers
et al. 2001, Gundelfinger et al. 2006, Kreienkamp 2008, Jiang and Ehlers 2013).
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Figure 1: Domains of the Shank proteins. The domains are highly conserved among all Shank proteins, though individual domains
may be missing in some transcript variants . The numbers indicate the length and position of the amino acid sequence of the
respective domain of Shank3 in full length. From the N- to the C-terminus: Shank/ProSAP N-terminal (SPN) domain, the ankyrin
repeats (ANK), the SRC homology 3 (SH3) domain, the PSD-95/Discs large/Z0O-1 (PDZ) domain, the proline-rich region (PRR) and
the sterile alpha motif (SAM). Adapted from Lilja et al. 2017 and the PhD thesis of D. Woike 2022.

The SPN domains of Shank1 and Shank3 associate with active Ras and Rap small G-proteins, linking this
domain to G-protein-mediated signaling (Lilia et al. 2017). The inactive a-subunit of the
calcium/calmodulin dependent kinase 1l (CaMKlla) binds to the SPN domain and the linker region
between the SPN and ANK domain (Cai et al. 2021). The ankyrin repeats facilitate regulation of F-actin
via binding to a-fodrin (Bockers et al. 2001). Additional binding sites for the actin-regulatory proteins
Abil, IRSp53 and cortactin are located in the proline-rich region (Du et al. 1998, Soltau et al. 2002,
Proepper et al. 2007). The PDZ domain and the Homer binding site inside the PRR connect Shank either
directly or indirectly with ionotropic and metabotropic glutamate receptors (Naisbitt et al. 1999, Tu et
al. 1999, Uchino et al. 2006). lonotropic a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors (AMPARs) either interact with the PDZ domain of Shank or indirectly associate with Shank
via the Shank-GKAP-PSD-95-Stargazin-AMPAR complex (Garner et al. 2000, Uchino et al. 2006). GKAP
and PSD-95 connect Shank to N-methyl-D-aspartic acid-type glutamate receptors (NMDARs) (Boeckers
et al. 1999, Naisbitt et al. 1999, Tu et al. 1999). Self-association of the C-terminal SAM domain allows
Shank proteins to multimerize into helical fibers that, when stacked side by side, form sheet structures
(Boeckers et al. 2005, Baron et al. 2006, Kreienkamp 2008, Hayashi et al. 2009). This clustering requires
incorporation of zinc ions (Zn?*) into the polymers of SAM domains and the SAM domains of Shank2
and Shank3 bind zZn?* efficiently (Baron et al. 2006, Grabrucker et al. 2011), (Boeckers et al. 2005,
Gundelfinger et al. 2006). Through the multiple interactions described, Shank proteins are involved in
various signaling cascades at the PSD and are believed to be essential for synapse formation (Figure 2).
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Figure 2: Shank proteins function as scaffold of the postsynapse. Shanks localize at excitatory, glutamatergic synapses on
dendritic spines. Shanks links F-actin to glutamate receiving receptors at the postsynaptic membrane. Shank is either directly
or indirectly connected with ionotropic and metabotropic glutamate receptors. AMPARs either interact with the PDZ domain
of Shank or indirectly associate with Shank via the Shank-GKAP-PSD-95-Stargazin-AMPAR complex. GKAP and PSD-95 connect
Shank to NMDARs. Shank proteins are connected to the cell adhesion molecule Neuroligin (NLGN) via GKAP. Neuroligin
interacts with presynaptic neurexin (NRXN) in the synaptic cleft. Shank binds mGIuR5 indirectly via Homer. Zn%*-dependent
self-association of the C-terminal SAM domain allows Shank proteins to multimerize. Shank facilitates regulation of F-actin via
binding to actin-regulatory proteins such as a-fodrin, Abil and cortactin. The N-terminal domains link Shank to CaMKlla and
Ras/Rapl-mediated signaling pathways. Created with BioRender.com.

1.2.2. Modelling of ASDs in Shank Knockout Mice

Monogenic forms of ASD provide the possibility to introduce the respective genomic alterations into
mouse models and to investigate neurobiological mechanisms in vivo (Jiang and Ehlers 2013). SHANK1
and SHANK3 mutations are promising candidates for the rodent model system since the genetic
contribution in SHANK-associated ASDs is strong (Schmeisser 2015). Mouse models allow one to test
for an autistic phenotype and to study the rescue effects of drug candidates in behavioral tests, paving
a road to treatment (Murphy and Spooren 2012, Ecker et al. 2013, Sungur et al. 2014). Shank3 can be
transcribed from six alternative promotors, making this gene complex to manipulate (Lim et al. 1999,
Naisbitt et al. 1999). Hence, several mouse models were generated that differ by deletion of different
genomic segments, resulting in isoform-specific or complete loss of the encoded Shank3 protein.
(Bozdagi et al. 2010, Peca et al. 2011, Wang et al. 2011, Schmeisser et al. 2012, Kouser et al. 2013, Lee
et al. 2015, Wang et al. 2016, Jaramillo et al. 2017). In this study, | used the Aex11 mouse model,
hereafter referred to as the Shank3aB-knock out mouse model. In this mouse model, deletion of the
11t exon disrupts transcripts arising from the first three promotors in Shank3, resulting in the loss of
the three longer isoforms of Shank3 containing the SPN, ANK and SH3 domains (Schmeisser et al.
2012). Behavioral assays concluded that these mice exhibit extensive self-grooming, resembling the
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ASD core phenotype of repetitive behavior. Biochemical investigations of these mice demonstrated
that the protein composition of the postsynaptic density is altered (Schmeisser et al. 2012).

Shank1 includes two different promotors and can be transcribed into two Shank1 isoforms (Lim et al.
1999, Bockers et al. 2004). Shank1 knockout mice were created by deletion of exon 14 and 15, resulting
in a complete knockout of the Shank1 protein (Hung et al. 2008). The Shank1 knockout mice showed
moderate autistic behaviors, as their frequency of self-grooming was slightly increased as adults. They
also exhibited impairments in social interaction, communication and contextual fear memory (Hung et
al. 2008, Silverman et al. 2011, Wohr et al. 2011, Sungur et al. 2014). Remarkably, Shank1 knockout
mice displayed enhanced spatial learning and memory, resembling the phenotype of the rare Savant
syndrome, in which autistic individuals possess extraordinary abilities in isolated skills mostly related
to memory tasks (O'Connor and Hermelin 1989, Heaton and Wallace 2004, Hung et al. 2008). On the
molecular level, postsynaptic protein composition was altered and the size of postsynaptic sites was
reduced in the Shank1 knockout mouse model (Hung et al. 2008).

1.3. Association of RNA-Binding Protein with NDDs

Mutations in several genes coding for RNA-binding proteins (RBPs) have been identified as causes of
NDDs and form the second subset of NDD risk genes studied here. These include translation initiation
and elongation factors, ribosomal proteins, and Argonaute proteins (Kapur and Ackerman 2018,
Lennox et al. 2018, MclLachlan et al. 2019, Lessel et al. 2020, Schalk et al. 2022). The AGO2 gene
encodes the Argonaute-2 (Ago2) protein that belongs to the Argonaute protein family (Hammond et
al. 2001). AGO2 was identified as a disease gene, as heterozygous variants underlie a NDD termed
Lessel-Kreienkamp syndrome (LESKRES) (Lessel et al. 2020). Across 21 patients, 11 different missense
variants were described, of which 10 occurred de novo and five were recurrent. One inherited missense
variant, one in-frame deletion, and one deletion spanning the first three exons were described among
this cohort. Missense variants lead to the exchange of a single amino acid in the protein primary
structure. All LESKRES patients exhibited ID and mild to severe global neurodevelopmental delay with
motor and speech impairments. 56% also showed ASD-typical symptoms including stereotypic and
repetitive behavior (Lessel et al. 2020). Knockout of Ago2 is lethal in mice during early embryonic
development, indicating that Ago2 plays a cruical role in development (Liu et al. 2004). In contrast,
Agol knockout mice are viable although heterozygous mutations in AGO1 are associated with a severe
NDD in humans (Van Stry et al. 2012, Schalk et al. 2022). The clinical representation of AGO1 variants
showed high similarity to LESKRES (Lessel et al. 2020, Schalk et al. 2022). Interestingly, several missense
variants alter homologous amino acid residues between Agol and Ago2. For example, the leucine 192
substitution in a LESKRES patient (L192P) corresponds to a leucine 190 to proline substitution in a
patient with an AGOZ1-associated NDD (L190P) (Lessel et al. 2020, Schalk et al. 2022).

1.3.1. RNA interference

RNA interference (RNAI) is a mechanism for posttranscriptional gene regulation (PTGR) that acts on
MRNA (Gerstberger et al. 2014). Axons, dendrites, and individual synapses display distinct
transcriptomes (all mRNA transcripts) and translatomes (actively translated mRNAs) (Prashad and
Gopal 2021). RNAi allows for precise adjustment of these transcript levels and dynamic fine-tuning of
RNA-dependent processes (Holt and Schuman 2013). Repression of translation is a central aspect of
RNAIi (Eulalio et al. 2007). To convey translational repression, RNA-binding proteins assemble with
different classes of non-coding RNAs (ncRNAs) to ribonucleoprotein complexes (Gerstberger et al.
2014, Hirose et al. 2014). A large proportion of these ncRNAs are small RNAs, typically 20 to 30
nucleotides (nt) long (Carninci et al. 2005). The family of small RNAs (sRNA) is divided into three
classes: small interfering RNA (siRNA), P-element-induced wimpy testis (PIWI)-interacting RNA
(piRNAs), and microRNA (miRNA), which differ in their biogenesis and mechanism of function (Lee et
al. 1993, Wightman et al. 1993, Vagin et al. 2006, Ghildiyal and Zamore 2009, Ketting 2011).
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1.3.2. MicroRNAs

MicroRNAs are transcribed from the genome as primary miRNA (pri-miRNA) by RNA polymerase Il and
thereby share their transcription machinery with mRNA (Figure 4) (Lee et al. 2004). The pri-miRNA
typically spans more than one kilobase (kb) and features a partially base-paired stem-loop structure
with 5°-cap and 3’-poly(A) tail (Lee et al. 2002, Cai et al. 2004). In the nucleus, the microprocessor
complex, which includes the type-lll RNase Drosha and its binding partner DGCR8, mediates a
maturation process. In this process, the pri-miRNA is cleaved to produce the precursor miRNA (pre-
miRNA), a hairpin-shaped RNA approximately 65 ntin length (Lee et al. 2003, Denli et al. 2004, Gregory
et al. 2004, Han et al. 2004). From the nucleus, the pre-miRNA is exported to the cytoplasm by
Exportin-5 via a RanGTP-dependent pathway (Yi et al. 2003, Bohnsack et al. 2004, Lund et al. 2004).
Further cleavage steps are carried out in the cytosol by a second type-Ill RNase, called Dicer (Bernstein
et al. 2001, Grishok et al. 2001, Knight and Bass 2001, Caudy et al. 2002). The product is a duplex miRNA
with an average length of 22 nt, which is subsequently loaded on an Argonaute (Ago) protein (Figure
4) (Hammond et al. 2000, Hutvagner et al. 2001, Ketting et al. 2001). Alternative processing by Drosha
and Dicer, for example the use of alternative cleavage sites in pri- and pre-miRNA, can result in
isoforms of miRNA derived from the same precursor transcript, called isomiRs (Wu et al. 2009, Yang
and Lai 2011). Non-templated isomiRs are created by the addition of nucleotides that do not match
the pre-miRNA sequence (Wyman et al. 2011, Ameres and Zamore 2013). Polymorphic isomiRs are
created by enzymatic exchange or editing of nucleotides to yield isomiRs that differ from the
corresponding canonical miRNA not in length but in sequence (Neilsen et al. 2012, Ameres and Zamore
2013). IsomiRs add another layer of complexity to the miRNA-mediated pathway of RNAIi (Kim et al.
2020). MicroRNAs participate in diverse regulatory pathways, influencing organism development,
adaption to the environment, and neuronal function. 50% of identified miRNAs are highly or exclusively
expressed in the brain (Lee et al. 1993, Cao et al. 2006, Phillips et al. 2007). RNAi via miRNAs has
properties distinguishing it from other regulatory mechanisms (Hobert 2008). In comparison with
transcription factors that function exclusively in the nucleus to regulate gene expression, miRNAs
influence translation of MRNAs locally in different intracellular localizations (Hobert 2008). This is of
particular importance in neurons because local translation is fundamental for synaptic plasticity and
miRNAs have been implicated in this phenomenon (Schratt 2009). To execute RNAi, miRNAs associate
with Ago proteins (Bartel 2004, Czech and Hannon 2011).

1.3.3. Argonaute Proteins

Argonaute proteins occur in all domains of life and have been identified in prokaryotes (pAgos) and
eukaryotes (eAgos). Although there is little sequence homology between pAgos and eAgos, the
architecture and especially the function are evolutionarily conserved (Tolia and Joshua-Tor 2007,
Swarts et al. 2014, Olina et al. 2018, Wu et al. 2020). P- and eAgos share a common catalytic
cycle: binding of small RNA, recognition, binding, and eventually release or cleavage of the target
MRNA (Lisitskaya et al. 2018, Wu et al. 2020). In humans, eight different Ago proteins are expressed
with a typical molecular weight of around 100 kDa (Sasaki et al. 2003, Kobayashi and Tomari 2016).
The protein family is divided into two subfamilies. The Ago subfamily consists of Agol, Ago2, Ago3,
and Ago4, all of which bind to miRNAs and siRNAs (Sasaki et al. 2003, Kuhn and Joshua-Tor 2013, Azlan
et al. 2016). The PIWI proteins form the second subfamily and bind to piRNAs (Sasaki et al. 2003, Kuhn
and Joshua-Tor 2013, Azlan et al. 2016, Kobayashi and Tomari 2016, Doxzen and Doudna 2017). The
protein domains of Ago fold into a two-lobed configuration. The first lobe consists of the N-terminal
domain (N), Linker region 1 (L1) and the PIWI/Argonaute/Zwille (PAZ) domain. The a-helix-7-containing
Linker 2 (L2) links the first lobe to the second lobe, which consists of the Middle (MID) domain and the
PIWI domain (Figure 3). L1 and L2 allow structural rearrangements during RNA binding (Wu et al. 2020).
The N-terminal domain is necessary for RNA duplex unwinding. L1 connects the N-terminal domain to
the PAZ domain. The PAZ domain anchors the 3’-hydroxyl end of sSRNA in a specialized binding pocket
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(Hock and Meister 2008, Simon et al. 2011, Tian et al. 2011, Kwak and Tomari 2012). The MID domain,
located C-terminal to the PAZ domain, provides a pocket for the 5°-terminal phosphorylated end of a
SRNA (Wang et al. 2008, Boland et al. 2011). The PAZ and MID domains, connected by L2, functionally
coordinate anchoring of the sRNA into Ago (Wang et al. 2008, Wu et al. 2020). The a-helix-7 in L2 is a
structural element indispensable for dynamic, rapid RNA recognition and ejection (Klum et al. 2018).
The C-terminal PIWI domain forms an interface with the MID domain (Figure 3) (Jinek and Doudna
2009). The PIWI domain can contain an active site with endonuclease activity for cleavage of RNA
species (Leuschner et al. 2006, Wang et al. 2009). In mammals, exclusively Ago2 holds this activity and
was therefore named “slicer” (Liu et al. 2004, Matranga et al. 2005, Rand et al. 2005). All Argonautes
associate with sRNAs to assemble the RNA-induced silencing complex (RISC), the effector
ribonucleoprotein complex of translational silencing (Bartel 2004).
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Figure 3: Domains of the Argonaute proteins. The numbers indicate the length and position of the amino acid sequence of the
respective domain of human Argonaute-2. Folded in a two-lobed configuration, an Argonaute protein comprises the following
domains from N- to C-terminus: the N-terminal domain (N) linked by linker 1 (L1) to the PIWI/Argonaute/Zwille (PAZ) domain,
connected by linker 2 (L2), which includes the a-helix-7 (a7), the middle (MID) and the P-element-induced whimpy testes (PIWI)
domains. Adapted from Lessel et al. 2020

1.3.4. The RNA-induced Silencing Complex

When a miRNA associates with Ago, they form the core component of RISC (Figure 4) (Rivas et al. 2005,
Faehnle and Joshua-Tor 2007). During the assembly, Ago interacts with additional key factors. The
Hsc70/Hsp90 multichaperone machinery assists miRNA duplex loading by facilitating conformational
changes in an ATP-dependent process to induce an active state of Ago (lwasaki et al. 2009, Tsuboyama
et al. 2018). GW182 proteins act as a flexible scaffold that provides multiple sites for miRNA-loaded
Ago, which brings RISCs into spatial proximity to downstream RNAi effectors (Pfaff et al. 2013, Elkayam
et al. 2017, Zhang et al. 2018). The miRNA duplex consists of two complementary strands bound by
Watson-Crick base pairing, one of which originated from the 5°-, and one from the 3’-side of the
pre-miRNA. These are referred to as the 5p and 3p strand, respectively (Ghildiyal and Zamore 2009,
Okamura et al. 2009, Medley et al. 2021). Only one of these two strands remains anchored in Ago
(Schwarz et al. 2003). Although either of the 5' and 3' strands could be retained, one strand frequently
dominates for a given miRNA (Schwarz et al. 2003, Medley et al. 2021). The preferentially selected
strand is named guide, also called miR, whereas the ejected strand is named passenger or miR* strand
(Khvorova et al. 2003, Schwarz et al. 2003, Kim et al. 2020). Several features determine strand
selection, such as the identity of the 5°-terminal nucleotides of 3p and 5p strand (Khvorova et al. 2003,
Schwarz et al. 2003, Krol et al. 2004, Frank et al. 2010, Medley et al. 2021). Uracil is favored at the
5’-terminal position of the guide due to the shape of a binding pocket located in the MID domain (Mi
et al. 2008, Ghildiyal and Zamore 2009, Frank et al. 2010, Warf et al. 2011). The chosen guide is divided
into distinct functional segments upon association with Ago. The anchoring point of the 5'-terminal nt
is located in the MID domain, followed by the “seed sequence” spanning from 2™ to 8" nt. Nucleotides
nine to 12 comprise the central section and the 13 to 16" nt a supplementary segment. The remaining
3’-terminal nt form the tail region, embedded in the PAZ domain (Ma et al. 2004, Song et al. 2018).
The passenger/miR* strand is ejected from the RISC and degraded (Schwarz et al. 2003, Matranga et
al. 2005, Rand et al. 2005, Wang et al. 2009). The seed sequence of the retained miR strand determines
the binding specificity of the RISC. Through sequence complementarity of the guide miRNA sequence
to a segment in the 3'-untranslated region (3’UTR) of the target mRNA, the RISC binds to the mRNA
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via partial base pairing (Figure 4) (Lai 2002, Bartel 2004). Most miRNAs in humans display partial
sequence complementarity to the target, and a single miRNA regulates numerous mRNAs, frequently
more than a hundred (Bartel 2004, Baek et al. 2008, Selbach et al. 2008). The association of the RISC
to the target induces either decay or translational silencing. RISC thus acts as a posttranscriptional
regulator of gene expression (Hammond et al. 2000, Bartel 2004, Filipowicz 2005). Several proteins
and RNA involved in RNAi and the mRNA degradation machinery localize in cytosolic clusters, named
processing bodies (p-bodies) (van Dijk et al. 2002, Parker and Sheth 2007, Pillai et al. 2007). These
include miRNA, translationally silenced mRNA, as well as Dicer, Ago and GW182 proteins (Eystathioy
et al. 2002, Cougot et al. 2004, Liu et al. 2005). Due to the detection of factors implicated in mRNA
decay such as the decapping factor Dcpla, p-bodies were determined to be sites of mRNA decay. In
neurons, p-bodies are distributed in the cell body and along dendrites (van Dijk et al. 2002, Lugli et al.
2005, Barbee et al. 2006).
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Figure 4: Biogenesis of miRNA and RISC-mediated RNAIi. RNA polymerase Il (Pol Il) transcribes pri-miRNA from the genome. The
microprocessor complex, including DGCR8 and Drosha, generates the pre-miRNA. Nuclear export of the pre-miRNA into the
cytosol is facilitated by Exportin 5 via a RanGTP-dependent pathway. Dicer processes the pre-miRNA and generates a miRNA
duplex. The RISC is formed by incorporation of the guide strand into Ago2, assisted by the Hsc70/Hsp90 multichaperone
machinery. The passenger strand is degraded. RISC silences translation of specific mRNA targets by binding of partially
complementary sequences in the 3"UTR of the mRNA. After prolonged silencing, the mRNA is degraded. Unsilenced mRNAs
can be translated into proteins by the translation machinery. Created with BioRender.com.
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1.4. Omics approaches

Omics studies aim to characterize and quantify the entirety of a type of biomolecule (Subramanian et
al. 2020). Genomics analyze the whole genetic code through DNA sequencing (Hasin et al. 2017). In
transcriptomics and translatomics, RNA sequencing (RNA-seq) decodes all transcribed RNAs
(transcriptome) or translated mRNAs (translatome). Protein abundances are studied using proteomics
(Subramanian et al. 2020). Table 1 provides an overview of selected omics approaches. Omics generate
large data sets to elucidate biological pathways at the DNA, RNA, and protein level and unravel the
molecular signature of an individual cell type, developmental stage, or disease state (Hasin et al. 2017).
In NDD research, omics approaches are used to identify deregulated signaling pathways and
investigate pathomechanisms in neurodevelopment (Prashad and Gopal 2021).

Table 1: Overview of Omics Approaches.

Biomolecules Entirety of Omics Analytical
Studied Biomolecules Approach Method
DNA Genome Genomics Next Generation Sequencing
Total RNA Transcriptome Transcriptomics RNA sequencing
miRNA miRNome Transcriptomics Small RNA sequencing
Translated mRNA Translatome Translatomics RNA sequencing
Protein Proteome Proteomics Mass spectrometry

ge was developed on the basis of Sanger sequencing but yields a much higher throughput (Margulies
et al. 2005). In contrast to the Sanger method, which sequences one template at a time, NGS sequences
billions of DNA strands in parallel coupled with simultaneous data acquisition (Sanger et al. 1977,
McCombie et al. 2019). NGS advanced the field of genomics by its massive application in research and
clinical diagnostics. Various NDD risk genes and NDD-causing variants were characterized using NGS-
based genomic approaches (Wright et al. 2015, Clark et al. 2018, Srivastava et al. 2019). Thus, NGS
enormously contributed to the field of genetically caused NDDs (Carneiro et al. 2018). RNA-seq uses
NGS technologies to determine sequences of RNA transcripts in high-throughput scale. In
transcriptomics and translatomics, expression of coding and non-coding RNAs is analyzed. Many novel
RNA species were characterized by RNA-seq, advancing the research field of small RNAs (Djebali et al.
2012, Morris and Mattick 2014). Bioinformatics analysis of differential gene expression (DGE) has been
successfully applied using RNA-seq data to study RNA biogenesis and metabolisms as well as RNAI
(Djebali et al. 2012, Morris and Mattick 2014). Using the DGE approach to transcriptomics and
translatomics, RNA signatures have been compared between different tissues, cell populations, or
developmental stages, and RNA deregulations have been linked to disease (Moreno et al. 2012, Wang
et al. 2016, Leibovitch and Topisirovic 2018).

Proteins are the major effectors in cells and the field of proteomics studies protein abundances using
mass spectrometry (Tuli and Ressom 2009, Selevsek et al. 2015). Protein identification and subtractive
proteomics (label-free proteomics) revolutionized the field by enabling the determination and
comparison of relative protein abundances (Oh et al. 2004, Rotello and Veenstra 2021). Because
synapses are complex structures with a dense protein network, proteomics provided a valuable tool
to study them. Application of proteomics on biochemically purified synaptosomes and PSD fractions
revealed that more than 2000 proteins locate to forebrain synapses (Walikonis et al. 2000, Satoh et al.
2002, Yoshimura et al. 2004, Collins et al. 2006). Furthermore, a change of synaptic protein
composition has been described in various diseases, including NDDs (Pennington et al. 2008, Klemmer
et al. 2011, Wesseling et al. 2014).
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2. Aim of the Project

Neurodevelopmental disorders result from defects in processes essential for neuronal development.
NDD-causing genomic variants have been discovered in many genes encoding synaptic proteins, but
mutations in genes encoding RNA-binding proteins have also recently been linked to NDDs. Although
these proteins differ greatly in function, perturbations lead to similar symptoms and manifestation of
NDDs, raising the question of whether the underlying pathomechanisms converge in shared signaling
pathways. SHANK1 and SHANK3 are known ASD risk genes and encode synaptic scaffold proteins.
Therefore, SHANK alterations will be analyzed here as an example of synaptic protein dysfunction
responsible for NDD pathogenesis. Variants in AGO2, which encodes a core component of the RNA
interference pathway, have been identified as the cause of Lessel-Kreienkamp syndrome, an example
of a NDD caused by altered function of an RNA-binding protein. The aim of this PhD project is to apply
omics approaches to decipher the pathomechanisms underlying the SHANK1- and SHANK3-associated
forms of autism spectrum disorders and the Lessel-Kreienkamp syndrome.

The N-termini of Shank3 has been characterized as binding domain for Ras proteins, which are part of
the MAPK signaling pathway controlling gene expression. Misregulated translation has been linked to
the pathogenicity of ASD. In Fragile-X-syndrome, the function of the translational repressor FMR1,
encoded by FRMP, is impaired. Furthermore, deregulation of the mTOR pathway, which is also involved
in translational regulation, has been implicated in ASD pathologies. Together, this leads to the
hypothesis that loss of Shank proteins may alter the regulation of translation, and that deregulation of
this function might contribute to ASD pathogenesis. To test this hypothesis, Shank3a8 knockout mice
were used and translatomics were applied to decipher the hippocampal translatome. By using the
Shank3aB knockout mouse line which only expresses Shank3 variants lacking their N-terminal
domains, an emphasis was placed on the function of the N-terminus of Shank3 in translational
regulation. Shank knockout mice were crossed with a mouse line expressing GFP-tagged ribosomal
protein (L10a) which enabled the pull-down of GFP-tagged ribosomes and the sequencing of actively
translated mRNAs. Proteomics with mass spectrometry was performed with biochemically purified
postsynaptic density fractions from hippocampal tissue of Shankl and Shank3a8 knockout mice to
decipher the postsynaptic proteome and the impact of an altered translatome at the protein level.

Argonaute-2 and miRNA together form the RNA-induced silencing complex, which represses
translation of target mRNA. It was hypothesized that LESKRES-causing missense variants could result
in different miRNAs being loaded onto mutant forms of the Ago2 protein, altering the properties of
RISC-mediated translational silencing. To test this hypothesis, miRNA affinity purification was applied
to cortical neurons expressing a patient derived Ago2 mutant, and Ago2-bound miRNA were
sequenced by sequencing of small RNAs.

Collectively, the results of this dissertation may shed light on the deregulation of distinct or shared
signaling pathways between SHANK-associated ADSs and LESKRES and contribute to the research field
of genetic NDDs.
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3. Materials and Methods

3.1. Materials
Unless otherwise stated, all chemicals used were purchased from Sigma-Aldrich (Taufkirchen,
Germany), Merck (Darmstadt, Germany) or Carl Roth (Karlsruhe, Germany).

3.1.1. Laboratory Mice

All mice used in experiments were bred in the laboratory animal facility (FTH, Forschungstierhaltung)
of the UKE Hamburg. Two mouse lines were obtained from collaboration partners prior to this project
and one line was obtained during this study. In addition, two new mouse lines were generated.

Table 2: Laboratory mice.

Line Origin MGI ID

C57BL/6)J FTH, UKE Hamburg 3028467
Shank1tm1shng (Hung et al. 2008) 3762757
Shank3tm1.1Geno (Schmeisser et al. 2012) 5435700
Tg(Lypd1-EGFP/Rpl10a)OI82Htz INIMS, ZMNH 6359832
Lypd1-bacTRAP x Shank1tmishng Breeding, see 3.2.4.3 Novel line
Lypd1-bacTRAP x Shank3tm1.1Geno Breeding, see 3.2.4.3 Novel line

The Tg(Lypd1-EGFP/Rpl10a)0I82Htz mouse line will be named Lypd1-bacTRAP from here on.

3.1.2. Bacterial Strains and Cell Lines
Table 3: Suppliers of bacterial strains and cell lines.

Cells Supplier
E. coli Top10F Thermo Fisher Scientific (Waltham, USA)
NEB Stable Competent E. coli (High Efficiency) New England Biolabs (Ipswich, USA)
HEK293T ATCC (Manassas, USA)

3.1.3. Antibodies
For western blot (WB), all antibodies were diluted in 5% milk powder (MP) in TBS-T (Table 4). For
immunocytochemistry (ICC), the antibodies were used in 2% horse serum (HS) in PBS (Table 5).

Table 4: Primary antibodies used in western blot analyses.

Target Species Dilution Manufacturer Details
ChromoTek
RFP Rat 1:1000 (Planegg-Martinsried, Deutschland) Clone 5F8
. . Synaptic Systems
hank 1:1 162 304
shank3 Guinea pig 000 (Gottingen, Deutschland) 6230
Shank PDZ domain Rabbit 1:5000 Custom made serum SSTRIP = PDZ.
90th day
T7-tag Mouse 1:10,000 Novagen (Temecula, USA) 69522-3
. . EP1829Y
CaMKlla Rabbit 1:1000 Abcam (Cambridge, UK) ab52476
CAMKIla phospho T286 Rabbit 1:1000 Abcam (Cambridge, UK) ab32678
PSD-95 Mouse 1:2000 Thermo Fisher Scientific (Waltham, USA) MA1-046
a-tubulin Mouse 1:5000 Abcam (Cambridge, UK) DM1A ab7291
. . Clone B34
GFP Mouse 1:5000 BioLegend (San Diego, USA) MMS-118P
Clone 11A9
Ago2 Rat 1:1000 Merck (Darmstadt, Germany) MABE253
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Table 5: Primary antibodies used for immunocytochemistry.

Target Species Dilution Manufacturer Details
Dcpla Rabbit 1:250 Abcam (Cambridge, UK) ab183709
MAP2 Chicken 1:500 Antibodies online (Aachen, Germany) AB_2338133

Secondary antibodies coupled to horseradish peroxidase (HRP) were diluted in TBS-T for application in
western blot analyses (Table 6).

Table 6: HRP-coupled secondary antibodies used in western blot analyses.

Target Species Origin Species Dilution Manufacturer Details
Rat Goat 1:2500 Jackson ImmunoResearch (Ely, UK) 112-035-062
Guinea pig Goat 1:2500 Jackson ImmunoResearch (Ely, UK) GtxGp-003-DHRPX
Rabbit Goat 1:2500 Jackson ImmunoResearch (Ely, UK) GtxRb-003-EHRPX
Mouse Goat 1:2500 Jackson ImmunoResearch (Ely, UK) GtxMu-003-E2HRPX

For ICC, secondary antibodies labelled with fluorescent dyes were diluted in PBS (Table 7).

Table 7: Secondary antibodies used in ICC experiments.

Fluorophore Target Species Origin Species Dilution Manufacturer Details
. Thermo Fisher Scientific

Alexa 405 Chicken Goat 1:1000 (Waltham, USA) ab175674

Alexa 633 Rabbit Goat 1:1000 Thermo Fisher Scientific A-21072

(Waltham, USA)

3.1.4. Oligonucleotides
All oligonucleotides were purchased from the manufacturer Sigma-Aldrich (Taufkirchen, Germany).
The primers were adjusted to a concentration of 100 uM with ddH,0. 10 uM stock solutions were
prepared in ddH,0, which were used for genotyping (Table 8), sequencing (Table 9), cloning (Table 10)
or mutagenesis (Table 11).

Table 8: Primers used for genotyping.

Primer Sequence
Short arm fwd 5'-CTGTAGTGTGTAGTGTTCCGACCTCC-3’
Deletion rev 5’-CCATCCACCCATCCATTCAGC-3
NEO 250 rev 5-GCTACTTCCATTTGTCACGTC-3'
S12 WT 5'-CAAGTTCATCGCTGTGAAGG-3’
S10 KO 5’-CCTCTAGGCCTGCTAGCTGTT-3
AS3 5’-AAGAAGCCCCAGAAGTGACA-3’
EGFP 3’ 5’-CGGCGAGCTGCACGCTGCCGTCCTC-3’
EGFP 5 5’-CCTACGGCGTGCAGTGCTTCAGC-3
Actin fwd 5’-AGAGGGAAATCGTGCGTGAC-3’
Actin rev 5’-CAATAGTGATGACCTGGCCGT-3

Table 9: Oligonucleotides for sequencing of plasmids coding for GFP-tagged Ago2.

Primer Sequence
GFP1 fwd 5’- GTTCATGACCGCCGCCGGGA-3°
GFP-n-fwd 5"-AATGTCGTAACAACTC-3°
GFP rev 5’-AGCTCGACCAGGATGGGCACC-3’
hSyn1 Mid for 5"-CAAACTCCCCTTCCCGGCCAC-3°
V117F for 5-GGACAAGGTGGAGCTGGAGTTCACGCTGCCAGGAGAAGGC-3’
N359H for 5'-GTATTAAAAAATTAACGGACCATCAGACCTCAACCATGATC-3’
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Primer Sequence

1365V rev 5"-CGACCTAGCAGTCGCTCTGACCATGGTTGAGGTCTGATTG-3’
E531Q for 5"-GACGCCCGTGTACGCCCAGGTCAAGCGCGTGGGAGAC-3
D619N fwd 5'-CGTGGTGGGCAGCAGAACGCCCCCCAATCGCTA-3"
R714W for 5’-CAGAAGAGGCACCACACCTGGCTCTTCTGCACTGACAAG-3
Ago733F 5'-TGGAAACATTCCAGCACGCACGACTGTGGAC-3’

Table 10: Oligonucleotides used for cloning.

Primer

Sequence

For hSyn + BstAPI

5"-TTTGCAGATGCTGCAGTGCAAGTGGGTTTTAGGACCAGG-3’

Rev hSyn + Hindlll

5°-TTTAAGCTTCTTCTCGACTGCGCTCTCAGGC-3’

Table 11: Primers for mutagenesis.

Primer Sequence
Ago192F 5’-GCTCTAACCCTCCTGGCGGGGGCCG-3°
Ago192R 5’-CGGCCCCCGCCAGGAGGGTTAGAGC-3

3.1.5. Plasmids

Plasmids from the stock of the Kreienkamp research group (Institute of Human Genetics, UKE
Hamburg) were provided (Table 12). Plasmids for the production of adeno-associated viruses that
induce the expression of GFP-tagged Ago2 variants were generated using the neuron-specific human
synapsin 1 (hSyn1) promotor (Hilfiker et al. 1999) from a commercially available plasmid (Table 13).
The plasmid maps are attached in the appendix (see 7.5).

Table 12: Plasmids from the stock of the Kreienkamp research group.

Plasmid Resistance Origin
pmRFP-C1 Kanamycin Kreienkamp research group
pmRFP-Shank1 aal-483 Kanamycin Kreienkamp research group
pmRFP-Shank2 n-term Kanamycin Kreienkamp research group
pmRFP-Shank3 aa76-414 Kanamycin Kreienkamp research group
pcDNA3-T7-CaMKlla Ampicillin Kreienkamp research group
Table 13: Purchased or generated plasmids.
Plasmid Resistance Origin
hSyn1-eYFP Ampicillin Addgene (Watertown, USA) #117382
pAAV-hSyn1-EGFP-CW3SL Ampicillin Generated by Hans-Hinrich Honck and Debora Tibbe
pAAV-hSyn1-EGFP-Ago2-WT-CW3SL Ampicillin Generated by Hans-Hinrich Honck and Debora Tibbe
pAAV-hSyn1-EGFP-Ago2-L192P-CW3SL Ampicillin Generated by Hans-Hinrich Honck and Debora Tibbe

3.1.6. Commercial Kits
Table 14: Commercial kits used.

Application

Commercial Kit Manufacturer

Purification of DNA fragments
from agarose gels

Thermo Fisher Scientific

GenelET Gel Extraction Kit (Waltham, USA)

Targeted mutagenesis
to create new protein variants

QuickChange Il Site-directed
Mutagenesis Kit

Agilent Technologies
(Santa Clara, USA)

Isolation and purification
of plasmid DNA

Macherey-Nagel

NucleoBond Xtra Midi .
ucieosond Atra Midi (Duren, Deutschland)
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Application

Commercial Kit

Manufacturer

Determination of protein
concentration

Bradford Protein Assay Kit

BioRad
(Munich, Deutschland)

Reverse transcription of total RNA and
mRNA into cDNA

RevertAid H Minus First Strand cDNA
Synthesis Kit

Thermo Fisher Scientific
(Waltham, USA)

Reverse transcription of miRNA into

TagMan Advanced miRNA cDNA
cDNA Synthesis Kit

Thermo Fisher Scientific
(Waltham, USA)

Digestion of DNA

RNase-free DNase Set

Qiagen (Hilden, Germany)

RNA purification after bacTRAP

RNeasy Micro Kit

Qiagen (Hilden, Germany)

miRNA purification after miRAP

miRNeasy Micro Kit

Qiagen (Hilden, Germany)

Determination of the concentration of
total RNA and mRNA

Qubit RNA HS Assay Kit

Thermo Fisher Scientific
(Waltham, USA)

Determination of the concentration of
miRNA

Qubit microRNA Assay Kit

Thermo Fisher Scientific
(Waltham, USA)

3.1.7. Buffers, Solutions and Supplements

The supplements dithiothreitol (DTT; Sigma-Aldrich, Taufkirchen, Germany), cycloheximide (CHX;
Sigma-Aldrich, Taufkirchen, Germany), Rnasin (Promega, Madison, USA), Superasin (Thermo Fisher
Scientific, Waltham, USA), and protease inhibitors were added to buffers and solutions (Table 15)

immediately before use.

Table 15: Buffers, solutions, and supplements.

Buffer

Composition

BacTRAP dissection buffer

Hanks' Balanced Salt Solution (HBSS)

2.5 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)-KOH pH 7.4
35 mM glucose
4 mM NaHCOs
100 pg/ml CHX

Lysis buffer

20 mM HEPES
150 mM KCl
5 mM MgCl,
0.5 mM DTT

100 pg/ml CHX

40 U/ml Rnasin

10 U/ml Superasin
1:100 Complete Protease Inhibitors
(Roche, Basel, Schweiz)

Fixation buffer

Phosphate-buffered saline (PBS)
4% (w/v) paraformaldehyde (PFA)
4% (w/v) sucrose

IP buffer

50 mM Tris-HCI
120 mM NaCl
0.5% (v/v) nonyl phenoxypolyethoxylethanol (NP-40)
1 mM ethylenediaminetetraacetic acid (EDTA)

Ketamine and xylazine solution

PBS
12 mg/ml ketamine
(Ketanest; Pfizer, Berlin, Germany)
1.6 mg/ml xylazine
(Rompun; Bayer, Leverkusen, Germany)

0.15 M KCI IP wash buffer

150 mM KClI
20 mM HEPES
5 mM MgCl,
1% (v/v) NP-40
0.5 mM DTT
100 pg/ml CHX
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Buffer

Composition

0.35 M KClI wash buffer

350 mM KCI
150 mM KClI
20 mM HEPES
5 mM MgCI2
1% (v/v) NP-40
0.5 mM DTT
100 pg/ml CHX

5x KCM

500 mM KClI
150 mM CaCl,
250 mM MgCl,

5x Lammli

300 mM Tris-HCl pH 6.8
50% (w/v) glycerol
7.5% (w/v) sodium dodecyl sulphate (SDS)
0.5 M DTT
0.01% (w/v) bromophenol blue

PBS

140 mM Nacl
2.7 mMKCl
8 mM Na,HPO,
2 mM KH,PO,
pH 7.7

PLL

PBS
1 mg/ml poly-L-lysine (PLL)

PSD buffer A

4 mM HEPES pH 7.4
320 mM sucrose
1 mM MgCl,
0.5 mM CaCl,
44 ug/ml phenylmethylsulfonyl fluoride (PMSF)
10 pg/ml leupeptin
2 pg/ml pepstatin A

PSD buffer B

4 mM HEPES
320 mM sucrose
44 ug/ml PMSF

10 pg/ml leupeptin
2 pg/ml pepstatin A

PSD Triton X-100 buffer

12 mM Tris-HCl pH 8.1
320 mM sucrose
1% (v/v) Triton X-100
44 pg/ml PMSF
10 pg/ml leupeptin
2 ug/ml pepstatin A

Running buffer

1x Tris-glycine
0.1% (v/v) SDS

Separation gel

2.6 ml 1.5 M Tris-HCl pH 8.8
3.3 ml 30% (v/v) acrylamide
3.9 ml ddH,0
100 plL 10% (v/v) SDS

100 pL 10% (v/v) ammonium peroxodisulfate (APS)

7 plL tetramethylethylenediamine (TEMED)

10% stacking gel

500 pL 1.0 M Tris-HCl pH 6.8
700 pL 30% acrylamide
2.8 ml ddH,0
40 puL 10% (v/v) SDS
40 L 10% (v/v) APS
3 uL TEMED

TAE

40 mM Tris-acetate pH 8.0
4 mM EDTA

TE

10 mM Tris-HCl pH 8.0
1 mM EDTA

TBS-T

10 mM Tris-HCl pH 8.0
150 mM NaCl
0.05% (v/v) Tween 20




Buffer

Composition

Transfer buffer

1x Tris-glycine
0.02% (v/v) SDS
20% (v/v) methanol

Versene PBS
0.5 mM EDTA
Table 16: Culture media for bacteria, HEK293T cells and primary neurons.
Media Composition

Lysogeny broth (LB) medium

10 mg/ml tryptone
5 mg/ml yeast extract
5 mg/ml NaCl
pH 7.5

LB agar

10 mg/ml tryptone
5 mg/ml yeast extract
5 mg/ml NaCl
15 mg/ml agar
pH 7.5

HEK293T culture medium

Dulbecco's Modified Eagle Medium (DMEM)
10% (v/v) foetal calf serum (FCS)
100 pg/ml penicillin/streptavidin (pen/strep)

Neuron preparation medium

HBSS
100 pg/ml pen/strep

Neuron plating medium

DMEM
0.6% (v/v) glucose
1% (v/v) GlutaMAX
10% (v/v) HS
100 pg/ml pen/strep

Neuron culture medium

Neurobasal

2% (v/v) B-27 supplement

1% (v/v) GlutaMAX
100 pg/ml pen/strep

Table 17: Antibiotics used for bacteria and cell culture.

Antibiotics Concentration
Ampicillin 50 pg/ml
Kanamycin 10 pg/ml

Penicillin 100 pg/ml
Streptavidin 100 pg/ml

Table 18: Software and tools.

Application

Software and Tools

Supplier

Quantification of band intensities for

the determination of protein Imagelab BioRad, Munich, Germany
amounts in western blot analyses
AR SegMan Pro DNASTAR, Madison, USA

sections with reference sequences

Statistical analyses and plotting

GraphPad Prism

GraphPad Software Inc. Dotmatics,
Boston, USA

Display vector maps

SnapGene Viewer

GSL Biotech LLC, Chicago, USA

Assessment of distance travelled
and time spent in center during
open field test

EthoVision

Noldus, Wageningen, the
Netherlands
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Application Software and Tools Supplier

Evaluation of self-grooming and Noldus, Wageningen, the
. . . The Observer
rearing behavior after open field test Netherlands

Alignment of RNA sequencing reads
to a reference genome
Assessment of overlap of

uniquely aligned reads FeatureCounts (Liao et al. 2014)
with annotated gene loci
Detection of contaminations in

STAR (Dobin et al. 2013)

RNA sequencing data FastQ Screen (Wingett and Andrews 2018)
Processing of miRNA sequencing OASIS (Capece et al. 2015)
data
Quality control of RNA sequencing
data,_calculatlon of dispersion DEseq?2 (Love et al, 2014)
estimates and fold change
shrinkages
Detection of |s.om|Rs n miRMaster (Fehlmann et al. 2017)
RNA sequencing data
Algorithm for‘ m.|RNA target e (Liu and Wang 2019)
prediction
Target predictions and functional miRDB (Chen and Wang 2020)

annotations for miRNAs
Gene ontology overrepresentation
test for biological processes PANTHER
of miRNA targets
Gene ontology overrepresentation
test for biological processes EnrichR
of PSD proteins

(Mi and Thomas 2009, Mi et al.
2019, Thomas et al. 2022)

(Chen et al. 2013, Kuleshov et al.
2016, Xie et al. 2021)

(Shannon et al. 2003,

Hi hical cl | Bi
ierarchical clustered gene ontology Cytoscape Bingo Maere et al, 2005)

3.2. Methods

3.2.1. Molecular Biology Methods

3.2.1.1. Transformation of E.coli Top10F" by heat shock

Top10F’ E.coli bacteria were thawed on ice from -80 °C storage. A solution of 79 ul of ddH,0, 20 pl of
5x KCM and 1 pg of plasmid DNA was added to 100 ul of bacteria suspension. The mixture was
incubated on ice for 20 min and then subjected to a heat shock at 37 °C for 5 min. 1 ml of preheated,
antibiotics-free LB medium was added to the transformation mixture which was then incubated at
37 °C for 1 h with shaking at 300 rpom. The E. coli were pelleted at 13,000 rpm for 1 min and
resuspended in 100 ul of LB medium. The bacterial suspension was spread onto LB agar plates
containing a selection antibiotic and incubated at 37 °C overnight.

3.2.1.2. Purification of Plasmid DNA from E. coli - small scale (Miniprep)

Colonies of transformed E.coli of the Top10F” strain were picked from LB agar plates and added to 3 ml
of medium with a selection antibiotic. After incubation overnight at 37 °C and 200 rpm shaking, 1.5 ml
of the bacteria culture was pelleted by centrifugation for 1 min at 13,300 rpm and room temperature
(RT). Buffers from the NucleoBond Midiprepkit by Macherey-Nagel (Dlren, Germany) were used in the
following steps. The bacteria pellet was resuspended in 100 pl of resuspension buffer with RNAse. 100
ul of lysis buffer was added and the reaction tube was inverted five times, followed by an incubation
for 2 min at RT. Subsequently, 100 pul of neutralization buffer was added and mixed thoroughly. The
lysate was centrifuged at 13,000 rpm and RT for 20 min and the supernatant collected. The DNA was
precipitated by adding 210 pl of isopropanol, followed by a 20 min centrifugation at 13,000 rpm and
RT. The obtained supernatant was discarded and the pellet was washed twice with 500 pl of ethanol
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(EtOH) (70%, v/v) at 13,000 rpm and RT for 5 min. Afterwards, the supernatant was discarded again
and the DNA pellet was dried at RT for 10 min before being dissolved in 100 ul of ddH20.

3.2.1.3. Purification of Plasmid DNA from E. coli - large scale (Midiprep)

1.5 ml of bacteria culture (see 3.2.1.2) were added to 100 ml of LB medium containing an appropriate
antibiotic. The culture grew overnight at 37 °C with 200 rpm shaking motion and was pelleted the next
day by centrifugation at 6000 g and 4 °C for 10 min. To perform cell lysis and DNA isolation, the
NucleoBond Midiprepkit (Macherey-Nagel, Diiren, Germany) was used according to the
manufacturer's protocol. The DNA was precipitated by adding 3.5 ml of isopropanol and mixing,
followed by a centrifugation step at 4500 g and 4 °C for 30 min. The resulting DNA pellet was washed
twice with 70% EtOH and the supernatant discarded. The DNA was dried for 15 min at RT and then
dissolved in 200 ul of TE buffer. The concentration of purified DNA was determined using a
spectrophotometer and adjusted to 1 pg/ul with TE buffer.

3.2.1.4. Restriction Digest

Double-stranded DNA was digested to control cloning and mutagenesis products. Specific enzymes
generated DNA fragments of distinct sizes, depending on the chosen enzymes and restriction sites in
the respective plasmid. The mixture contained 2 pl of Green FastDigest (FD) buffer and 0.5 ul of
restriction enzymes (Thermo Fisher Scientific, Waltham, USA), as well as 7 pl of ddH20 and 10 pl of
plasmid DNA. The reaction was incubated at 37 °C with shaking at 200 rpm for 1 h.

3.2.1.5. Gel Electrophoresis

To analyze cloning reactions and polymerase chain reaction (PCR) products, a gel electrophoresis was
applied. A 1% or 1.3% agarose gel, based on the size of fragments analyzed, with ethidium bromide
was cast and the running chamber filled with TAE buffer. 20 ul of the DNA samples and 10 pl of a 1 kb
DNA ladder (Thermo Fisher Scientific, Waltham, USA) were pipetted into the gel wells. 100 V was
applied for 25 min to separate the DNA fragments based on their size. Once sufficient separation was
achieved, the bands of DNA were detected using a UV transilluminator.

3.2.1.6. Gel Extraction

To extract DNA fragments from an agarose gel, the DNA bands of interest were cut out of the gel with
a scalpel under UV light illumination. The fragments were then purified using the GenelET gel
extraction kit (Thermo Fisher Scientific, Waltham, USA) according to the manufacturer's protocol.

3.2.1.7. Ligation

To ligate DNA fragments with plasmids (see 3.2.1.4), a mixture of DNA fragment and plasmid in a 3:1
ratio was prepared. Ligation buffer with ATP as well as 1 pl of T4-DNA ligase (Thermo Fisher Scientific,
Waltham, USA) were added and the volume adjusted to a total of 20 pl with ddH20. The reaction was
incubated overnight at 16 °C.

3.2.1.8. Mutagenesis
Site-directed mutagenesis was used to generate mutant constructs. For this, a PCR reaction was
prepared according to Table 19.

Table 19: PCR reaction for site directed mutagenesis.

Component Volume [ul]

10x reaction buffer 5

10 uM forward primer

10 uM reverse primer

1
1
10 mM dNTP mix 1
3

Quick Solution

21



Component Volume [ul]

10 uM DNA template 0.1
ddH,0 38
Polymerase Pfu Ultra 1

The thermal cycler was programmed according to Table 20.

Table 20: Thermal cycler program for site-directed mutagenesis.

Process Temperature [°C] Duration Cycles
Initialisation 95 1 min -
Denaturation 95 50s W

Annealing 60 50s > 17

Elongation 68 1 min/kb DNA J

Final elongation 68 7 -
Hold 4 oo -

Subsequently, a restriction digest was carried out by adding 1 pl of Dpnl to the reaction and incubating
for 1 h at 37 °C. Reaction products were transformed into the bacterial strain Top10F according to
3.2.1.1.

3.2.1.9. Sanger Sequencing of Plasmid DNA
For sequencing of DNA with the Sanger method, a reaction was prepared as described in Table 21.

Table 21: Reaction mixture of a sequencing PCR.

Component Volume [ul]
ddH,0 5
5x sequencing buffer 2
Component Volume [ul]
Big Dye 1
10 uM primer 1
1 pug/ul DNA template 1

The sequencing reaction was performed using the thermal cycler program shown in Table 22.

Table 22: Thermal cycler program for sequencing.

Process Temperature [°C] Duration Cycles
Initialisation 96 1 min -
Denaturation 96 10s \

Annealing 50 5s > 30

Elongation 60 4 min J

Hold 4 ) -

2 ul of 3 M sodium acetate (NaAc), 10 pl of ddH,0 and 50 pl of absolute EtOH (> 99.8%) were added to
the PCR product. The reaction was mixed, incubated for 15 min at RT and centrifuged at 3000 g and
20 °C for 15 min. The supernatant was discarded and the pellet was washed with 100 pul of EtOH
(70%, v/v). After a centrifugation at 3000 g and 20 °C for 10 min, the supernatant was removed and
the pellet was incubated for 15 min at RT. The DNA was resuspended in highly deionized formamide
(HiDi). The reaction products were analyzed in the diagnostic department of the Institute of Human
Genetics (UKE Hamburg) using capillary electrophoresis.
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3.2.2. Cell Culture Methods

3.2.2.1. Cell Culture with HEK293T Cells

Human embryonic kidney 293 cells expressing the SV40 large T antigen (HEK293T cells) taken from the
stock of Kreienkamp research group (Institute of Human Genetics, UKE Hamburg) were used for cell
culture. The HEK293T cells were cultured in 10 cm plates in DMEM medium supplemented with fetal
bovine serum (FBS) and penicillin/streptavidin (pen/strep) antibiotics at 37 °C, in 5% CO2 and
humidified air. The cells were transferred to new plates when a confluence of 70% was reached. For
passaging, the HEK293T cells were washed with Versene and treated with trypsin to detach them from
the culture dish. After resuspension in medium, an appropriate amount of cells for the required
confluence was seeded into fresh culture dishes and cultivated further.

3.2.2.2. Transient Transfection of HEK293T Cells

HEK293T cells at 40% confluence were transiently transfected with required plasmids using the
TurboFect transfection reagent (Thermo Fisher Scientific, Waltham, USA). A transfection mixture
consisting of 950 pl of serum-free DMEM medium, 18 ul of TurboFect and 4-12 ug DNA was prepared
and mixed thoroughly. After incubation at RT for 20 min, the transfection mixture was added dropwise
onto the cells which were then incubated for 24 h at 37 °C, in 5% CO2 and humidified air.

3.2.2.3. Primary Cell Culture of Mouse Cortical Neurons

To isolate embryonal, cortical neurons from mice, a pregnant mouse was anaesthetised with CO; and
sacrificed by cervical dislocation. The abdominal wall was opened and the uterus removed. The
embryos (E18) were isolated from the amniotic sacs and decapitated. The brains were excised and
transferred to HBSS containing pen/strep. Using a binocular dissection microscope, the hemispheres
were separated and the meninges detached. The cortices were prepared by removing all other brain
regions and then transferred to a 15 ml tube. The volume was reduced to 4.5 ml. 500 ul of 10x neuron
isolation enzyme with papain (Thermo Fisher Scientific, Waltham, USA) was added and the cortices
incubated for 30 min in a 37 °C water bath. The tissue was washed five times with neuron plating
medium and the volume reduced to 2 ml. For trituration, glass pipettes were prepared with a gas
burner flame to generate tips with progressively smaller openings. The tissue was triturated through
the pipettes and the volume was adjusted to 10 ml using neuron plating medium. Subsequently, the
cells were counted using a Neubauer counting chamber and seeded on PLL-coated 6-well dishes at a
density of 1 million cells per well. After 24 h of incubation at 37 °C, in 5% CO2 and humidified air, the
neuron plating medium was replaced by neuron culture medium and the neurons were cultured for
12-14 days.

3.2.2.4. Transduction of Cortical Neurons with Adeno-associated Viruses

For viral transduction of primary cultured cortical neurons, pAAV-hSyn1-EGFP-CW3SL, pAAV-hSyn1-
EGFP-Ago2-WT-CW3SL, and pAAV-hSyn1l-EGFP-Ago2-L192P-CW3SL plasmids were generated to
induce expression of GFP empty vector control, GFP-tagged Ago2-wildtype (WT), and GFP-tagged
Ago2-L192P. Adeno-associated viruses (AAVs) of the serotype PHP-eB were produced by the Vector
Facility of the UKE Hamburg using the appropriate packaging plasmid (plasmid no. 103005; Addgene,
Watertown, USA) (Chan et al. 2017). The AAVs were thawed on ice and appropriate amounts were
resuspended in the neuron culture medium to achieve a multiplicity of infection (MOI) of 25,000. For
one sample, 24 million neurons were transduced. 24 h after plating the murine cortical neurons (see
3.2.2.3), the neuronal plating medium was replaced with AAV-containing neuron culture medium.
AAV-infected neurons were cultivated for another 11 days in vitro (DIV).
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3.2.3. Biochemical Methods

3.2.3.1. Cell Lysis of HEK293T Cells

HEK293T cells were lysed 24 h after transfection (see 3.2.2.2). Transfection efficiency was checked
under a fluorescence microscope. When the transfection efficiency was 40% or more, cells were
washed three times with 4 °C cold PBS and lysed in 1 ml of IP buffer, supplemented with protease
inhibitors (1:500 0.125 M PMSF, 5 mg/ml leupeptin, 1 mg/ml pepstatin A). After 15 min on ice, the cells
were transferred to 1.5 ml reaction tubes for centrifugation at 20,000 g and 4 °C for 15 min. The
supernatant constituted the cell lysate which was transferred to clean reaction tubes.

3.2.3.2. Coimmunoprecipitation (RFP-trap)

For coimmunoprecipitation (ColP), 25 pl of RFP magnetic trap beads (ChromoTek, Planegg-Martinsried,
Germany) were washed twice with 500 pl of ice-cold IP buffer. 60 ul of cell lysate (see 3.2.3.1) was
taken as input sample (IN) and 12.5 pl of 5x Limmli buffer was added. All remaining cell lysate was
added to the beads and rotated for 2 h at 4 °C. Afterwards, the samples were washed five times with
IP buffer and the supernatant was discarded. The beads were resuspended in 60 ul of Lammli buffer
to generate the immunoprecipitation (IP) sample. Subsequently, input and IP samples were
denaturated for 5 min at 95 °C and 300 rpm.

3.2.3.3. SDS-PAGE and Western Blot

Cell lysates or samples from coimmunoprecipitation assays were analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) with subsequent western blotting. Separation gels of
10% were poured with stacking gels of 1 cm width. The gels were put into a running chamber (BioRad,
Munich, Germany) and covered with SDS running buffer. 20 ul of samples or 2 ul to 8 ul of PageRuler
Prestained Protein Ladder (Thermo Fisher Scientific, Waltham, USA) were added to the gel wells. 80 V
was applied to allow the samples to run from the pockets into the stacking gel. Then, the voltage was
increased to 160 V, which separated the proteins based on their size. Proteins were transferred to a
nitrocellulose membrane using the wet blot method. The wet blot transfer chamber was filled with
transfer buffer and a voltage of 100 V was applied for 2 h. For blocking, the nitrocellulose membranes
were incubated in 10 ml of 5% MP in TBS-T for 30 min at RT. This was followed by incubation with the
primary antibody in 5% MP in TBS-T at 4 °C with rotation overnight. Membranes were washed three
times with TBS-T for 10 min at RT and incubated with horseradish peroxidase coupled secondary
antibody in TBS-T for 1 h at RT. Again, the membranes were washed three times with TBS-T and then
incubated in chemiluminescent substrate (WesternBright from Biozym, Hamburg, Germany) before
detection of the protein bands with an imaging system (BioRad, Munich, Germany). The relative
protein amounts were quantified using Imagelab (BioRad, Munich, Germany).

3.2.3.4. Immunocytochemistry and Confocal Microscopy

Immunocytochemistry (ICC) and confocal microscopy were used for protein localization studies and to
control for protein expression in HEK293T cells and cortical neurons. HEK293T cells were seeded on
PLL-coated 12 well plates and transfected 24 h before fixation (see 3.2.2.2). Neurons were transduced
at 1 DIV and fixed at 12 DIV. Fixation was performed with PFA fixation buffer (see Table 15). Cells were
washed three times in PBS and permeabilised with 500 pl of 0.1% (v/v) Triton X-100 in PBS for 3 min
at RT. After washing three times with PBS, cells were incubated for 1 h with 10% HS in PBS to reduce
non-specific antibody binding. Dilutions of respective primary antibodies were prepared in 2% HS in
PBS. For antibody staining, a sealed box was prepared by lining it with a layer of moistened filter paper
beneath a sheet of parafilm. 100 ul drops of primary antibody solution were pipetted onto the parafilm
sheet. The coverslips were placed face-down onto the antibody drops and the sealed boxes were
placed in a fridge for overnight incubation at 4 °C. The coverslips were placed back into the 12 well
plate and washed three times with PBS for 10 min at RT. Then, the samples were incubated with the
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secondary antibodies in PBS for 1 h at RT in the sealed box with a fresh layer of parafilm. Following
three washes with PBS, the coverslips were washed once with ddH20 and mounted on slides using
ProLong Diamond Antifade mounting medium with or without DAPI (Thermo Fisher Scientific,
Waltham, USA). Samples were stored at RT overnight to dry. ICC samples were analyzed using a SP8
confocal microscope with a 63x oil immersion objective (Leica, Wetzlar, Germany), provided by the
UKE Microscopy Imaging Facility (UMIF, Hamburg).

3.2.3.5. MicroRNA Affinity Purification

Preparation of beads: A microRNA affinity purification (miRAP), adapted from He 2012, was applied to
analyze Ago2-associated miRNAs. 300 pl of Streptavidin MyOne T1 Dynabeads (Thermo Fisher
Scientific, Waltham, USA) were resuspended in 900 ul of PBS. 120 ul of Biotinylated Pierce
Recombinant Protein L (Thermo Fisher Scientific, Waltham, USA) was added and the mixture was
rotated for 35 min at RT. After coating, beads were washed five times with 3% IgG + Protease-free
bovine serum albumin (BSA; Jackson ImmunoResearch, Ely, UK) in PBS. Next, beads were resuspended
in 930 of ul 0.15 M KCI IP wash buffer. Monoclonal antibodies HtZ-GFP 19C8 and HtZ-GFP 19F7 (Heintz
Lab, Rockefeller University, Cat# Htz-GFP-19F7, RRID:AB_2716736) were thawed on ice and
centrifuged at 13,000 g and 4°C for 10 min. 50 pg of each anti-GFP antibody was added to the beads
and rotated slowly at RT for 1 h. Beads were washed three times in 900 ul of 0.15 M KCI IP wash buffer
and then resuspended in 200 pl of 0.15 M KCI IP wash buffer.

Preparation of neurons: Cortical neurons from mice were infected with AAVs at 1 DIV to induce the
expression of GFP-tagged Ago2 variants (see 3.2.2.3 and 3.2.2.4). The neurons were washed three
times in PBS and scraped from the culture dishes in 500 ul of RNase-free PBS per well. After
centrifugation at 2000 g and 4 °C for 5 min, the obtained cell pellet was resuspended in 1 ml of lysis
buffer and incubated for 15 min on ice. Cell lysates of 22 million neurons were combined to generate
one sample, divided into IC and IP. Neuron lysates were centrifuged at 2000 g and 4 °C for 10 min and
the supernatant transferred to prechilled reaction tubes on ice. 100 ul of 10% (v/v) NP-40 in ddH,0
was added and mixed by inversion. Then, 100 pl of 300 mM 1,2-diheptanoyl-sn-glycero-3-
phosphocholine (DHPC; Sigma-Aldrich, Taufkirchen, Germany) was added and again mixed by
inversion. Samples were incubated on ice for 5 min and centrifuged for 10 min at 4 °C and 20,000 g.
The supernatant was again transferred to a new tube on ice. At that point, 100 ul was taken as IC and
directly frozen at -80 °C. For immunoprecipitation, 200 pl of prepared beads was added to the sample
and incubated overnight at 4 °C with gentle rotation. The beads were washed four times with 0.35 M
KCl wash buffer and resuspended in 700 ul of QlAzol (Qiagen, Hilden, Germany). Simultaneously, 700 ul
of QlAzol was added to the IC samples and from then on IC and IP samples were processed in parallel.
After incubation at RT for 5 min, 140 pl of chloroform was added and the samples were shaken
vigorously for 15 s. An incubation at RT for 3 min as well as a centrifugation step at 12,000 g for 15 min
at 4 °C followed, which led to phase separation of a colorless aqueous RNA phase, a white interphase
containing DNA, and an organic phase below that contained proteins and lipids. The upper phase was
extracted to which 525 pl 299.8% of EtOH was added and mixed. For subsequent RNA purification, the
miRNeasy Micro Kit (Qiagen, Hilden, Germany) was used according to the manufacturer’s protocol.
The miRNA concentration was determined with the Qubit microRNA Assay-Kit (Thermo Fisher
Scientific, Waltham, USA) following manufacturer’s instructions.

3.2.3.5.1. Quantitative Polymerase Chain Reaction for Detection of miRNAs

As quality control for input and IP samples generated with miRAP (see 3.2.3.5), a quantitative PCR
(gPCR) on miRNAs was applied using the TagMan Advanced miRNA Assay (Thermo Fisher Scientific,
Waltham, USA). First, a 3"-poly(A) tailing reaction was performed according to Table 23.
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Table 23: Reaction mixture for 3"-poly(A) tailing of miRNA.

Component Volume [ul]
10x poly(A) buffer 0.5
10 mM ATP 0.5
Poly(A) enzyme 0.3
RNase-free H,0 1.7
RNA sample 2

The reaction was incubated in a thermal cycler with settings shown in Table 24.

Table 24: Thermal cycler program for 3’-poly(A) tailing.

Process Temperature [°C] Duration [min]
Polyadenylation 37 45
Stop reaction 65 10
Hold 4 oo

As a second step, a 5'-ligation to adapters at 16 °C for 1 h was carried out with the constituents listed
in Table 25. The 5'-adapter sequences were used to extend the miRNA sequence on the 5'-side and
allowed the differentiation of bases along the entire miRNA sequence, including the terminal 5'-bases,
which are normally difficult to determine.

Table 25: Components of a 5°-ligation reaction following 3’-poly(A) tailing.

Component Volume [ul]
5x DNA ligase buffer 3
50% PEG 8000 4.5
25x ligation adapter 0.6
RNA ligase 1.5
RNase-free water 0.4
Poly(A) reaction 5

In a third step, cDNA synthesis by reverse transcription was performed in a reaction mixture shown in
Table 26.

Table 26: Reverse transcription reaction of polyadenylated miRNA ligation products.

Component Volume [ul]
5x RT buffer 6
25 mM dNTP mix 1.2
20x universal RT primer 1.5
10x RT enzyme mix 3
RNase-free water 33
Ligation product 15

The following thermal cycler program was used (Table 27).

Table 27: Thermal cycler program for reverse transcription of polyadenylated miRNA.

Process Temperature [°C] Duration [min]
Reverse transcription 42 15
Stop reaction 85 5
Hold 4 oo
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To ensure detection of low expressing miRNAs, amplification of the generated cDNA was performed in
a reaction mixture according to Table 28. Universal primers that recognized the 5°-adapters and
3’-poly(A) tails were used to amplify the cDNA of all miRNAs evenly.

Table 28: Components for miRNA-originated cDNA amplification.

Component Volume [ul]
2x miR-Amp Master Mix 25
20x miR-Amp Primer Mix 2.5
RNase-free water 17.5
cDNA template 5

Table 29 lists the thermal cycler settings for amplification of miRNA-originated cDNA.

Table 29: Thermal cycler program for amplification of miRNA-originated cDNA.

Process Temperature Duration Cycles
Enzyme activation 95 5 min -
Denaturation 95 3s } an
Annealing and extension 60 30s
Stop reaction 99 10 min -
Hold 4 oo -

The following gPCR was performed in technical triplicates. TE buffer and cDNA templates were diluted
1:10. PCR reactions were prepared according to Table 30 and two specific miRNAs (Malmevik et al.
2015) were detected using specific TagMan probes (Table 31).

Table 30: The qPCR reaction for miRAP quality control.

Component Volume [ul]
2x Fast Advanced Master Mix 5
20x Advanced miRNA Assay 0.5
RNase-free water 2
1:10 cDNA template 2.5

Table 31: Chosen Advanced miRNA Assays for marker miRNAs in miRAP quality control.

Marker miRNA Advanced miRNA Assay Cell population
mmu-miR-124-3p mmu480901_mir Neurons
mmu-miR-21-5p mmu482709_mir Glia cells

The gPCR was done in a thermal cycler using the following settings (Table 32).

Table 32: Thermal cycler settings for gPCR for miRAP quality control.

Process Temperature [°C] Duration [s] Cycles
Enzyme activation 95 20 -
Denaturation 95 3 } 0
Annealing and extension 60 30

Carboxyrhodamine (ROX) was used as a passive reference dye because the fluorescence signal of the
inert dye remains stable throughout the PCR reaction, independent of the amount of amplification
products. The signal from ROX is affected by technical variations, e.g. evaporation, condensation or
bubbles, and normalization to ROX reduces the variability between technical replicates. The
fluorescent signal from the specific TagMan probes was normalized to the ROX signal to calculate the
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normalized reporter value Rn. Amplification was plotted as the difference in normalised reporter
values, ARn, against cycle. The cycle threshold or Ct value was determined in the exponential phase of
amplification, where the curve was linear. The relative enrichment (ACt) of miRNAs was calculated as
Ct of the IP samples normalised to the Ct value measured in IC with ACt = [Ct(IP) - Ct(IN)].

3.2.4. Animal Testing

3.2.4.1. Housing of Laboratory Mice

The laboratory animals were bred specifically for animal experiments and obtained directly from the
UKE Hamburg laboratory animal facility. Housing conditions complied with §11 of the Animal Welfare
Act and the hygiene status was controlled quarterly using sentinel animals. A maximum of five animals
were kept per cage of the blue line type Il L series. Access to water and food was given ad libitum and
all mice were kept under 12-12 h light to dark cycles with monitored temperature and humidity in the
vivarium.

3.2.4.2. Breeding of Laboratory Mice

All mice were kept in the C57BL/6J background. The Shanki1-knockout (KO) and Shank3aB-KO mice
were bred in heterozygous breeding pairs for conservational breeding or to generate cohorts for
behavioral analyses. For the latter, 10 male (M) and female (F) KO mice of both Shank lines with
wildtype littermates were bred. To reduce litter effects, only two mice per genotype from the same
litter were used for the open field test cohort (see 3.2.4.5). Transgenic mouse lines for the translating
ribosome affinity purification (TRAP) have been generated using bacterial artificial chromosomes (bac)
and are therefore referred to as bacTRAP lines. In the Lypd1-bacTRAP line, which expresses an EGFP-
tagged L10a ribosomal protein (L10a) under control of the Lypd1 promotor, the transgene was always
kept in a heterozygous state, by breeding heterozygous mice with a C57BL/6J WT mice.

3.2.4.3. Generation and Breeding of Lypd1-bacTRAPxShank1-KO and Lypdl1-bacTRAPxShank3aB-KO
Mice

To analyze the effects of Shank1 or Shank3a8 knockout on neuronal translation, two new mouse lines
were generated. Heterozygous (HZ) mice of the Lypd1-bacTRAP line were crossed with homozygous
knockout mice of the Shankl- or Shank3a8 lines. This resulted in the generation of Lypdi-
bacTRAPxShank1 and Lypd1-bacTRAPxShank3a8 mice, all of which were heterozygous for the Shank
alleles. Half of the offspring carried the Lypd1-bacTRAP allele coding for EGFP-tagged L10a ribosomal
protein in the heterozygous state, while the other half were wildtype in respect to the Lypd1 allele.
These two groups were crossed to produce a second generation with homozygous Shank1 and Shank3
knockout alleles and Lypd1-EGFP-positive heterozygous mice. The cohorts to be used in bacTRAP
experiments were bred in wildtype or homozygous knockout breeding pairs regarding the Shank1 or
Shank3 allele, while the transgene of the Lypd1l allele was kept in a heterozygous state. To reduce
effects of maternal imprinting on behavior, a wildtype female was always housed with a knockout
female from litter to weaning. Mice carrying the Lypdl transgene were selected for experimental
cohorts and housed in mixed cages with respect to the Shank allele genotype until 12 weeks of age.

3.2.4.4. Genotyping

Genotyping of laboratory mice was performed using tail tip biopsies. Genomic DNA was obtained
through incubation of a tail tip in 60 pl of DirectPCR Tail (Viagen BIOTECH, Los Angeles, USA) with 2 pl
of proteinase K (10 mg/ml) at 55 °C and 600 rpm shaking motion overnight. The proteinase K was then
inactivated by incubation for 1 h at 85 °C and 600 rpm. The wildtype and the knockout allele of Shank1
or Shank3 were determined in PCRs with specific primer pairs (Table 33 and Table 34).

Table 33: PCR reaction for genotyping of Shank1-KO mice.
Component Volume [ul]
ddH,0 18.2
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Component Volume [ul]

10x CoralLoad PCR buffer 3.2

10 mM dNTPs 13

25 mM MgCl, 1.9

10 uM Primer 1: Short arm fwd 2.2

10 uM Primer 2: Deletion rev 2.2

10 uM Primer 3: NEO 250 rev 2.2

Taqg polymerase S1

Genomic DNA

Table 34: PCR reaction for genotyping of Shank3a6-KO mice.

Component Volume [ul]
ddH,0 15.2
10x CoralLoad PCR buffer 3.2
Q-Solution 4.3
10 mM dNTPs 13
25 mM MgCl, 0.6
10 uM Primer 1: S12 WT 2.2
10 uM Primer 2: S10 KO 2.2
10 uM Primer 3: AS3 2.2
Taqg polymerase S1
Genomic DNA

The following temperature program was used to amplify specific DNA loci for genotyping (Table 35).

Table 35: Thermal cycler temperature program for Shank1 or Shank3 genotyping via PCR.

Process Temperature [°C] Duration Cycles
Initialisation 94 1 min -
Denaturation 94 30s \

Annealing 64 5s > 30

Elongation 72 30s J

Final elongation 72 5 min -
Hold 4 oo -

Additionally, the presence or absence of the Lypdl1-bacTRAP transgene was verified in separate
reactions (Table 36).

Table 36: Components of the PCR reaction for verification of the Lypd1-bacTRAP transgene.

Component Volume [ul]
ddH,0 14.28
10x CoralLoad PCR buffer 25
10 mM dNTPs 13
25 mM MgCl, 0.64
10 uM Primer 1: Actin fwd 1
10 uM Primer 2: Actin rev 1
10 uM Primer 3: EGFP 5’ 0.9
10 pM Primer 4: EGFP 3’ 0.9
Taqg polymerase S1
Genomic DNA

The PCR was carried out under the following conditions (Table 37).
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Table 37: PCR program for genotyping of Lypd1-bacTRAP transgene.

Process Temperature [°C] Duration Cycles
Initialisation 94 2 min -
Denaturation 94 30s

Annealing 64 30s > 38

Elongation 72 30s )

Final elongation 72 5 min -
Hold 4 ) -

The PCR products were loaded onto an agarose gel. Expected PCR product sizes for tested alleles are
listed in Table 38. The band pattern was evaluated to determine the genotype of the mice.

Table 38: Expected PCR product band sizes in genotyping.

Allele Band size [bp]
Shank1-WT 240
Shank1-KO 430

Shank3a8-WT 360
Shank3a68-KO 190
Lypd1-EGFP 350
Actin 150

3.2.4.5. Open Field Test

All mice used in the experiments were tested in an open field test to ensure that the mice exhibited
an ASD phenotype at the time of sampling. These behavioral analyses were done in cooperation with
Dr. Fabio Morellini from the Behavioral Biology Research Group at the Center for Molecular
Neurobiology Hamburg. Two weeks prior to the open field tests, 10-weeks-old mice were transferred
to Dr. Morellini’s facility and accustomed to a reversed 12-12 h dark to light cycle. Mice were handled
daily and their weight was monitored. The open field test was conducted by placing a mouse in a
50 cm x 50 cm x 40 cm open field arena illuminated with 25 lux white light. The mouse freely explored
this area over a period of 20 min. The distance travelled and the time spent in the central zone were
evaluated using EthoVision software. Between experiments, the open field arena was cleaned
thoroughly with water and soap and then ethanol to ensure no distracting scents for the next mouse
to be tested. Self-grooming and rearing behavior were evaluated retrospectively by analysing the video
footage with the Observer software.

3.2.4.6. Preparation of Postsynaptic Densities

For brain region specific preparation of postsynaptic densities (PSD), 12-weeks-old mice were
anaesthetised with CO, and sacrificed by cervical dislocation. The skull was opened and the brain
removed. Using a binocular dissection microscope, hemispheres were separated and the olfactory bulb
and cerebellum were removed. The forebrain or cortex and hippocampus were dissected. A forebrain
was processed as one sample, whereas cortices or hippocampi from five mice of same genotype and
sex were combined per sample. Brain tissue was homogenised in 3 ml of PSD buffer A using a glass
homogeniser. The homogenate was centrifuged at 1400 g and 4 °C for 10 min, the supernatant was
transferred, and the pellet resuspended in 3 ml of PSD buffer A and homogenised again in a glass
homogeniser. After centrifugation at 1400 g and 4 °C for 10 min the supernatants were combined.
From the pooled supernatant, the postnuclear fraction was obtained by further centrifugationat 710 g
and 4 °C for 10 min, while the cell nuclei were pelleted. 100 ul of supernatant was taken as P1 sample
(postnuclear fraction) and 25 ul of 5x Lammli buffer was added. The remaining sample was centrifuged
at 13,800 g and 4 °C for 15 min and the supernatant discarded. The pellet was resuspended in 3 ml of
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PSD buffer B to obtain the membrane fraction from which 200 ul was mixed with 37.8 pl of 5x Lammli
buffer to produce the P2 sample. A sucrose gradient of three molarities, 1.2 M, 1.0 M and 0.85 M, was
cast into Ultra-Clear Centrifuge Tubes (Beckman Coulter, Brea, USA). The sample was loaded on the
gradient and centrifuged at 82,500 g, 4 °C, and under vacuum conditions for 2 h. The components of
the sample were distributed across the gradient dependent on their density, which led to accumulation
of the synaptosomal fraction between the 1.2 M and the 1.0 M sucrose layers. This fraction was
isolated from that location by carefully piercing through the gradient with a Pasteur pipette. After
transferring to a new tube, the volume was adjusted to a total of 5 ml with PSD buffer B. 5 ml of PSD
Triton X-100 buffer was added and the sample rotated at 4 °C for 30 min. A centrifugation at 20,000 g
and 4 °C for 45 min followed to pellet the PSD, which was then resuspended in 300 ul of PSD buffer B.
60 ul of resuspended PSD was taken as P3 sample and 15 pl of 5x Limmli added. The efficiency of PSD
purification was validated by western blot analyses (see 3.2.3.3) of the P1-P3 samples.

3.2.4.7. Translating Ribosome Affinity Purification

For translating ribosome affinity purification (TRAP or bacTRAP), the monoclonal antibodies HtZ-GFP
19C8 and HtZ-GFP 19F7 were thawed on ice and centrifuged for 10 min at 20,000 g and 4 °C. 300 pl of
Streptavidin MyOne T1 Dynabeads was resuspended in 1 ml of RNase-free PBS and 120 ul of
Biotinylated Protein L was added. After gentle rotation for 35 min at RT, the coated beads were washed
five times in RNase-free PBS buffer containing 3% IgG- and protease-free BSA. 50 ug of both
monoclonal anti-GFP antibodies, 19C8 and 19F7, were added, followed by an incubation under slow
rotation at RT for 1 h. Beads were washed three times in 1 ml of 0.15 M KCI IP wash buffer, then
resuspended in 200 ul of 0.15 M KCI IP wash buffer and stored on ice during brain lysate preparation.
Lypd1-bacTRAPxShank-KO mice and wildtype littermates were anaesthetised by intraperitoneal
injection of 15 pl/g bodyweight of a ketamine and xylazine solution. The solution contained 12 mg/ml
ketamine and 1.6 mg/ml xylazine and a maximum of 450 pl was injected. Surgical tolerance was
verified by the absence of toe reflexes. The thorax was opened and a syringe was inserted into the left
ventricle. The mouse was perfused with 4 °C cold bacTRAP dissection buffer using a constant pump
rate of 30 ml/min for 1 min. The brain was dissected and the hippocampi of three animals were
combined in 1 ml of lysis buffer. The tissue was homogenised in a glass homogeniser and the
homogenate was transferred to a prechilled tube on ice. By centrifugation of the homogenate for
10 min at 2000 g and 4 °C, cell nuclei were pelleted and subsequently flash frozen with liquid nitrogen.
The supernatant was transferred to a tube on ice and 100 pl of 10% (v/v) NP-40 in ddH,0 was added
to a final concentration of 1%. The tube was inverted five times and then 100 pl of 300 mM DHPC was
added. Again, the sample was mixed by inversion and subsequently incubated on ice for 5 min. A
centrifugation at 20,000 g and 4 °C for 10 min followed to collect the postmitochondrial fraction as the
supernatant, of which 100 pl was kept as input control. Forimmunoprecipitation, prepared beads were
resuspended, 200 ul was added to each sample and incubated overnight at 4 °C with gentle rotation.
The next day, the IP sample was washed five times in 1 ml of 0.35 M KCl wash buffer and then further
processed in parallel with the corresponding IC sample for RNA purification. 800 pl of Trizol was added
to the IC and IP samples and mixed by pipetting. Following incubation at RT for 5 min, 200 ul of
chloroform was added, the samples were shaken vigorously for 15 s and then incubated for 3 min at
RT. Phase separation was achieved by centrifugation at 12,000 g and 4 °C for 15 min. The colorless
upper phase was extracted and 1/10 of the volume of this RNA phase of 3 M sodium acetate solution
was added. 550 pl of isopropanol was added and inverted for five times. After adding 5 ul of Glycoblue
(AM9515; Thermo Fisher Scientific, Waltham, USA), the samples were stored overnight at -80 °C. The
next day, samples were centrifuged at 13,000 g and 4 °C for 15 min. The blue stained RNA pellet was
washed twice with 70% EtOH by centrifugation for 5 min at 13,000 g and 4 °C. To dry the RNA pellet,
the open tube was incubated at RT for 15 min under the closed fume hood. The pellet was then
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resuspended in 100 pl of RNase-free water and the RNeasy micro kit (Qiagen, Hilden, Germany) was
applied for RNA purification according to the manufacturer’s protocol.

3.2.4.7.1. Quantitative Polymerase Chain Reaction for mRNA

A reverse transcriptase qPCR was performed on RNA samples generated with the bacTRAP method
from Shank1-KO mice (see 3.2.4.7). The RNA of input control (IC) and immunoprecipitate (IP) were
reverse transcribed into cDNA using the RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, Waltham, USA). Table 39 shows the components for the reverse transcription.

Table 39: Components for a reverse transcription reaction.

Component Volume [ul]
5x reaction buffer 4
Ribolock RNase inhibitor 1
10 mM dNTP mix 2
RevertAid H Minus M-MulV reverse transciptase 1
RNA sample 1

The reverse transcription proceeded in a thermal cycler according to the temperature program in
Table 40.

Table 40: Temperature program for cDNA synthesis.

Temperature [°C] Duration [min]
25 5
42 60
70 5

Six TagMan Gene Expression Assays (Thermo Fisher Scientific, Waltham, USA) were selected, as listed
in Table 41, to investigate the expression of marker genes which are typically highly expressed in a
specific cell population.

Table 41: Chosen marker genes for TagMan Gene Expression Assays.

Marker Gene Abbreviation TagMan Assay Cell Population

Internal control,

TATA- indi i T Mm01277042_m1
box binding protein bp mO0 042_m ubiquitously expressed

2',3'-Cyclic-nucleotide 3'-

slieasndidicree Cnp MmO01306641_m1 Oligodendrocytes
Glial fibrillary Gfap MmO01253033_m1 Astrocytes
acidic protein
Desmoplakin Dsp MmO01351876_m1 Mature granule cells
Ly6/P.L/3fUR dom;jnn— Lypd1 Mm00513929_m1 Promotor controllllng EGFP-
containing protein 1 L10a expression
Enhanced green fluorescent EGEP Mr03989638_mr Tag of L10a

protein ribosomal protein

The composition of the qPCR mixture is shown in Table 42.

Table 42: The qPCR reaction with TagMan Gene Expression Assays.

Component Volume [ul]
20x TagMan Gene Expression Assay 0.5
2x TagMan Gene Expression Master Mix 5
RNase-free water 2.5
cDNA template 2
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The samples were measured as technical triplicates on a 96 well plate in an ABI Prism 7900HT Fast
Real-Time PCR System (Thermo Fisher Scientific, Waltham, USA) following the temperature program
listed in Table 43.

Table 43: Thermal cycler program used for gPCR.

Process Temperature [°C] Duration Cycles
Enzyme activation 95 10 min -
Denaturation 95 15s \ 40
Annealing and extension 60 1 min J

ROX was used as a passive reference dye and amplification was measured as ARn. ACt was calculated
as the expression of the marker genes (Cnp, Gfap, Dsp, Lypd1 and EGFP) normalized to the expression
of the ubiquitously expressed TATA-box binding protein (Tbp), with ACt = [Ct(marker) - Ct(Tbp)]. The
relative gene expression was calculated as 222 with ACt values of the IP normalized to the
corresponding ACt of the IC (Livak and Schmittgen 2001).

3.2.5. Analytical Methods and Bioinformatics

3.2.5.1. RNA Sequencing

The bacTRAP samples (see 3.2.4.7) and miRAP samples (see 3.2.3.5) were analyzed using Next
Generation Sequencing. The samples were sent to the NGS Integrative Genomics Core Unit at the
Institute of Human Genetics at the University Medical Center Goéttingen. For preparation of RNA
libraries and NGS, the SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing (TAKARA, Kusatsu, Japan)
and the NovaSeq6000 S1 100 cycles Flow cell (Illumina, San Diego, USA) were used. Whereas miRNA
libraries were prepared using the QIlAseq miRNA Library Kit (Qiagen, Hilden, Germany). The
bioinformatics analyses were carried out by Dr. Dr. Jan Broder Engler from the Institute for
Neuroimmunology and Multiple Sclerosis at the Center for Molecular Neurobiology Hamburg (ZMNH).
The RNA-seq reads were aligned to an Ensembl mouse reference genome using STAR (Dobin et al.
2013) v2.5 with default settings. FeatureCounts (Liao et al. 2014) was applied to assess the overlap of
uniquely aligned reads with annotated gene loci. Contaminations originating from non-mouse
genomes or other typical sources of contamination were detected using the FastQ Screen tool (Wingett
and Andrews 2018). Processing of miRNA sequencing data was facilitated with the OASIS tool (Capece
et al. 2015). Further analyses were conducted in the R environment v4.2.1 with publicly available
packages. The DEseq2 tool (Love et al. 2014) v1.36.0 performed quality control through identifying and
excluding outlier samples by calculated Cook’s distances. Dispersion estimates, as well as fold change
shrinkages were calculated. Normalized and shrunken log, fold changes were used for subsequent
assessment of sample similarity and differential gene expression. Differentially expressed genes
(DEGs), determined with the bacTRAP method, were identified by a log; fold change of >0.5 and a
false discovery rate (FDR) of <0.1. Differentially expressed miRNAs were selected by having an
absolute log; fold change of > 1 and a FDR of < 0.05. DEGs were visualised in volcano plots and in
heatmaps using the pheatmap v1.0.12 tool. Gene set enrichment analysis of translatome data was
carried out with GSEA.

3.2.5.2. Mass spectrometry

To prepare a PSD sample for mass spectrometric measurements, the PSD was pelleted by
centrifugation at 20,000 g and 4 °C for 30 min. The pellet was resuspended in 300 pl of 0.1 M
triethylammonium bicarbonate (TEAB) buffer. After washing two times with TEAB buffer (20,000 g,
4 °C, 30 min), the PSD was resuspended in 0.1 M TEAB buffer with 1% sodium deoxycholate (SDC).
Further sample processing and mass spectrometric measurements were performed in collaboration
with Hannah Vol at the Core Facility for Mass Spectrometric Proteomics at UKE Hamburg. Protein
extraction was performed for 10 min at 99 °C. Tryptic digestion was performed using the Single-pot,
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solid-phase-enhanced sample preparation (SP3) protocol (Hughes et al. 2019). 1 ug of peptides were
subjected to Liquid-chromatography coupled Tandem Mass Spectrometry (LC-MS/MS) analysis in 0.1%
formic acid (FA). LC analyses were performed on a nano-UPLC (Dionex Ultimate 3000 UPLC system,
Thermo Fisher Scientific, Waltham, USA). Tryptic peptides were injected to the LC system via an
autosampler and purified and desalted by using a reverse phase trapping column (Acclaim PepMap
100 C18 trap; 100 pm x 2 cm, 100 A pore size, 5 um particle size; Thermo Fisher Scientific), followed
by separation with a reverse phase column (Acclaim PepMap 100 C18; 75 um x 25 cm, 100 A pore size,
2 um particle size, Thermo Fisher Scientific). Separation was performed by a linear gradient from 2%-
30% solvent B (0.1% FA in acetonitrile; solvent A: 0.1 % FA in H,0) in 65 min at a flow rate of 0.3 pl/min.
Eluting peptides were ionized by using a nano-electrospray ionization source (nano-ESI) with a spray
voltage of 1800 V, transferred to a quadrupole-ion-trap-orbitrap MS (QExactive, Thermo Fisher
Scientific), and analyzed using data dependent acquisition (DDA) in the positive ionization mode.
Peptides with a mass to charge ratio between 400 and 1200 were considered. LC-MS/MS raw spectra
were searched with a combined workflow, including the CHIMERYS and SEQUEST algorithm integrated
in the Proteome Discoverer software (v3.0, Thermo Fisher Scientific) against a reviewed murine
Swissprot database (December 2022) containing 17144 entries. A strict cutoff (FDR < 0.01) was set for
peptide and protein identification. Protein quantification was carried out using the Minora Algorithm
implemented in Proteome Discoverer. Retrieved abundancies were normalized at the peptide level
using all peptides. Protein abundances were log, transformed. Principal component analyses (PCA) and
hierarchical clustering (HC) were generated in Perseus (Version 2.0.3, Max Plank Institute of
Biochemistry, Munich, Germany). For ANOVA and Student’s t-tests a p-value cutoff of < 0.05 was
applied. For the identification of significantly changed proteins, a fold change cutoff of > 1.5 was
applied. Volcano plots were generated, using an in-house script in the R-Software environment
(Version 4.1.3.)
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4. Results

4.1. The Neuronal Translatome and the Postsynaptic Proteome are Affected by Knockout

of Shank1 or Shank3a8 in ASD Mouse Models

Mutations in the SHANK1 and SHANK3 genes are associated with ASD (Grabrucker et al. 2011, Berkel
et al. 2012, Sato et al. 2012). The encoded Shank proteins are postsynaptic scaffold proteins localized
at the postsynapse of excitatory, glutamatergic synapses, where they indirectly connect glutamate
receptors to the actin cytoskeleton (Du et al. 1998, Boeckers et al. 1999, Sheng and Kim 2000,
Kreienkamp 2008). Previous research of the Kreienkamp group identified the N-terminus of Shank3,
comprising the SPN and ANK domains, as Ras association domains, linking Shank proteins to the MAPK
signaling pathway, which is involved in regulation of translation. The Shank3a8 knockout mouse line
used in this study lacks the isoforms of Shank3 that contain the SPN-ANK-SH3 domains, whereas all
Shankl isoforms are absent in the Shank1-KO mouse model. Importantly, many ASD-related
mutations, for example in the genes FMR1, PTEN or TSC1/2, lead to altered translation (Wiznitzer 2004,
Butler et al. 2005, Lai et al. 2014, Richter et al. 2015). The molecular effects caused by SHANK variants
and consequences for postsynaptic functions were analyzed here as an example of the subgroup of
ASD risk genes which encode for synaptic proteins. | wanted to test the hypothesis that autism-
associated mutations of the SHANK1 and SHANK3 genes lead to dysregulation of translation and an
altered postsynaptic proteome, which might result in altered synaptic development and plasticity. Two
novel bacTRAP-Shank knockout mouse models were generated and behavioral studies performed. The
neuronal translatome of Lypd1-bacTRAPxShank3aB mice was analyzed. Furthermore, the composition
of the protein network of the postsynaptic density fraction from Shank1 and Shanka8 knockout mice
was determined. In this proteomics approach, quantitative mass spectrometry was used to investigate
the postsynaptic proteome in Shank knockout mice.

4.1.1. Validation of an ASD-typical Phenotype in Shankl and Shank3a6 Knockout

Mouse Models

Initially, behavioral experiments were performed to determine an autistic phenotype at the time point
of analyzing the translatome and proteome. The Shankl and Shank3a6 knockout mouse lines were
tested at 12 weeks of age. Locomotor activity and the ASD core symptom of repetitive behavior were
assessed by the open field test in collaboration with Dr. Fabio Morellini. All mice were tested for their
behavior in one cohort at the same time and compared with the respective control group of WT
littermates. For two weeks before the behavior experiment, mice were handled daily and their weight
measured (Figure 5). Female (F) and male (M) Shank1-KO mice showed significantly reduced body
weight (Figure 5A). In contrast, the Shank3a8 knockout had no effect on body weight (Figure 5B).
Furthermore, in preliminary screening experiments to train the mice for a Morris water maze
experiment, it was observed that the Shankl knockout mice demonstrated severe impairments in
locomotor skills, as they could not swim. Here again, the Shank3aB8-KO mice did not show the same
phenotype and were not impaired in their swimming ability.

35



A Shank1

Female (F) Male (M)
30- 30- * ok
% %k k
58204 = 204 ::[
i) R )
g g
> 104 > 10
o o
[=] [=]
o [=4]
0 r 0
wT KO wT KO
B Shank3
Female (F) Male (M)
30+ 30+
P o = 5] E
= x > I =
& u )
Q [T
2 2
> 10 > 104
o o
o o
[=3] [=2]
0 T T 0 - .
WT KO WT KO

Figure 5: Knockout of Shank1 resulted in reduced body weight in mice. The body weight of Shank1 and Shank3a8 knockout mice
and their WT littermates was measured. (A) The body weight of male and female Shank1-KO mice was reduced. (B) Shank3a8-
KO mice had no change in body weight compared to the controls. The body weight of each sampled mouse at 12 weeks of age
is shown as mean with standard deviation of each group. Statistical significance was determined by two-tailed Student’s t-test
(p<0.01=** p<0.001=***),

In the following open field test, all changes in the location of the mouse were detected over a fixed
time period. The complete distance moved, the distance to the wall of the testing area and the time in
the center of the open field were determined and compared between knockout and WT mice (Figure
6 and Figure 7). Shank1-KO mice moved less distance during the time course of 20 minutes (min) with
the most pronounced differences at the 20 min time point for female mice and at 15 min for males
(Figure 6A). Female Shank1-KO mice (KO-F) showed a smaller distance to the field wall at 20 min
compared to WT littermates (Figure 6B, middle panel). Furthermore, the KO-F mice spent significantly
less time in the center of the open field after 20 min (Figure 6C, middle panel). In contrast, KO-M mice
showed not altered distance to the wall, or time in the center compared to controls (Figure 6B-C, right
panels).
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Figure 6: Shank1 knockout induced altered locomotion behavior in the open field test. Locomotion of Shank1-KO mice and the
WT littermates was measured in an established open field experimental set up to assess distance travelled (A), the distance to
the wall of the field (B) and the time spent in the center of the testing area (C). The mean with standard deviation of each group
at each time point is shown (left panels). Female (middle panels) and male cohorts (right panels) differed in their behavior.
(A) Shank1-KO mice moved less distance compared to WT. (B) Female Shank1-KO mice (KO-F) showed a smaller distance to the
field wall at 20 min. (C) KO-F mice spent significantly less time in the center. Statistical significance was calculated with two-
way ANOVA, with genotype and sex as the two factors tested, followed by Sidak’s multiple comparisons tests (p < 0.05 = *,
p<0.01=** p<0.001=***),

With the Shank3aB-KO mice, a decrease in the travelled distance was also measured in the open field
test. Compared to sex-matched littermate controls, male Shank3a6-KO mice travelled progressively
less over time, whereas female Shank3aB-KO mice travelled consistently and significantly less at all
four time points (Figure 7A). The other two parameters, distance to the wall and time in the center,
were not altered by knockout of Shank3a8 (Figure 7B-C). There was a tendency of female Shank3a8
knockout mice to spend less time in the center of the field after 20 min although this difference did
not reach statistical significance for the KO-F cohort (Figure 7C, middle panel)
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Figure 7: Shank3a8 knockout mice moved less during the open field test. Locomotor parameters of Shank3a8-KO mice and
littermate controls were quantified using an open field test. The distance travelled (A), the distance to the wall (B) and the time
spent in the center (C) were determined. The mean and standard deviation of each group at each time point is shown (left
panels). Female (middle panels) and male cohorts (right panels) are shown separately for each parameter. (A) Shank3a6-KO
mice moved less distance compared to WT. For males, the difference occurred after 20 min whereas females moved less
distance at each time point measured. (B) No alterations in distance to the wall were observed. (C) The time spent in the center
did not significantly change with Shank3a8 knockout. The KO-F mice displayed a tendency to spend less time in the center at
20 min. Statistical significance was calculated with two-way ANOVA followed by Sidak’s tests (p < 0.05 = *, p £ 0.01 = **).

Repetitive behavior is a core phenotype of ASD and increased grooming has been described for several
Shank knockout mouse lines (Lord et al. 2000, Schmeisser et al. 2012, Sungur et al. 2014). Thus, self-
grooming was assessed for both mouse models. Additionally, rearing was quantified to determine the
exploration behavior of the mice. Evaluation of self-grooming, measured in seconds (s) spent
grooming, demonstrated that knockout of Shank1 and Shank3a6 increased self-grooming at 20 min.
This repetitive behavior was more prominent in the female mice of the Shank1-KO line, whereas within
the Shank3a8 -KO mouse model, males were affected more severely (Figure 8A). Due to high variability
among each cohort analyzed, the measured alterations in behavior did not reach statistical
significance. This result partially recapitulated observations published before, where the mouse lines
used here were initially characterized and shown to exhibit increased duration of self-grooming,
although no sex-dependent differences were described in these studies (Schmeisser et al. 2012, Sungur
et al. 2014, Vicidomini et al. 2017). The rearing frequency of both Shank-KO lines was strikingly
reduced, showing a decrease in explorative behavior (Figure 8B). Reduced rearing was described in the
Shank1 knockout mice before, but the effect of the specific knockout of Shank3a8 has not been
measured so far (Sungur et al. 2014). Interestingly, enhanced rearing was observed in another Shank3
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knockout mouse line lacking exon 9, indicating an isoform-specific effect of Shank proteins on
exploration behavior (Lee et al. 2015).
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Figure 8: Shank-KO mouse models displayed altered self-grooming and rearing behavior. Video footage of the open field
experiment with Shank1-KO (left panels) and Shank3aB-KO (right panels) mice was analyzed to evaluate self-grooming (A) and
rearing (B). (A) Self-grooming was quantified as time spent for self-grooming during the first 5 min (0-5) and the last 5 min
(15-20) of the open field test. Both mouse models showed a tendency towards increased duration of self-grooming during the
second measuring period. (B) Shank-KO mice exhibited decreased rearing behavior, measured as frequency of rearing events.
Male and female mice of both lines were affected to the same degree. Mean with standard deviation of each group is shown
with statistical significance determined between WT and KO of male and female mice by two-way ANOVAs followed by Sidak’s
tests (p £0.01 = **).

Importantly, Shank1-KO and Shank3a8-KO mice demonstrated features of an autistic phenotype at 12
weeks of age, as measured by locomotor activity, self-grooming, and rearing behavior. Therefore, all
further analyses were performed with 12-week-old mice, and each mouse used for translatome and
proteome analyses was previously analyzed in the open field assay. The cohorts of Shank1-KO and
Shank3aB-KO mouse lines, whose results of the open field assay were presented here, were
subsequently used for purification of postsynaptic density fractions and mass spectrometric analyses
of the postsynaptic protein composition using a proteomics approach.

4.1.2. The Neuronal Translatome of Lypd1-bacTRAP-Shank3a6-KO Mice

The Shank knockout mouse lines were crossed with Lypd1-bacTRAP mice, which express a fusion
protein of the 60S ribosomal protein L10a with EGFP under control of a neuron-specific promoter
(Lypd1). The novel Lypdl-bacTRAPxShank1-KO and Lypd1-bacTRAPxShank3aB8-KO mice enabled
targeted immunoprecipitation of ribosomes from Lypd1-positive hippocampal neurons together with
the actively translated mRNA (bacTRAP, see 3.2.4.7) (Heiman et al. 2014). Actively translated mRNA
from the Lypd1-bacTRAPxShank3aB-KO mice was sequenced and the translatome analyzed.
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4.1.2.1. Validation of the ASD-typical Phenotype in Lypdl-bacTRAP-Shankl1l-KO and
Lypd1-bacTRAP-Shank3aB-KO Mice

The autistic phenotype of Lypdl-bacTRAP-Shank1-KO and Lypdl-bacTRAP-Shank3aB-KO mice was
examined at 12 weeks of age using the open field assay. In the translatomics approach, five biological
replicates were analyzed with three mice of the Lypd1-bacTRAP-Shank3a8 line per replicate. These
mice were tested sequentially in small groups for their behavior due to the technical complexity of the
following bacTRAP experiment. Several male bacTRAP-Shank1-KO mice had to be excluded from the
open field test because they were kept in isolation, as aggressive behavior was observed between
them and their littermates. Mice housed alone show altered behavior in the open field test, which
would have biased the results. To compensate for the difficulties in the breeding strategy, female and
male mice of the Lypdl-bacTRAP-Shank3a8 line were combined in one cohort to measure the
translatome. Accordingly, the results of the open field test, which was performed before the bacTRAP
assay, were also quantified in mixed cohorts. Both mouse models displayed decreased distance moved
(Figure 9A). Unlike in the screening experiments, the bacTRAP-Shank3aB-KO mice showed differences
in the distance to wall and time in center parameters compared to their wildtype littermates. They
exhibited less distance to the wall and spent less time in the center of the area, with increasing
differences over the 20-minute period (Figure 9B-C). The duration of self-grooming was unaltered in
bacTRAP-Shank1-KO mice, quantified as the sum of time spent self-grooming during the whole
experiment (Figure 9D, left panel). Self-grooming behavior was increased in bacTRAP-Shank3a8-KO
mice, although this trend was not statistically significant when results of all separately measured
groups were combined (Figure 9D, right panel). The same applied to the evaluation of rearing behavior,
where both mouse models showed a tendency towards decreased exploration behavior (Figure 9E).
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Figure 9: Validation of an autistic phenotype in the novel Lypd1-bacTRAP-Shank1-KO and Lypd1-bacTRAP-Shank3a6 -KO mouse
lines. Separate groups of mice were tested at 12 weeks of age in an open field test. Distance moved (A), distance to the wall
(B), time in center (C), self-grooming (D) and rearing behavior (E) were analyzed. Shown is the mean with standard deviation.
Two-tailed Student’s t-tests revealed significant differences in several parameters tested. (A) In both mouse models, knockout
mice moved less distance. (B) Shank3a6 knockout resulted in reduced distance to the field wall. (C) Shank3aB-KO mice spent
less time in the center of the area. (D) Assessment of self-grooming behavior demonstrated a trend toward increased self-
grooming in the Shank3a6-KO mice. (E) Knockout mice of both lines exhibited a tendency to reduced rearing behavior
(p<0.05=*).

4.1.2.2. Evaluation of Cell Specificity of GFP-tagged Rpl10 Expression

Quantitative PCR was performed to ensure that the Lypdl promotor mediated a neuron-specific
expression of GFP-tagged L10a, a protein of the large ribosomal subunit, and to check for the
enrichment of GFP-L10a in bacTRAP immunoprecipitates. The hippocampi of three Lypd1-bacTRAP-
Shank1-KO mice were combined to obtain sufficient RNA. Total RNA (input control, IC) and actively
translated mRNA (IP) were purified and the relative amount of GFP and cell population-specific
transcripts were measured in both fraction (Figure 10A) (see 3.2.4.7.1 and Table 41). The abundance
of each transcript in the IP fraction (Figure 10A, green bars) relative to the IC fraction (Figure 10A, black
bars) was calculated (Figure 10B). The transcript of the ubiquitously expressed TATA-box binding
protein (Tbp) was used as a baseline of enrichment. Contrary to what was expected, transcripts
comprising the promoter region of Lypd1, which controlled the expression of the GFP-L10a transgene,
showed no enrichment in the IP fraction. Importantly, GFP-encoding transcripts were highly enriched
in IP compared to total cell lysate and showed the highest amount of all detected transcripts when IP
signals were normalized to IC signals. Dsp, a marker transcript of mature granule cells, which are highly
abundant neurons in the hippocampus, exhibited slight enrichment in IP compared to IC, indicating
that the neuronal cell population was targeted. The marker transcripts for oligodendrocytes (Cnp) and
astrocytes (Gfap) showed a depletion, which confirmed that the non-neuronal cell populations were
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not targeted. In conclusion, the Lypdl-bacTRAP mice and the bacTRAP method allowed for the
purification of actively translated mRNAs specifically from neurons.
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Figure 10: The gPCR detected enrichment of GFP and neuron-specific transcripts in bacTRAP IP samples. (A) IC and IP bacTRAP
samples were analyzed for the relative abundance of cell type-specific transcripts. Cnp, Dsp and Gfap were analyzed as markers
for oligodendrocytes, astrocytes, and neurons respectively. GFP-encoding transcripts were analyzed to verify the expression
and precipitation of the GFP-tagged ribosomal protein L10a. A region of the Lypd1 promoter was detected. Tbp was used as a
ubiquitously expressed control. (B) The relative enrichment was calculated as transcript abundance in IP normalized to IC. GFP
and Dsp showed higher relative enrichment compared to the Tbp control, while the abundance of the remaining transcripts
was reduced. Tissue from three mice was combined and reverse transcriptase qPCR performed in technical triplicates. Shown
is the mean of technical replicates. As no biological replicates were measured, no standard deviation was calculated.

4.1.2.3. A Translatomics Approach to Decipher the Consequence of Shank3af Knockout on
Regulation of Translation

To decipher the neuronal translatome of Lypd1-bacTRAPxShank3a8 knockout mice, the transcribed
(IC) and translated (IP) mRNAs were analyzed using Next Generation Sequencing. Bioinformatics
analyses were conducted by Dr. Dr. Jan Broder Engler (see 3.2.5.1). Similarities between IC and IP
samples of five biological replicates were assessed by principal component analysis (PCA). The samples
exhibited rather high variability, shown as widely scattered data points in the PCA (Figure 11). IC
samples from WT and KO mice formed a subpopulation that was separated from the more widely
dispersed IP samples. The sample types (IC and IP) were grouped together but the KO and WT condition
had less influence. Thus, the total expressed RNA measured in IC, was vastly different from the actively
translated mRNA coprecipitated with GFP-L10a-containing ribosomes during the bacTRAP method.
This indicated that the transcribed mRNAs (IC) were more similar between samples compared to
translated mRNAs (IP), which showed greater variability. Notably, three KO-IP samples clustered
together closely, visualizing high resemblances between these biological replicates (Figure 11).
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Figure 11: Analysis of similarity based on RNA sequencing. BacTRAP samples were prepared from Lypd1-bacTRAPx Shank3a6KO
mice and WT littermates. RNA purified from ICs and IPs was sequenced. The PCA illustrates the similarities between five
biological replicates (n = 5). IC and IP samples formed separate subpopulation.

Differentially translated mRNAs, purified from bacTRAP IP samples, were identified using differential
gene expression analysis. The actively translated mRNAs from KO-IP were compared to those
originated from the WT-IP. P-values and fold changes of all detected mRNAs were -logio and log;
transformed and visualized in in a volcano plot (Figure 12). Statistical significance of altered translation
was determined by having an adjusted p-value, also termed false discovery rate, of < 0.1 and a fold
change of > 0.5 of the given transcript. Significantly less (blue) or more (red) translated mRNAs in the
KO conditions were highlighted by their gene symbols. Analysis of the hippocampal neurons of
Shank3aB-KO mice detected 26 differentially translated mRNAs, of which nine were less translated
and 17 were more translated (Figure 12). Table 49 in the appendix lists all differentially translated
MRNAs (see 7.2).
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Figure 12: Differentially translated mRNAs in hippocampal neurons of Shank3a6-KO mice. Differential gene expression analysis
was performed using DEseq?2. Significance was defined by an adjusted p-value < 0.1 and a fold change of > 0.5, plotted as -log10
and log, transformed values. Significantly less translated mRNAs are shown in blue and more translated mRNAs are shown in
red. The mRNAs of both categories are highlighted by their gene symbols. 26 mMRNAs were differentially translated under loss
of Shank3a of which nine were less and 17 were more translated compared to the WT control. A detailed list of all deregulated
MRNAs is shown in Table 49.

To further analyze the differentially translated neuronal mMRNAs in hippocampi of
Lypd1-bacTRAPxShank3aB-KO mice, 12 deregulated transcripts were selected and their expression
values visualized in detail. Expression values of KO and WT condition were shown to compare overall
expression of a given mRNA, which was measured in the IC, to the translational state of the mRNA that
was sampled in the IP (Figure 13). The Shank3-encoding mRNA showed highest expression and
translation among the differentially expressed transcripts across all conditions (Figure 13). The residual
expression and translation of 40% in KO compared to WT was in keeping with the notion of the specific
knockout of Shank3aB isoforms. The Abcb4 mRNA stood out as second highest expressed and
translated transcript. Several unannotated mRNAs, indicated by Gm accession numbers, were
detected in ICs as well as IPs. Although the observed association of these transcripts to ribosomes
suggests they are protein-coding, it is unknown if these RNAs indeed encode functional proteins. The
three mRNAs Irf4, Pkn3 and Sycel were evenly expressed between KO and WT condition, shown by
comparable expression values in KO-IC and WT-IC. Interestingly, these transcripts were absent in the
WT-IP, thus not translated, but were detected in the KO-IP, showing exclusive translation as result of
Shank3a loss. The transcript whose translation was most decreased by Shank3a8 knockout was the
mRNA encoding the receptor tyrosine kinase Ret. One of the transcripts that showed enhanced
translation following Shank3a8 knockout was the transcript coding for Rel, a component of NF-kB
signaling pathways (Figure 12B and Figure 13).
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Figure 13: Expression and translation of selected mRNAs from hippocampal neurons of Shank3a8-KO mice. Expression values,
determined with RNA-seq, of a subset of mMRNAs in IC and IP samples generated with the bacTRAP method. Expression (IC) and
active translation (IP) of transcripts were compared between Shank3a6-KO mice and WT littermates. The mean with standard
deviation of five biological replicates is shown (n = 5). Gm accession numbers annotate transcripts, for which it is unknown
whether they encode functional proteins.

In conclusion, | showed by applying translatomics that absence of the N-terminal domains of Shank3
resulted in mild alterations in translation of a distinct subset of neuronal mRNAs, which might hint
towards an involvement of Shank3 in translational regulation.

Gene ontology analyses were performed for all differentially translated mRNAs from the comparison
of KO-IP with WT-IP to determine biological processes to which the deregulated transcripts are known
to contribute. The 20 most affected biological processes were visualized. The highest enriched
biological process was “nucleosome organization”. Among the 20 most enriched terms, five biological
processes were directly connected to mRNA splicing. Furthermore, several biological processes of RNA
processing of different types of RNA were enriched, among these rRNA processing, ncRNA processing,
MRNA processing and RNA modification. The most severely decreased term was “sphingolipid
metabolic process”. Especially interesting in the context of neurodevelopmental disorders was the
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result that the terms “axon ensheathment”, “ensheathment of neurons”, “myelination” and “axon
guidance” were decreased. This hints towards a connectivity of the Shank3-associated
pathomechanism underlying ASD to malfunction in neuron ensheathment and projection during brain
development. The decreased biological processes “associative learning” and “learning” stood out as
learning deficits are a core symptom in ASD patients.
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Figure 14: GO analysis of biological processes altered by differentially translated mRNAs in hippocampal neurons of Shank3a8-KO
mice. Statistical significance of altered translation was appointed by a p-value < 0.1 and a fold change of > 0.5. All differentially
translated mRNAs found in the KO-IP to WT-IP comparison were submitted to a GO analysis for biological processes. The
normalized enrichment scores (NES) of the 20 most enriched (red) and decreased (blue) terms are shown.

4.1.3. The Proteome of the Postsynaptic Density in Shank1-KO and Shank3a6-KO Mice
Shank proteins act as scaffolds of the postsynapse by interacting with various proteins to form a
network that connects glutamate receptors to the F-actin cytoskeleton (Boeckers et al. 1999, Sheng
and Kim 2000, Kreienkamp 2008). The effect of Shank1 or Shank3a8 knockout on the composition of
proteins in the postsynaptic density was analyzed with a proteomics approach. The aim was to
determine the consequences of loss of Shank1 or the long isoforms of Shank3 on postsynaptic signaling
pathways and to compare those to the effects that Shank3aB8 knockout has on translation.
Furthermore, | wanted to answer the question of whether the pathomechanisms underlying SHANK1
and SHANK3 mutations in ASD patients differ on a molecular level or if they converge in common
signaling pathways.

4.1.3.1. Validation of Efficiency and Specificity of the Postsynaptic Density Purification
Postsynaptic density fractions were prepared from hippocampal tissue of Shankl and Shank3a8
knockout mouse lines (see 3.2.4.6). To validate the efficiency and specificity of PSD purification,
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samples were taken at different fractionation steps and analyzed in comparison to the PSD fractions
in western blot analyses (see 3.2.3.3). PSD-95 was detected as a postsynaptic marker and tubulin as
reference control. Shank proteins were detected via an antibody directed at Shank PDZ domains, which
are very similar across the Shank proteins. By quantifying band intensities in the immunoblots, relative
protein abundances were determined and compared between the postnuclear fraction (P1), the
membrane fraction (P2) and the postsynaptic density fraction (P3) across WT and KO conditions (Figure
15). A progressive enrichment of PSD-95 and Shank proteins from P1 to P3 was observed in all
conditions (Figure 15C, G and K), most strongly in Shank3aB8-KO samples (Figure 151 and K). The number
of detected bands of Shank proteins was decreased in both KO conditions compared to WT. The
pattern of bands detected with the Shank antibody varied in the intensity of bands of different sizes.
In WT P3, larger Shank3 isoforms were detected with higher intensity (Figure 15A, 250 kDa), whereas
the Shank3a6 knockout resulted in depletion of these band sizes. Here, the band of highest intensity
corresponded to shorter isoforms of Shank3 (Figure 15I, 130 kDa). In conclusion, the specific
enrichment of postsynaptic proteins by PSD purification was verified and the knockout of Shank1 and
Shank3a6 was indicated.

A WT +/+ B C D
Mw  PL P2 P3
10107 1.5x107 8.0x10°
shank | ! =
an : 8.0x10° :
PDZ domain * E 6.0x10%
130 — E 1.0x107 o v
S 6.0<10° & N
10— 2 o B a.0x100 .
PSD-95 K 4.0:10° i . o
95— = 3 5.0x10 = .
20410° 5 20:10
0 MM
a-Tubulin o - e 0 0 ol ¥¥
[kDa) P1 P2 P3 P1 P2 P3
E F G H
Shank1-KO d/d
MW P1L P2 P3
G Eadl 1.5%107
250 — =
Shank . — £
PDZ domain 130 — £ w 1.0x107 <E>
= o
2 2 N
130 — 2 2 g
PSD-95 o 5 & 50«10 x
2
*
w
-TUBUNN g5 | e s 0
[kDa] P1 P2 P3
| J K L
Shank3a6-KO d/d
mw PL P2 P3 %
250 1.0x107 xx 8.0x10%
Shank 5 __ . £
PDZ domain - 8.0x10° E 6.0x10°
£ =}
130 — 3 § 6.0x10° = o
B 4.0
PSD-95 2 & 4.0x108 o
95— ‘- g o x )
2.0%108 8 20:10%
- ’
a-Tubulin 55 — - .- == 0 0
[kDa] P1 P2 P3 P1 P2 P3 P1 P2 P3

Figure 15: Validation of PSD purification from hippocampal tissue of two ASD mouse models. PSD fractions were prepared from
hippocampi of Shank1-KO (E), Shank3a6-KO () mice, and WT littermates. (A) Samples of the postnuclear fraction (P1), the
membrane fraction (P2) and the PSD fraction (P3) were prepared. Shank, PSD-95 and tubulin were detected via immunoblot
(A, Eand ). Band intensities were quantified (B-D, F-H, J-L). The postsynaptic marker PSD-95 and Shank proteins were enriched
from P1 to P3 fractions (C-D, G-H, K-L), whereas tubulin decreased during PSD purification (B, F, J). A reduction of band
intensities was detected by the Shank PDZ domain antibody, indicating specific reduction of Shank proteins. The mean with
standard deviation was calculated and statistical significance determined by one-way ANOVA followed by Tukey’s test
(p<0.05=* p<0.01=** p<0.0001 = ****) Tissues of five mice were pooled for one biological replicate (n = 5).
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4.1.3.2. Evaluation of the Effect of Shank1 and Shankaf Knockout on Shank and CaMKII Protein
Abundance

The Shank protein levels were determined to validate the Shank1 and Shanka8 knockout in ASD mouse
models, which were previously tested for their autistic behavior in the open field assay (see 4.1.1).
LC-MS/MS mass spectrometric measurement of the PSD proteome was performed by Hannah VoR.
Protein quantification was based solely on unique peptides, as previous results had shown high
homology for deregulated candidate proteins in the PSD. A total of 5176 proteins were quantified.
Proteins found at least twice in at least two of the compared conditions were included in further
statistical analysis. To validate the Shank knockout, the relative protein abundances of Shankl and
Shank3 were compared to the abundance of all other detected proteins. In addition, the abundance
of the CaMKIl was determined due to its interaction with the N-terminus of Shank3 and because of its
involvement in several synaptic signaling cascades (Lisman et al. 2012, Hell 2014, Cai et al. 2021).
Heterozygous littermates were included in this analysis to determine the dose dependency of the
Shank knockouts on Shank protein levels. In both analysis, one KO sample was excluded due to low
protein concentration. A complete loss of Shankl protein (Figure 16A, blue) was detected in all KO
samples, whereas the abundance of Shank3 (Figure 16A, green) and CaMKII (Figure 16A, orange) were
unchanged. Surprisingly, no difference in relative Shankl abundance was determined for the HZ mice
compared to WT littermates (Figure 16A). The reduction in relative protein abundance of Shank3 was
not as severe, consistent with the notion of an isoform-specific knockout of only the Shank3 isoforms
comprising the N-terminal domains. Again, relative abundance Shank1 and CaMKIl were not affected
(Figure 16B).
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Figure 16: Relative protein abundances of Shank1, Shank3 and CaMKIl in postsynaptic density fractions of two ASD mouse models.
Postsynaptic density purification was performed using hippocampal tissue from Shank1-KO and Shank3aB-KO mice. WT and
HZ littermates were used as controls. Two KO samples had to be excluded from the analyses due to low protein concentration,
resulting in four biological repeats for both KO conditions. The relative abundance of Shank1 (blue), Shank3 (green) and CaMKI|
(orange) was compared to all quantified proteins (grey lines) in PSDs of the two mouse models. (A) Shank1-KO resulted in a
complete loss of Shank1 protein in the PSD of KO mice without affecting the relative abundances Shank3 and CaMKIl. HZ and
WT mice showed no significant reduction of Shank1 protein. (B) Shank3aB8-KO induced a modest reduction of Shank3 protein
only in the KO mice, but not in WT and HZ mice. Shank1 and CaMKIlI protein levels were unchanged across conditions.

Following the detection of a moderately reduced Shank3 protein abundance in Shank3a8-KO PSD
fractions, the specific loss of Shank3 isoforms a and B was quantified. Forebrain PSD fractions of three
mice of the Shank3 knockout line were purified and analyzed in comparison to the five WT littermates.
Deletion of exon 11 in the Shank3 gene was predicted to knockout the expression of Shank3 isoforms
containing the SPN, ANK and SH3 domains (Schmeisser et al. 2012). To test this, four peptides scattered
over the different domains of the Shank3 protein were chosen (Figure 17A) and their relative
abundance compared between KO and WT (Figure 17B). The first two peptides from the SPN domain
(aa 26-36; green) and from the SH3 domain (aa 433-460; yellow) were absent in KO mice (Figure 17B).
In contrast, two peptides quantified which originated from the proline-rich region were only reduced
in KO mice to a residual abundance of 10-20% compared to WT (aa 1165-1174 and aa 1535-1540; grey).
Looking at all quantified peptides, abundance was reduced in the KO mice along the PDZ domain
sequence. From the amino acid position 683 to the C-terminus, no further reduction in Shank3 peptide
abundances was detected (Figure 17). The mass spectrometric analysis demonstrated, that Shank3
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isoforms containing SPN to SH3 domains were absent in the mouse model and showed that the
knockout is indeed isoform-specific.
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Figure 17: Analysis of peptides derived from different Shank3 domains. PSD fractions from forebrains of three Shank3a8-KO and
six WT littermates were purified and analyzed by mass spectrometry. (A) Four peptides scattered across the domains of Shank3
were quantified separately to gain insight into the expression of Shank3 isoforms. The first peptide analyzed originated from
the SPN domain (aa 26-36, green) and the second from the SH3 domain (aa 433-460, yellow). The third and fourth peptides
were assigned to the proline-rich region (aa 1165-1174 and aa 1535-1540, grey). (B) Quantification of domain-specific peptides
demonstrated the absence of peptides from the SPN and SH3 domains in the KO condition, while relative abundance of
peptides from the proline-rich region was reduced to 10-20% compared with WT controls.

4.1.3.3. Knockout of Shank1 and Shank3ap Alters the Postsynaptic Proteome

Linear PCA was applied to identify similarities and differences between PSD fractions of Shank
knockout mice, evaluated in terms of purification specificity (see 4.1.3.1) and knockout efficiency (see
4.1.3.2). PCA was calculated using all significantly deregulated proteins based on a p-value of p < 0.05
determined by ANOVA between PSD fractions from KO mice (Figure 18, red) and their HZ (Figure 18,
green) and WT littermates (Figure 18, blue). PSD samples from WT mice of both mouse lines clustered
together closely, demonstrating high similarity among WT-PSDs among biological replicates. HZ- and
KO-PSDs were more dispersed, indicating that postsynaptic protein composition was more variable
due to heterozygous or homozygous knockout of Shank1 or Shank3 (Figure 18A-B). Interestingly, the
data points of Shank1-HZ and -KO partially overlapped, suggesting some resemblance between them
but not with the WT condition. Nevertheless, it should be emphasized that KO-PSDs clustered together
relatively closely, while HZ-PSDs were more scattered (Figure 18A). This indicates that heterozygous
knockout of Shank1 lead to variable changes in PSD protein composition, whereas the homozygous
knockout resulted in more uniform effects on postsynaptic protein abundances. The PCA of the Shank3
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mice illustrated that the HZ-PSDs exhibited greater similarities to each other than the KO-PSDs (Figure
18B). In contrast to the Shankl conditions, HZ and KO samples of the Shank3 line were more strongly
separated from each other and did not overlap. This may indicate a stronger dose dependency of the
effects of the Shank3 proteins on postsynaptic protein abundance compared with Shank1.
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Figure 18: Analysis of the similarity of PSD fractions based on mass spectrometry. Linear PCA determined similarity of
postsynaptic protein composition in PSD samples purified from Shank1-KO and Shank3a8-KO mice compared to HZ and WT
littermates. WT-PSDs clustered together. (A) Abundance of 56 proteins was significantly altered among PSD fractions of Shank1-
KO, HZ and WT mice (ANOVA, p < 0.05). KO and HZ samples partially overlapped. HZ-PSDs scattered more compared to KO-
PSDs. (B) In the PSD of the Shank3a6 line, 116 proteins were significantly deregulated between KO, HZ and WT conditions
(ANOVA, p <0.05). All three conditions formed separated subpopulations with most variability in the KO-PSDs.

Differentially abundant postsynaptic proteins between Shank-KO and WT were identified. Proteins
with a p-value < 0.05 and a fold change > 1.5, represented as logio and -log, transformations, were
considered as significantly deregulated and the results were visualized in volcano plots (Figure 19). In
the Shankl analysis, 46 deregulated proteins were detected. Of these, 18 were decreased and 28
increased in abundance (Figure 19A). All differentially abundant proteins of Shank1-KO PSDs are listed
in Table 50 in the appendix. Shankl was most severely depleted, again demonstrating a complete
knockout. Interestingly, the Actin-related protein 2/3 complex subunit 5 (Arpc5) was decreased. Since
Arpc5 is a subunit of the Arp2/3 complex, which generates branched actin networks through actin
nucleation (Welch et al. 1997, Volkmann et al. 2001), this result connects Shank1 to the regulation of
actin dynamics. Comparison of KO- and WT-PSDs from the Shank3a8 line identified 67 significantly
altered proteins (Figure 19B), listed in Table 51 in the appendix. Thus, Shank3a8 knockout resulted in
stronger alterations of the PSD proteome compared to Shankl knockout. In the Shank3 analysis, 28
proteins were enriched and 39 decreased (Figure 19B). One of the reduced candidates was the
Eukaryotic translation initiation factor 2A (Eif2a) that is directly connected to the regulation of
translation. In both analyses, approximately 40% of deregulated proteins showed reduced
postsynaptic abundance, whereas 60% were enriched (Shank1: 39.1% to 60.9%; Shank3: 41.8% to
58.2%). Remarkably, seven deregulated proteins overlapped between both analyses. The shared
decreased candidates were Rgs7bp and Gnb5. The five proteins Llcam, Prxl2a, Vps4a, Eno3 and
Rabepl were enriched in both KO groups (see Table 50 and Table 51). Two candidates among the
shared deregulated proteins were linked to G-protein-mediated signaling: the Rab GTPase-binding
effector protein 1 (Rabepl) and the Regulator of G-protein signaling 7-binding protein (Rgs7bp). In
summary, postsynaptic protein composition was altered in both mouse models. The Shank3a8
knockout resulted in more differentially abundant proteins compared to Shankl. The proteomics
analysis indicated major Shank-specific effects on the postsynaptic proteome and moderate shared
alterations.
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Figure 19: Differentially abundant proteins in PSD fractions of Shank1-KO and Shank3a6-KO mice. Volcano plot visualization of
two-sided, pairwise Student’s t-test results, comparing KO-PSD to WT. Proteins identified with a p-value <0.05and a FC> 1.5
were considered significantly changed. Strongly altered proteins are highlighted by their gene symbol. (A) Comparison of the
PSD proteome of the Shankl mouse model determined 46 deregulated proteins of which 18 were decreased and 28 increased
in abundance. (B) 67 deregulated proteins were quantified in the Shank3 proteome analysis. 28 proteins were decreased and
39 enriched in KO-PSDs compared to WT.

To identify deregulated signaling pathways caused by an altered postsynaptic protein network, gene
ontology (GO) analyses were performed using EnrichR (Chen et al. 2013, Kuleshov et al. 2016, Xie et
al. 2021). Dependent on their known involvement in the corresponding biological processes (BPs), the
contribution of all differentially abundant proteins from the PSD proteomic analyses to GO terms was
determined. The 20 most affected BPs were visualized separately for Shankl and Shank3 (Figure 20
and Figure 21). The highest enriched biological processes in PSD fractions of Shank1-KO mice were
“negative regulation of tubulin acetylation” and “regulation of tubulin deacetylation”. BPs that were
strongly downregulated included the regulation of (ion) transmembrane transport, to which the
decrease in Kcnj4 and Nedd4 proteins contributed. The reduced abundance of Arpc5 resulted in
downregulation of Arp2/3 Complex-Mediated Actin Nucleation, according to the decreased combined
score of the GO BP term (Figure 20). The deregulated processes in Shank1-KO and Shank3aB8-KO were
compared. Five enriched biological processes overlapped between both analyses: carbohydrate
catabolic process, glycolytic process, glycolytic process through glucose-6-phosphate, glucose
catabolic process to pyruvate, and canonical glycolysis (Figure 20 and Figure 21). Enrichment of three
proteins in each analysis contributed to these BP terms. Interestingly, Eno3 was shared between both
but the remaining two were Shank-specific. The proteins Pkm and Enol were found to be increased in
the Shank1 analysis, whereas enrichment of Pfkl and Tpil contributed to the terms in the Shank3
analysis.
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Figure 20: Gene ontology analysis of biological processes influenced by the altered proteome in the PSD of Shank1-KO mice. The
entirety of significantly changed proteins (FC > 1.5, p £ 0.05) was used for GO analysis. The combined score was visualized for
the 20 most enriched (red) and decreased (blue) BPs. Strongest enrichment was determined for the negative regulation of
tubulin acetylation and regulation of tubulin deacetylation. The most decreased term was associative learning.

In the analysis of biological processes in PSDs from Shank3aB8-KO mice, the four highest enriched BPs
were linked to glycolysis and shared with the Shankl analysis (Figure 20 and Figure 21). The most
overrepresented BP in Shank3aB8-KO that was specific for the Shank3 analysis was
“N-acylethanolamine metabolic process”, triggered by the reduction of the N-acylethanolamine-
hydrolyzing acid amidase (Naaa). The “Regulation of AMPA Receptor Activity”, influenced by depletion
of Shisa6 and Shank3 itself, was ranked highest among the downregulated biological processes (Figure
21).



Shank3
Biological process
KO-PSD vs. WT-PSD
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Figure 21: GO analysis of BPs affected by altered protein composition of the PSD of Shank3a8-KO mice. All significantly altered
proteins (FC > 1.5, p < 0.05) were submitted to GO analysis. The combined score was visualized for the 20 most enriched (red)
and decreased (blue) BPs. The most enriched BP that was specific for the Shank3 analysis was N-acylethanolamine metabolic
process. Strongest depletion was determined for the positive regulation of AMPA receptor activity.

The GO analyses of deregulated biological processes at the postsynapse of Shankl and Shank3a8
knockout mice indicated that depletion of Shank proteins might result in deregulation of a couple of
common biological processes at the postsynapse, but Shank-specific consequences predominated and
may contribute more to the pathogenicity of SHANK variants in ASD patients.

4.1.3.4. Knockout of Shankl and Shank3aB Results in Increased Levels of CaMKlla in the
Postsynaptic Density
The CaMKlla interacts with Shank3 in its unphosphorylated, inactive state via an N-terminal linker
region located between the SPN and ANK domains of Shank3 (Cai et al. 2021). Missense variants of
SHANK3 found in ASD patients lead to alterations in the SPN-ANK conformation, thus preventing this
interaction (Woike et al. 2022). Ca?*-mediated neuronal depolarization and CaMKIll-dependent
signaling pathways link the reception of excitatory signals to regulation of transcription and
translation, a mechanism indispensable for synaptic plasticity (Dolmetsch 2003, Flavell and Greenberg
2008, Lisman et al. 2012). | verified the interaction of T7-tagged CaMKlla and RFP-tagged Shank3 in a
HEK293T-based overexpression and coimmunoprecipitation assay (see 3.2.3.2, Figure 22). RFP-Shank1
and RFP-Shank2 were included to decipher whether the CaMKII association is shared by all Shank
proteins or is Shank3-specific. Efficient and specific binding of Shank3 to CaMKlla was detected that
was significantly stronger compared to the interaction of CaMKII with Shank1 and Shank2 (Figure 22B).
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A T7-CaMKIl band of low intensity was detected for Shankl in the IP sample, indicating a weak
interaction with CaMKII, whereas no binding to CaMKIl was detected for Shank2 (Figure 22A).
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Figure 22: Analysis of the interaction of the CaMKlla with Shank proteins. (A) HEK292T cells were transfected with constructs
encoding N-terminal fragments of the Shank proteins, comprising the SPN and ANK domains. RFP-tagged N-termini of Shank1,
Shank2 and Shank3 were coexpressed with T7-CaMKlla. RFP alone was expressed as control. Coimmunoprecipiation was
performed using RFP-trap and analyzed by western blot. Proteins were detected with antibodies recognizing the RFP or T7
tags. Uniform expression was confirmed in the whole cell lysates (Input). An efficient and specific binding of Shank3 and weak
interaction of Shank1 to CaMKlla was determined. Shank2 did not interact with CaMKlla. (B) Quantitative analysis of the data
shown in A. The ratios of T7 to mRFP IP signals are shown as mean with standard deviation. Statistical analysis: one-way ANOVA
followed by Tukey’s test (p < 0.001 = ***, n = 3).

In the proteomic approach to analyze the postsynaptic proteomes in Shank1 and Shank3a8 knockout
mice, no changes in CaMKlla abundance were detected (see 4.1.3.2). This was surprising due to the
interaction of CaMKlla with the N-termini of Shank3 and to lesser extent Shank1, which was confirmed
here (Figure 22). Therefore, | determined the abundance of active phosphorylated CaMKlla relative to
total amount of CaMKlla in PSD fractions prepared from cortices and hippocampi of Shank-KO and WT
mice by western blot analyses. In addition to Shank and CaMKII, PSD-95 and tubulin were detected
(Figure 23A). Upon loss of Shankl and Shank3, an increase in phosphorylated CaMKlla was
determined, which was more pronounced for Shank3 compared to Shank1 and greater in PSD fractions
from the cortex compared to the hippocampus (Figure 23B). This enrichment of activated CaMKlla
indicated that the N-terminal domains of Shankl and Shank3 play a role in regulation of CaMKII-
associated signaling pathways at the postsynapse.
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Figure 23: Loss of Shankl and Shank3 resulted in enrichment of activated CaMKlla in PSD fractions. (A) PSD fractions were
prepared from cortices and hippocampi of Shank1-KO and Shank3aB8-KO mice and WT littermates to compare the activation
status of CaMKlla in western blot analyses. Shank, PSD-95, tubulin, CaMKlla and phosphorylated CaMKlla (phospho-CaMKilla)
were detected. (B) The abundance of active phospho-CaMKlla was quantified and normalized to the total CaMKlla amount. An
increased activation of CaMKlla was detected upon loss of Shank. This change was more pronounced for Shank3 compared to
Shank1 and stronger in the cortex compared to hippocampus. The mean with standard deviation was calculated and statistical
significance determined by two-way ANOVA followed by Sidak’s test (p < 0.05 = *, p < 0.01 = **). Tissues of five mice were
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4.2. The Ago2 Patient Variant L192P Affects the miRNome and the miRNAs Bound to

the RISC

Lessel et al. revealed that heterozygous missense variants in the AGO2 gene, which encodes
Argonaute-2 protein, are causative for a neurodevelopmental disorder termed Lessel-Kreienkamp
syndrome (Lessel et al. 2020). The exact pathomechanism underlying LESKRES is currently unknown.
As part of the RNA interference (RNAi) pathway, Ago2 binds to miRNAs to form the RNA-induced
silencing complex (RISC) (Hammond et al. 2000, Hammond et al. 2001, Hutvagner and Zamore 2002,
Peters and Meister 2007). By base paring of RISC-incorporated miRNAs to mRNAs, translation is
repressed (Hammond et al. 2000, Brennecke and Cohen 2003, He and Hannon 2004, Carthew and
Sontheimer 2009). It was hypothesised that the Ago2 protein variants found in patients associate with
different miRNAs compared to Ago2-WT. To test this hypothesis, | applied miRNA affinity purification
(miRAP, see 3.2.3.5) (He 2012).

4.2.1. Validation of GFP-Ago2 Expression in AAV-transduced Primary Cortical Neurons
Primary cortical neurons were infected with AAVs to induce the expression of GFP-tagged Ago2
variants (WT and L192P) as well as GFP as negative control (see 3.2.2.3 and 3.2.2.4). Through usage of
the hSyn1 promotor for control of expression of GFP-Ago2 variants, only the neuronal cell population
was targeted (Hilfiker et al. 1999). GFP-tagged proteins were immunoprecipitated from cell lysates.
The presence of GFP and GFP-tagged Ago2 variants in whole cell lysates (IC) and immunoprecipitates
(IP) was confirmed via western blot analysis (Figure 24).
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Figure 24: Verification of AAV-induced expression of GFP, GFP-Ago2-WT and GFP-Ago2-L192P in miRAP IC and IP prepared from
primary neurons. Primary cultures of murine cortical neurons were transduced with AAVs at 1 DIV to express the GFP-tagged
Ago?2 variants WT and L192P, or GFP. At 12 DIV, cells were subjected to miRAP and lysate (IC) and IP of 1 million neurons per
sample were subjected to western blot analysis. Expressed proteins were detected with antibodies that recognise Ago2 or the
GFP-tag.

The viral expression of GFP-tagged Ago2-WT and Ago2-L192P in murine cortical neurons was validated
using immunocytochemistry followed by confocal microscopy (Figure 25). Neurons were fixed at
12 DIV and stained for MAP2 as dendritic marker (Kosik and Finch 1987, Shiomura and Hirokawa 1987),
as well as Dcpla, a marker for p-bodies (Sheth and Parker 2003, Garneau et al. 2007) (see 3.1.3 and
3.2.3.4). Neurons expressing GFP were used as control. Transduction with AAVs induced expression of
GFP-Ago2 or GFP in 95% of neurons. GFP-Ago2-WT and the L192P variant were localized in Dcpla-
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positive clusters throughout the soma and along the dendrites. Both Ago2 variants, L192P to a greater
extent than WT, were also found in a diffuse pattern in the cytosol (Figure 25).

GFP-Ago2-WT

GFP-Ago2-1192P

Figure 25: Analysis of the intracellular localization of virally expressed GFP and GFP-tagged Ago2-WT and Ago-L192P variants in
cortical neurons. Cortical neurons from mice embryos (E18) were isolated, cultured and infected with AAVs to induce the
expression of GFP-tagged Ago2 variants WT and L192P (green). GFP was used as control condition. At 12 DIV, cells were fixed
and stained for MAP2 (A405, blue) as a dendritic markers as well as Dcpla (A633, magenta) to visualise p-bodies. Ago2 was
diffusely localized in the cytosol and enriched in Dcpla-positive clusters in the cell soma and dendrites. Scale bar = 20 pm.

4.2.2. The Ago2 Variant L192P Induces an Increased Occurrence of Dendritic P-Bodies
The localization of GFP-Ago2 variants in AAV-transduced cortical neurons was analyzed. In addition,
the morphology of primary dendrites was assessed. Distal dendrites and cell bodies of fixed neurons
stained for MAP2 and Dcpla were imaged with a confocal microscope (Figure 26A). Dendritic and
somatic clusters of Ago2 were quantified and the number of primary dendrites determined. The
abundance of Ago2 clusters in the cell soma and the number of primary dendrites were similar
between neurons expressing the Ago2 variants. In contrast, the occurrence of GFP-positive clusters
that colocalized with Dcpla-labelled p-bodies along distal dendrites was increased by expression of
the Ago2-L192P variant compared to Ago2-WT. In the wildtype condition, 0.08 Ago2-positive p-bodies
were found per um dendrite. This was increased 1.63-fold to 0.13/um when Ago2-L192P was
expressed. Statistical significance with p < 0.031 was calculated using Student’s t test (Figure 26B).
These results confirm those published by Lessel et al., who, using a different model system with
transfected rat hippocampal neurons, also observed an increased density of dendritic p-bodies for
neurons expressing the L192P variant.
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Figure 26: Analysis of primary dendrites and intracellular localization of GFP-Ago2-WT and GFP-Ago-L192P in AAV-infected
neurons. (A) Sections of distal dendrites of AAV-infected neurons (E18) as shown in Fig. 2 (scale bar =5 um). (B-D) Quantification
of Ago2 clusters along dendrites (B) as well as in the cell body (C) and evaluation of the quantity of primary dendrites (D). In
each repeat, five neurons were analyzed with three sections of distal dendrites per neuron. The arithmetic mean per replicate
is shown with standard deviation. A two-tailed Student’s t-test was calculated and revealed a statistically significant increase
with p £0.031 (*) in the abundance of dendritic p-bodies when the Ago2 variant L192P was expressed.

4.2.3. Evaluation of miRNA Concentration and Relative Enrichment of Neuron-specific

MiRNA-124 for Quality Assurance of the miRAP Assay

To investigate the effect of the Ago2 patient variant L192P on the miRNome and formation of the RISC,
the miRAP method was applied on neurons that were AAV-infected to express GFP-tagged Ago2-WT
and L192P under the control of the neuron-specific hSynl promotor. GFP-expressing neurons were
used as control condition. To determine the entirety of miRNAs (miRNome), an input control sample
(IC) was taken from the neuron lysate prior to immunoprecipitation. With an anti-GFP matrix, GFP-
Ago2 variants and associated miRNAs were immunoprecipitated (IP). The miRNAs in IC and IP samples
were purified and the concentration (c) determined (Figure 27). The miRNA concentrations in ICs ranged
from 273 ng/ul in GFP-IC and 275 ng/ul in L192P-IC to 110 ng/ul in the WT-IC (arithmetic means, n =
5). The Ago2-WT-IP contained the highest amount of miRNA in IPs at ¢ = 41 ng/ul. Compared to WT,
the IP of Ago2-L192P contained 0.41-fold less miRNA with c = 17 ng/ul. The lowest miRNA amount
(c =2 ng/ul) was measured in the IP of the GFP control condition (Figure 27B).
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Figure 27: miRNA concentrations in IC and IP samples prepared via miRAP. Primary neurons were infected with AAVs at 1 DIV to
induce expression of GFP-tagged Ago?2 variants WT and L192P or GFP control. ICs were collected from neuron lysate and IPs
were obtained by immunoprecipitation with an anti-GFP matrix via miRAP. The concentration of miRNA was determined using
the Qubit microRNA Assay Kit (Thermo Fisher Scientific, Waltham, USA). The concentration in ng/ul is shown as arithmetic
mean with standard deviation on a common logarithmic scale.

Next, | wanted to confirm the specificity of the miRAP procedure for GFP-tagged Ago2 variants. Since
Ago?2 variants were expressed under the control of the hSynl promoter, which targets the neuronal
cell population, | expected an enrichment of neuronal miRNAs but not glia-specific miRNAs in IP
samples of Ago2 variants. For this, | developed a quantitative PCR analysis of the miRNAs expressed in
the primary culture. The abundance in IC (lighter color in Figure 28A-C) and IP (darker color in Figure
28A-C) of neuron-enriched miRNA-124 (miR-124, continuous lines in Figure 28A-C) was compared to
miRNA-21 (miR-21, dotted lines in Figure 28A-C), which is typically expressed in glia cells (Lagos-
Quintana et al. 2002, Akerblom et al. 2012, Zhang et al. 2012, Jovicic et al. 2013, Malmevik et al. 2015).
miR-124 was enriched in IP compared to IC when GFP-tagged Ago2 variants were expressed, shown as
a shift of the amplification curves towards less cycles (Figure 28B-C). This shift was more pronounced
with Ago2-WT (Figure 28B). In the GFP control, the amount of miR-124 was reduced when comparing
IP with IC (Figure 28A). The miR-21 was unaffected between Ago2-WT-IP and IC. In contrast, with the
L192P variant, miR-21 was more abundant in the IP compared to IC (Figure 28B-C). When GFP was
expressed, miR-21 was depleted from IC to IP (Figure 28C). As measure of efficiency and specificity,
the relative enrichment in IP was calculated and normalized to the IC (Figure 28D). A two-way ANOVA
with Sidak’s multiple comparisons test showed a significant difference with p < 0.0054 for relative
enrichment of miR-124 in Ago2-WT (mean = 16.22, n = 5) compared to GFP (mean = 0.01, n =5). The
relative enrichment of miR-124 with L192P (mean = 5.07, n = 5) was higher compared to GFP control,
but this difference did not reach statistical significance after five replicates. Thus, the quantitative
analysis showed that neuronal miRNAs were successfully enriched in the IP samples of neuronally
expressed GFP-Ago2 variants, and that very little miRNAs were isolated in GFP control IPs. Based on
these important quality control experiments, miRNAs in IC and IP samples from GFP-Ago2 expressing
neurons were considered suitable for RNA-seq analysis.
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Figure 28: Abundance of miR-21 and miR-124 in IC and IP of the miRAP assay and relative enrichment of miR-124 in Ago2-WT
condition. miRAP samples from cortical neurons expressing GFP, GFP-Ago2-WT or L192P were analyzed by gPCR using TagMan
probes. (A-C) Amplification of miR-21 (dotted lines) and miR-124 (continuous lines) in IC (lighter color) and IP (darker color)
measured in GFP control (A), Ago2-WT (B) and Ago2-L192P (C). (D) The relative enrichment was calculated and normalized to
the IC. A two-way ANOVA with Sidak’s test determined a significant increase for the relative enrichment of miR-124 in the
Ago2-WT condition compared to GFP control (p €0.01 = **, n =5).

4.2.4. The Ago2-L192P Variant Induces Changes in the miRNome and RISC-associated

MiRNAs

Next Generation Sequencing was employed to decode the miRNome and the identity of RISC-
associated miRNAs in cortical neurons expressing GFP-tagged Ago2-WT and the L192P mutant (see
3.2.5.1). The miRAP samples were sequenced and bioinformatics were performed by Dr. Dr. Jan Broder
Engler. To assess similarity between acquired RNA sequencing data from ICs and IPs, a principal
component analysis (PCA, Figure 29A) was applied and a clustering dendrogram created (Figure 29B).
All'IPs clustered together in the PCA, indicating a high degree of similarity between Ago2-WT and Ago2-
L192P IP samples. The ICs were scattered wider but still grouped together, suggesting resemblances
between them, but to a lesser extent compared to the IPs (Figure 29A). A clustering dendrogram shows
that, except for WT-IC2, the miRNA datasets hierarchically clustered together depending on sample
type (ICvs. IP) and Ago2 variant (WT vs. L192P). It can be concluded that expression of the Ago2 mutant
L192P influenced the entirety of miRNAs expressed, the miRNome, which was sampled in input
controls. Moreover, the immunoprecipitates from Ago2-WT and Ago2-L192P clustered distinctly
separately, suggesting that the miRNAs associated with mutant Ago2 in the L192P-RISC differed
compared to the miRNAs present in the canonical WT-RISC (Figure 29B).

60



A B

L192P-1P4 -

Principal component analysis Clustering dendrogram
3 WT-IC4 -
N e iy
S
WT-IC3 -
WT-ICS -
WtP2 L192P-IC3 -
s L192P-ICS -
< vsd.MutN5 Group L192P-IC4 -
s o- vsd.MutN = L192P-IC WT-IC2 -
8 ® vsd. MutP > L192P-IP WT-IPS -
z ®  vsd.WIN-> WT-IC WT-IP3 -
4 AutN4 vsd.WtP > WT-IP WT-1P4 -
WT-IP2 -
WT-IP1 -
=] P.
< L192P-IP3 -
WT: Wildtype L192P-IP1 -
d.WIN2® Mut: Mutant L192P-1P2 -
= IC: Input control

§ WIN1 IP: Immunoprecipitate

0.2 03 0.4 0.5

o
o
-

-10 0 10 20 30 40
PC1: 31% variance

Figure 29: Analysis of similarity based on miRNA sequencing. Two ICs and one IP of the L192P mutant were excluded due to
insufficient miRNA integrity. (A) PCA for illustration of similarities between miRAP IPs and ICs replicates from Ago2-WT and the
Ago2-L192P expressing cortical neurons. (B) Dendrogram to depict clustering based on the RNA sequencing data between
replicates and conditions.

Differential gene expression (DGE) analysis was performed to identify differentially abundant miRNAs
(Figure 30A) and to determine alterations in RISC-associated miRNAs associated with the Ago2 variant
L192P (Figure 30B). Differentially expressed or differentially RISC-bound miRNAs were appointed by
having an adjusted p-value < 0.05 and an absolute log, fold change > 1 (see 3.2.5.1). The comparison
of miRNomes, L192P-IC vs. WT-IC, showed 24 miRNAs significantly differing in abundance between
cells expressing Ago2-WT and Ago2-L192P, of which 14 miRNAs were less frequently detected (Figure
30A, blue dots) and 10 miRNAs were more abundant (Figure 30B, red dots) when the Ago2 mutant was
expressed (Figure 30A). Through comparison of L192P-IP with WT-IP, 23 miRNAs were detected that
were differentially bound to Ago2-L192P, of which 14 miRNAs were less bound to the mutant Ago2
(Figure 30B, blue) and nine miRNAs were more associated with L192P-RISC compared to WT (Figure
30B, red dots). Between these two comparisons, eight miRNAs overlapped, indicating that sheer
abundance of miRNAs can but does not always dictate the efficiency of incorporation into the RISC. All
differentially expressed and RISC-bound miRNAs are listed in Table 52 in the appendix (see 7.2).
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Figure 30: Differentially expressed or RISC-loaded miRNAs. Significant differences in expression of miRNAs or association with
the RISC were determined using DEseq?2. Significance was reached with an adjusted p-value of p < 0.05 plotted as —logip and a
log; fold change > 1. Decreased miRNAs are shown as blue dots and enriched miRNAs are depicted in red. (A) Comparison of
L192P-IC vs. WT-IC showed 24 differentially expressed miRNAs. 14 miRNAs were expressed less with Ago2-L192P and 10
miRNAs were more abundant compared to the Ago2-WT condition. (B) 23 miRNAs were differentially associated with Ago2 in
the L192-IP vs. WT-IP comparison. 14 miRNAs were reduced in the L192P RISC whereas nine miRNAs were more strongly
associated with the RISC of Ago2-L192P. A detailed list of all deregulated miRNAs is shown in Table 52.

4.2.5. Ago2 Variants Affect the Expression of Alternative miRNA Strands and Mediate

miRNA Arm Switching Events in the RISC

Upon formation of the RISC, Ago2 receives a double-stranded miRNA duplex consisting of a 3p and 5p
strand, one of which remains anchored at the Ago2 protein, whereas the other strand is ejected and
degraded (Ma et al. 2004, Song et al. 2004, Ma et al. 2005, Wang et al. 2008, Frank et al. 2010).
Typically, either the 3p or the 5p strand of a particular miRNA is preferentially incorporated into the
RISC and is therefore named guide strand or miR. The discarded strand was termed passenger strand
or miR* (Okamura et al. 2009, Ghildiyal et al. 2010). Since strand selection dictates the specificity for
mMRNA targets, a shift of the 3p/5p ratio can have manifold effects on regulation of translation. RNA-
seq count data from the miRAP (see 4.2.4) was used to calculate 3p/5p ratios. 33 miRNAs with a
significant difference (p < 0.05) of 3p/5p between Ago2-WT-IP with Ago-L192P-IP were identified. 3p
and 5p strands were annotated as miR and miR* using the miRBase database (Release 22.1). Five
miRNAs were excluded due to absence of annotation of guide and passenger strand. The remaining 28
miRNAs were assigned to different categories based on the proportion of miR to miR* expressed and
bound to the RISC (Figure 35D). In the first category “WT miR*”, the seven miRNAs miR-124, miR-300,
miR-342, miR-376a, miR-337, miR-381 and miR-3068 were grouped together. These miRNAs showed
increased association of the miR* strand with Ago2-WT in the RISC (WT-IP) as well as elevated miR*
expression levels (WT-IC) (Figure 31).
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Figure 31: WT miR* category of seven miRNAs exhibiting higher expression of miR* and stronger association of miR* to the RISC
with Ago2-WT. The normalized RNA-seq count data obtained from miRAP samples was used to calculate 3p to 5p strand ratios
(3p/5p). 3p/5p are shown as arithmetic mean with standard deviation. All miRNAs with a statistically significant difference as
p <0.05 of 3p/5p in the Ago2-WT-IP compared to the Ago2-L192P-IP were selected and grouped into categories dependent on
the 3p/5p pattern across the different samples and conditions. The passenger strand miR* of the miRNAs miR-124, miR-300,
miR-342, miR-376a, miR-337, miR-381 and miR-3068 was more abundant in the WT-IC and in the WT-IP.

The seven miRNAs miR-9, miR-15a, miR-33, miR-101a, miR-125a, miR-335 and miR-337 were assigned
to the second category “L192P miR*”. Here, the alternative strand miR* was more abundant in the
input control and in the IP of the L192P variant compared to the wildtype conditions.
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Figure 32: The L192P miR* group consists of seven miRNAs with higher abundance and RISC-association of miR* when the L192P
variant was expressed. 3p/5p ratios were calculated with normalized count values. 3p/5p are shown as mean with standard
deviation. The miRNAs with a significant difference (p < 0.05) of 3p/5p between the IPs were categorized dependent on the
3p/5p pattern. The miR* of miR-9, miR-15a, miR-33, miR-101a, miR-125a, miR-335 and miR-337 was expressed more (IC) and
more associated more with the L192P-RISC (IP).
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To determine the effect of the Ago2 variants on miRNA incorporation into the RISC, | focused on
miRNAs for which the 3p/5p ratio showed a strong difference between the IPs of Ago2-WT and
Ago2-L192P with comparable 3p/5p ratios in the ICs. After strand annotation, two miRNAs, miR-331
and miR-448, showed higher abundance of the miR strand in the WT-RISC compared to L192P-RSIC,
without being enriched in the IC. Therefore, these miRNAs were grouped into the category “WT-IP
miR” (Figure 33A). Notably, the mean of normalized count values of the miR-331 was = 105, making it
the most frequently detected miRNA among all miRNAs in the 3p/5p ratio analysis. The “WT-IP miR*”
category with the miRNAs miR-330, miR-431 and let-7e was established following the same
methodology. For miR-330 and miR-431, the alternative strand was more frequently detected only in
Ago2-WT-IP compared to all other conditions. The miR* strand of let-7e was enriched in the IP of
Ago2-WT although it was more expressed in the L192P-IC (Figure 33B).
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Figure 33: 3p/5p of miRNAs to detect miR and miR* strands enriched in the RISC of Ago2-WT. Using normalized count values
from RNA-seq data obtained from miRAP samples, 3p/5p was calculated. Five miRNAs showed significant (p < 0.05) differences
in the WT-IP compared to the L192P-IP without comparable changes in the respective ICs. 3p/5p are shown as mean with
standard deviation. (A) Grouped into the WT-IP miR category, the miR strand of miR-331 and miR-448 was increased in WT-
RISC compared to L192P-RISC, measured as 3p/5p in IP samples. (B) The WT-IP miR* group consists of three miRNAs, of which
the two miRNAs miR-330 and miR-431 showed enrichment of the miR* in Ago2-WT-IP without higher abundance in the three
remaining conditions. For let-7e, the miR* strand was more frequently detected in the WT-IP as well as in the L192P-IC.

In the last two categories, L192P-IP miR and L192P-IP miR*, the 3p/5p ratio in the L192P-IP differed
considerably from all remaining conditions. The RISC-loaded miRNAs were altered in the L192P-RISC
compared to the WT-RISC with no differences in the expression levels of these six miRNAs. The miR
guide strand of miR-127, miR-543 and miR-672 was more frequently detected in the L192P-IP
compared to Ago2-WT. Therefore, these three miRNAs were grouped into the category “L192P-IP miR”
(Figure 34A). Among these, miR-543 showed the highest average 3p/5p in L192P-IP with 3p/5p = 45.
In the category “L192P-IP miR*”, the alternative strand of miR-149, miR-340 and miR-744 was more

64



abundant in the L192P-IP variant compared to the IP of Ago2-WT, which suggests an increased loading
of the miR* into L192-RISC compared to WT-RISC (Figure 34B).
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Figure 34: 3p/5p ratios determined three miR and miR* strands enriched in the L192P-RISC compared to Ago2-WT. 3p/5p were
calculated using normalized count values from miRAP RNA-seq data and plotted as arithmetic mean with standard deviation.
The miRNAs with statistically significant differences between Ago2-WT-IP and Ago2-L192P-IP were categorized dependent on
the 3p/5p pattern. The miR or miR* strand of six miRNAs was enriched in the L192P-IP, without being differentially expressed
(L192P-IC vs. WT-IC). (A) The three miRNAs miR-127, miR-543 and miR-672 showed higher abundance of the miR strand in the
L192-IP. (B) The miR* of the three miRNAs miR-149, miR-340 and miR-744 was more strongly associated with the L192P-RISC
compared to the RISC containing Ago2-WT.

To summarize the effects of Ago2 variants on 3p and 5p strand expression and incorporation into the
RISC, the quantity of miRNAs in each category was illustrated (Figure 35A). In addition, the proportion
of each category relative to the total of 28 3p/5p ratios analyzed was calculated (Figure 35B). The miR*
of six miRNAs was expressed at higher levels and occurred more frequently in the IP when one of the
Ago2 variants was expressed (Figure 35, L192P miR* and WT miR*). Three miRNAs were classified as
L192P-IP miR and two as WT-IP miR. The incorporation of the alternative strand miR* in the RISC is an
event often referred to as “arm switching” (Medley et al. 2021). Arm switching was observed here for
three miRNAs in the IP of Ago2-L192P and for six miRNAs in the WT-IP, indicating differential effects
of Ago2 variants on strand selection during RISC formation.
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Figure 35. Analysis of 3p/Sp ratios revealed distinct effects of Ago2 variants on miRNA strand expression and arm switching. 3p/5p
ratios were calculated using normalized count values from RNA sequencing data obtained from miRAP samples. The miRNAs
with statistically significant differences between Ago2-WT-IP and Ago2-L192P-IP were classified into six categories dependent
on expression level in IC and association to the RISC, shown in IPs. (A) The quantity of miRNAs in each of the six categories.
(B) The proportion of all categories in respect to a total of 28 3p/5p ratios of miRNAs analyzed.

4.2.6. The Ago2 Patient Variant L192P Induces Enhanced Incorporation of isomiRs into

the RISC

To further decipher the miRNAs associated with the Ago2 mutant L192P, | analyzed the miRAP RNA
sequencing data with regard to the abundance of isomiRs using the miRMaster tool (Fehlmann et al.
2017). IsomiRs are isomers of miRNAs that differ from the reference sequence of the corresponding
canonical miRNA (Morin et al. 2008, Wang et al. 2008, Guo and Lu 2010). IsomiRs can be trimmed or
extended at the 5" or 3 end, display nucleotide exchanges (nuc.ex, polymorphic isomiRs) or a
combination of varying length and sequence (mixed isomiRs) (Neilsen et al. 2012, Wu et al. 2018) for
thymine was used in miRMaster nomenclature although uracil (U) is used on RNA level at these
positions. Notably, isomiRs can bind to Ago2 and change the identity of translationally downregulated
target mRNAs, making them relevant for the specificity of RISC-mediated gene silencing (Cloonan et
al. 2011, Londin et al. 2015, Haseeb et al. 2017). A total of 18,381 miRNAs, consisting of canonical
sequences and all isomers, were detected in the IPs of Ago2-WT and L192P. 37 isomiRs were bound
exclusively to the L192P variant. In contrast, none of the isomiRs were found to bind exclusively to the
WT. From these, the 20 isomiRs with the highest average counts were selected. The four isomiRs miR-
335-3p -3T, miR-409-3p -4T 17:C->A, miR-409 2T and miR-672-5p 22:A->T (for isomiR nomenclature
see Figure 36A), were most frequently loaded into Ago2-L192P (Figure 36B). The 20 isomiRs were
classified according to their sequence variability to the canonical miRNA sequence (Figure 36C). Table
53 in the appendix lists the 20 isomiRs sorted by category. 50% featured 3’-trimmed ends with
exchange of a nucleotide (3’-trimmed nuc.ex in Figure 36B-D). Additionally, four 3’-trimmed isomiRs
without nucleotide exchange were detected, making the 3’-trimmed isomiRs the most abundant.
Three isomiRs were assigned to the 3"-extended category. For each of the categories 5'-extended + 3’-
trimmed nuc.ex, polymorph, and 3"-extended + nuc.ex, one isomiR was identified. Notably, none of
the isomiRs analyzed were 5’-edited isomiRs without variations at the 3"-end (5’-trimmed nuc.ex,
5’-trimmed, 5'-extended nuc.ex and 5"-extended in Figure 36C-D).
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Figure 36: Increased association of isomiRs with the Ago2 variant L192P. The RNA sequencing data gathered from miRAP IPs was
analyzed using the miRMaster tool to identify Ago2-loaded isomiRs. (A) An overview of nomenclature for isomiRs adapted from
Fehlmann et al. 2017. Although uracil is used on RNA level, in the isomiR nomenclature from Fehlmann et al. a T (thymine) is
used. (B) Out of 37 isomiRs which were bound exclusively to Ago2-L192P, the 20 isomiRs with highest average count values
were selected and the count value of each replicate plotted against the respective isomiR. The mean with the coefficient of
variation is shown. An ordinary two-way ANOVA followed by Sidak’s multiple comparisons test determined the four isomiRs
miR-335-3p -3T (p < 0.0009), miR-409-3p -4T 17:C->A (p < 0.0321), miR-409 2T (p < 0.0049) and miR-672-5p 22:A->T (p <
0.0006) as significantly enriched in the L192P-IP compared to WT-IP (p <0.05=%*, p<0.01 = **, p < 0.001 = ***) (C) The amount
if isomiRs classified in each category. 10 isomiRs were 3’-trimmed with nucleotide exchange (nuc.ex) and 4 without nuc.ex.
Three isomiRs had a 3’-extended end. One isomiR each belonged to the categories 5'-extended + 3’-trimmed nuc.ex,
polymorph, and 3’-extended + nuc.ex. (D) The proportion of all isomiR categories in respect to a total of 20. 50% of the isomiRs
were 3’-trimmed with nuc.ex. The remaining 50% included the other five categories in varying percentages.

4.2.7. Target Predictions for Deregulated miRNAs

The RISC silences translation of mRNA transcripts by targeting the complementary site of Ago2-loaded
miRNA (Hammond et al. 2001, Hutvagner and Zamore 2002, Zeng et al. 2002). To estimate the impact
of differential miRNA incorporation of the Ago2 variant L192P on mRNA targeting and ultimately
protein composition, target predictions were performed using the bioinformatics tool miRTarget
implemented in the miRDB database (Liu and Wang 2019, Chen and Wang 2020). Exemplary
deregulated miRNAs were selected from the three aspects compared: IP vs. IP, 3p/5p ratios and
isomiRs. Predicted targets were allocated prediction scores in the range of 0-100 and candidate
transcripts were assigned target ranks of which the top five were selected to be presented in a tabular
format (Table 44). Expression in the cortex was ensured using the Genotype-Tissue Expression (GTEx)
portal (Version 05-08-15). Transcripts with < 1 transcripts per million (TPM) in cortical tissue were
counted as nonexpressed, excluded and replaced with next-ranked target.

First, two Ago2-loaded miRNAs from the L192P-IP vs. WT-IP comparison were analyzed. The
miR-296-3p was severely decreased in the IP of Ago2-L192P whereas the miR-1298-3p was strongly
enriched in the L192P-RISC (Figure 30). The top ranked cortical-expressed predicted target for the
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miR-296-3p was the sigma 1 subunit of the adaptor-related protein 5 complex (Ap5s1). For the
miR-1298-5p, naked cuticle 1 (Nkd1) was allocated the highest target score (Table 44). Predicted
targets with highest expression levels in the cortex were fibronectin type Ill domain containing 4
(Fndc4, TPM = 89.4) for the miR-296-3p and the copper chaperone cytochrome c oxidase assembly
protein 17 as target of miR-1298-5p (Cox17, TPM = 22.2; see Table 44).

Table 44: Top five predicted target transcripts of deregulated miRNAs from the L192P-IP vs. WT-IP comparison. The mRNA targets
of miR-296-3p (colored blue, reduced in L192P-IP) and miR-1298-5p (colored red, enriched in L192P-IP) were predicted using
miRTarget implemented in miRDB. Target ranks and target scores as measure of prediction validity. The official gene symbol
and gene description of predicted targets have been included. Expression values in transcripts per million (TPM) were extracted
from the GTEx portal. Target transcripts with < 1 TPM were excluded and replaced by the next target dependent on target rank
and score.

Targetrank Targetscore Gene symbol Gene description Expression [TPM]

miR-296-3p

) 94 Ap5s1 adaptor—re!ated proteln.S complex, 47

sigma 1 subunit

93 Itm2a integral membrane protein 2A 37.4

92 Grm3 glutamate receptor, metabotropic 3 31.8

7 90 Cdo1l cysteine dioxygenase 1, cytosolic 29.0

12 87 Fndcd fibronectin t\'/p'e Il domain 89.4

containing 4

miR-1298-5p

98 Nkd1 naked cuticle 1 2.2

4 95 Tmem100 transmembrane protein 100 2.2

5 95 Eifdenif1 eukaryotic translation initiation factor 17.9

4E nuclear import factor 1
6 92 Vmp1 vacuole membrane protein 1 13.9

cytochrome c oxidase assembly
protein 17, copper chaperone

7 91 Cox17 22.2

Gene ontology analyses with all predicted targets of respective miRNAs were performed to elucidate
biological processes deregulated by altered RISC function due to differentially associated miRNAs to
Ago2-L192P compared with Ago2-WT. The PANTHER overrepresentation test connected to the GO
database (DOI: 10.5281/zenod0.6799722; released 2022-10-13) was applied (Mi and Thomas 2009, Mi
et al. 2019, Thomas et al. 2022). Predicted targets were assigned to GO terms dependent on their
involvement in different BPs. The fold enrichment with FDR of BP GO terms was determined. For miR-
296-3p, the top five enriched biological processes influenced by the predicted targeted transcripts
were connected to metabolic processes: General metabolic processes, macromolecule, primary,
cellular and nitrogen compound metabolic processes (FDR < 0.05, Figure 37A). Given that miR-296-3p
was reduced in the L192P-RISC, silencing of the predicted targets would function less efficiently,
suggesting that these biological processes were enhanced. Among the enriched BPs influenced by
targets of miR-1298-5p, which was enriched in the L192P-RISC, the regulation of fibroblast migration
stood out as most enriched GO term. Interestingly, two GO terms showed involvement in BPs
connected to neurodevelopment: axon guidance and neuron projection guidance. Furthermore, five
additional BPs were enriched with functions in development, for example tube development (FDR <
0.05, Figure 37B). Assuming that Ago2-L192P formed a functional RISC with miR-1298-5p, the silencing
of the transcripts that contributed to these biological processes would be amplified under Ago2-L192P
expression compared to Ago2-WT.
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Figure 37: Gene ontology analysis of biological processes for predicted targets of (A) miR-296-3p and (B) miR-1298-5p. The
entirety of miRDB-predicted targets was used for GO analysis with PANTHER. The fold enrichment was plotted against the GO
terms. Statistical significance is illustrated by false discovery rate (FDR) with FDR < 0.05 = *, FDR < 0.01 = ** and
FDR £0.0001 = **** Two miRNAs from the L192P-IP vs. WT-IP comparison were selected. (A) miR-296-3p was reduced in the
L192P-RISC. Predicted targets showed enrichment in 14 GO terms. (B) miR-1298-5p was increased in the L192P-RISC. Predicted
targets showed enrichment in 20 GO terms.

Secondly, the same approach of target predictions and GO analysis was applied to an miRNA that
showed an altered 3p to 5p strand ratio between the Ago2 variants. The miR-543 was selected due to
strong expression and Ago2 association. The 3p strand of miR-543 was significantly enriched, whereas
the 5p strand displayed slightly less binding to Ago2-L192P compared to Ago2-WT (Figure 38).
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Figure 38: The 3p and 5p profiles of miR-543 illustrated strand selectivity of the Ago2 variants. Count values were taken from
RNA-seq data obtained from the miRAP assay. Normalized expression values of miR-543-3p and miR-543-5p were plotted for
the strand separately. The miR-543-3p showed 10- to 30-fold higher abundance across conditions compared to the 5p strand.
3p was strongly enriched in L192P-IP compared to WT-IP, while 5p displayed a slightly reversed distribution of strands.

The frizzled class receptor 4 (Fzd4) was the highest ranked target for the 5p strand of miR-543 but
showed relatively low expression in the cortex (TPM = 6.2; Table 45). With a target score of 88, the
secretory carrier membrane protein 5 (Scamp5) was ranked at the fourth place while being strongly
expressed in cortical tissue (TPM = 211.5, Table 45). The miR-543-3p target with highest target score
was the centriolar coiled coil protein 110 (Ccp110, Table 45). Scored with 98 on rank 5, the transcript
of mitogen-activated protein kinase 1 (Mapkl) was most abundant in cortex among the 3p strand
targets with TPM = 31.6 (Table 45). Importantly, there was no overlap between all predicted targets
from 3p and 5p strand, indicating that arm switching events lead to differential targeting of transcripts
by the RISC.

Table 45: The five highest ranked predicted targets of 3p and 5p strand of miR-543. Targets were predicted with miRDB, cortical
expression validated with GTEx (TPM > 1) and gene symbols sorted by target rank and score. (A) Target transcripts of
miR-543-5p (blue) that was slightly less associated with Ago2-L192P than to Ago2-WT. (B) Predicted mRNA targets of
miR-543-3p (red). This strand showed strong enrichment in L192P-IP compared to WT-IP.

Targetrank Target score Gene symbol Gene description Expression [TPM]
miR-543-5p
1 97 Fzd4 frizzled class receptor 4 6.2
2 93 Slc25a5 solute carrier family 25, member 5 190.4
3 89 Vegfa vascular endothelial growth factor A 19.4
4 88 Scamp5 secretory carrier membrane protein 5 211.5
8 87 e nuclear envelope in.tegral membrane 14
protein 2
miR-543-3p
1 99 Cepl10 centriolar coiled coil protein 110 11.2
z . samy SR
98 DmxI2 Dmx-like 2 10.5
98 Mapk1 mitogen-activated protein kinase 1 31.6
6 98 Adamo a disintegrin and metallopeptidase 8.0
domain 9

GO analysis hinted towards different biological processes regulated by transcripts silenced by
miR-543-5p or miR-543-3p. Astonishingly, the term “positive regulation of long-term neuronal synaptic
plasticity” exhibited a severe fold enrichment (FE) of 43 (FDR < 0.05; Figure 39A), while FEs of all other
GO terms were ranging between 4.5 and 8.3. Additional BPs involved in neuronal cell homeostasis or
development were enriched. Among these were: regulation of axon extension, neuron apoptotic
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processes and of neurogenesis, as well as axon and neuron projection development. Hence, 50% of
deregulated GO terms were BPs directly connected to neuronal mechanisms (Figure 39A). The fold
enrichments of BP GO terms influenced by predicted targets of the 3p strand of miR-543 ranged
between 3.3 (FDR < 0.05, adult locomotor behavior) and 7.2 (FDR < 0.05, histone H2A acetylation) and
eight terms suggested involvement in acetylation pathways for predicted targets of miR-543-3p (Figure
39B). Not a single BP was present in both deregulated GO terms. Again, this result hinted towards

distinct effects of transcripts targeted by 5p or 3p strand.

A miR-543-5p

less bound in L192P RISC

Positive regulation of long-term neuronal synaptic plasticity *
Regulation of axon extension *
Regulation of extent of cell growth *

Regulation of cell size- *
Rhythmic processH * %
Regulation of neuron apoptotic processH *
Cell morphogenesis involved in neuron differentiation * %
Axon development *
Cell morphogenesis involved in differentiation * %k
Neuron projection morphogenesis * ¥
Plasma membrane bounded cell projection morphogenesis- * %
Regulation of developmental growth- *
Cell projection morphogenesis+ * %k
Cell part morphogenesis * %k
Regulation of neurogenesis *
Regulation of anatomical structure size * %
Neuron development * %k %k %
Neuron projection development * %k
Cellular component morphogenesis * %k
Regulation of cell development- * . . . . : . . . :
0 10 20 30 40 50
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Cellular response to leukemia inhibitory factor * %

Response to leukemia inhibitory factor - * %

Internal peptidyl-lysine acetylation 4 * %

Internal protein amino acid acetylation 4 * %
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Figure 39: GO analyses of BPs for predicted targets of (A) miR-543-5p compared to (B) miR-543-3p. All miRDB-predicted targets
were submitted to BP GO analyses using PANTHER. Fold enrichment for each GO term is shown with FDR <0.05 = *,
FDR <0.01 =** FDR <0.001 = *** and FDR < 0.0001 = **** 20 BP GO terms were enriched in both analyses. (A) miR-543-5p
shown in blue exhibited less Ago2-binding so BPs were expected to be enhanced with Ago2-L192P compared to WT.
(B) miR-543-3p was enriched in L192P-RISC, suggesting that the predicted targets contributing to the BPs were likely to be less

silenced.

At last, the custom sequence submission in miRDB was used to predict targets of two isomiRs,

miR-335-3p -3T and miR-672-5p 22:A->T, two miRNA variants that were exclusively incorporated into

Ago2-L192P with highest count values among all L192P-specific isomiRs (Figure 36). The top target for

the canonical miR-335-3p was synaptotagmin IV (Syt4) with highest expression in the cortex among

the five highest scored targets with 32.3 TPM. This transcript was also a predicted target of the isomiR
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miR-335-3p -3T, but with a lower target score (98 vs. 100) and rank (3 vs. 5, Table 46). The most reliable
predicted target of the 3'-trimmed isomiR was Thsd7a (thrombospondin, type I, domain containing 7A)
which was on third place in targets ranks of the canonical miR-335-3p. Three of the top five targets of
canonical miRNA and isomiR overlapped, although allocated different targets ranks and scores. Two
targeted transcripts were unique, DCN1 domain containing 1 (Dcunldl) and the transmembrane
protein 106B (Tmem106b) for the miR-335-3p and the transcripts coding for LIM domain only 7 (Lmo?7)
and inositol 1,3,4,5,6-pentakisphosphate 2-kinase (/ppk) for the corresponding isomiR miR-335-3p -3T
(Table 46).

Table 46: Comparison of the top five predicted targets between the canonical miR-335-3p and the isomiR-335-3p -3T. The targets
that were predicted using miRDB were sorted by target score and allocated target ranks. Expression in the cortex was validated
as TPM > 1 using the GTEx portal. The 3'-trimmed isomiR-335-3p -3T (red) was enriched in Ago2-L192P-IP and absent in Ago2-
WT-IP. The gene symbols of shared targets between canonical miRNA and isomiR are indicated by blue color.

Targetrank Targetscore Gene symbol Gene description Expression [TPM]
Canonical miR-335-3p
1 100 Syt4 synaptotagmin IV 323

family with sequence similarity

2 100 Fam126b 126, member B 6.2
3 100 Thsd7a thrombospond!nt type |, domain 1.7
containing 7A
99 Dcunld1 DCN1, domain containing 1 6.0
5 99 Tmem106b transmembrane protein 106B 49
isomiR miR-335-3p -3T
1 99 Thsd7a thrombospond!nC type I, domain 17
containing 7A
family with sequence similarity
2 99 Fam126b 126, member B 6.2
3 98 Syt4 synaptotagmin IV 323
5 98 Lmo7 LIM domain only 7 7.4
6 98 Tt inositol 1,3,4,5,6- 57

pentakisphosphate 2-kinase

The second isomiR for which targets were predicted was the isomiR miR-672-5p 22:A->T. This variant
did not differ in length but contained a nucleotide exchange from the base adenine (A) to uracil (U).
Although the modification was detected on RNA level, the altered base is represented by a T, which
stands for thymine, following the Fehlmann et al. nomenclature. When targeted transcripts were
compared between the canonical miR-672-5p and the polymorphic isomiR, the targets complement
factor B (Cfb), transmembrane protein 167 (Tmem167), Argonaute RISC catalytic subunit 1 (Ago1) and
the zinc finger protein 446 (Zfp446; human orthologue: ZNF446) overlapped with similar target ranks
and scores (colored in blue, Table 47). The unique targets were ranked on fifth place. For miR-672-5p,
the predicted target was nucleoporin 98 (Nup98), whereas perilipin 5 (Plin5) was found as transcript
targeted by the isomiR miR-672-5p 22:A->T (Table 47).
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Table 47: Comparison of the five highest ranked target transcripts between miR-672-5p and the isomiR miR-672-5p 22:A->T.
miRDB-predicted targets were ranked by target score and cortical expression (TPM > 1) was confirmed via the GTEx portal. The
isomiR miR-672-5p 22:A->T (red), was enriched in the IP of Ago2-L192P and absent in the Ago2-WT-IP.

Targetrank Targetscore Gene symbol Gene description Expression [TPM]
Canonical miR-672-5p

96 Cfb complement factor B 3.4
94 Tmem167 transmembrane protein 167 29.6
3 94 Agol Argonaute RIStC catalytic 71
subunit 1
93 Zfp446 zinc finger protein 446 7.8
5 92 Nup98 nucleoporin 98 7.8
isomiR miR-672-5p 22:A->T
96 Cfb complement factor B 34
94 Tmem167 transmembrane protein 167 29.4
3 94 Agol Argonaute RISC;ataIytlc subunit 71
4 93 Zfp446 zinc finger protein 446 7.8
5 92 Plin5 perilipin 5 4.8

The observation of shared predicted targets between canonical miRNAs and corresponding isomiRs
indicated that the deregulation of translational silencing by Ago2-L192P may be more subtle compared
to arm switching events but can still have distinct consequences on protein expression.
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5. Discussion

5.1. Loss of Shank1 or Shank3af Affect Neuronal Protein Synthesis and the Postsynaptic

Protein Network

In this thesis, | functionally analyzed and compared the pathomechanisms of two classes of NDD-linked
genes. Mutations in the SHANK genes can cause ASDs and other NDDs. The association of SHANK3 with
ASDs is stronger and better characterized compared with SHANK1 (Grabrucker et al. 2011, Sato et al.
2012). Shankl and Shank3 are scaffold proteins that connect glutamate receptors to F-actin via a
complex postsynaptic protein network (Boeckers et al. 1999, Sheng and Kim 2000, Kreienkamp 2008).
Thus, SHANK1 and SHANK3 were analyzed as examples of NDD-associated genes that encode synaptic
scaffold or cell adhesion proteins, whereas AGO2 served as an example of an RBP-encoding gene. The
N-terminus of Shank3 is a Ras association domain, which connects Shank proteins to MAPK signaling
and deregulation of translation was proposed as a common pathomechanism in ASD (Kelleher and
Bear 2008, Crino 2015, Lilja et al. 2017). The translatome in hippocampal neurons of the novel Lypd1-
bacTRAPxShank3aB mouse line was characterized to decipher the involvement of the N-terminal
domains of Shank3 in the regulation of translation. The hippocampal proteome of PSD fractions from
Shank1 and Shank3a6B knockout mice was assessed. In doing so, the effects of a loss of the Shank
proteins on the composition of the postsynaptic protein network were determined.

5.1.1. Original and Novel Shankl and Shank3a68 Knockout Mice Models Displayed an

ASD-typical Phenotype
The open field behavioral test determined an ASD-typical phenotype in Shankl and Shank3aB
knockout mice compared to littermates at 12 weeks of age. The PSD purification was performed
subsequently to ensure an autistic phenotype at the time point of analyzing the proteome. Knockout
of Shank1 led to a severe reduction of body weight, while knockout of Shank3a8 had no effect on body
weight (Figure 5). Silverman et al. characterized the Shank1-KO mice compared to heterozygous and
wildtype littermates. They reported no abnormalities in body weight but a slight increase in body
temperature in knockouts compared to heterozygous mice at 10 weeks of age (Silverman et al. 2011).
Another study found no differences in body weight and temperature in Shank1-KO pups between the
postnatal day (PND) 2 and PND 12 (Wohr et al. 2011). Sungur et al. described a decrease of body weight
in Shank1-KO pups (PND 12) and lower body temperature when compared to littermates (Sungur et
al. 2014). It remains unclear why the severe decrease in body weight that | observed in the Shank1-KO
mice did not occur in some studies and how this might be related to the reported changes in body
temperature (Silverman et al. 2011, Wohr et al. 2011). It would be interesting to compare the body
weight of Shank1-KO mice at different time points and to measure the body temperature in our
experimental set up. Surprisingly, knockout mouse models regularly exhibit a reduction of body weight
(Snell 1931, Reed et al. 2008). Reed et al. evaluated the body weight of 1977 knockout mouse models
and found that 31.3% of viable knockout strains have reduced body weight (Birney et al. 2006, Reed
et al. 2008). As the regulation of body weight is complex and not fully understood, the causal
relationship between the knocked-out gene and the effect on body weight is often unknown. Same
could be true for knockout of Shank1 since no role of Shank1 in regulation of body weight has been
published so far. The reduction of body weight might influence the motor capabilities of Shank1-KO
mice. Interestingly, ASDs such as Rett syndrome are associated with impairments of motor skills and
coordination (Clarke 1996, Phelan and McDermid 2012). During training sessions for a Morris water
maze test, | observed that the Shank1-KO mice were unable to swim. This observation would fit the
hypothesis of an impaired motor skill upon loss of Shankl. Motor deficits in Shank1-KO mice were
described before, measured as reduced latencies in the rotarod test (Hung et al. 2008, Silverman et al.
2011). In contrast, the swimming ability of Shank3aB8-KO mice is unimpaired (Vicidomini et al. 2017).
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The Shank3AC/AC ASD mouse model, which lacks expression of all major Shank3 isoforms (complete
knockout), exhibits deficits in motor coordination determined by the rotarod test (Kouser et al. 2013).
Interestingly, hypotonia and coordination deficits are regularly observed in patients with Phelan-
McDermid syndrome, caused by haploinsufficiency of SHANK3 (Phelan and McDermid 2012, Kouser et
al. 2013). Shank1 is highly expressed in Purkinje cells in the cerebellum, whereas Shank3 is highly
expressed in GABAergic neurons in the striatum (Bockers et al. 2004, Yoo et al. 2018). Both brain
regions are of importance in controlling motor skills and coordination, which can be impaired in ASD
(Clarke 1996, Peca et al. 2011, Cataldi et al. 2022). It would be interesting to investigate the function
of Shankl and Shank3 in the specific cell types and brain regions. This would allow conclusions about
the contribution of these functions to the pathomechanism of ASD.

The open field test was performed to measure the locomotion of Shank1-KO and Shank3aB-KO mice.
The knockouts of both lines exhibited reduced locomotion with the differences getting more
pronounce over time (Figure 6 and Figure 7). It has been published before that Shank1-KO mice exhibit
reduced activity during the open field test compared to WT littermates and the results here confirm
this altered behavior (Hung et al. 2008, Silverman et al. 2011). In contrast, Duffney et al. tested
heterozygous Shank3-KO (Shank3+/AC) in the open field assay and did not observe differences in
locomotion compared to WT controls (Duffney et al. 2015). The isoform-specific homozygous knockout
of Shank3af results in decreased locomotion, whereas heterozygous knockout of all Shank3 isoforms
does not. This may indicate a function of the N-terminal domains of Shank3 in a mechanism that affects
locomotive behavior.

Knockout of Shank1 and Shank3a8 significantly increased the duration of self-grooming compared to
their littermates (Figure 8). The extensive self-grooming was more pronounced in female Shank1-KO
mice than in male Shank1-KO mice. In contrast, male Shank3-KO mice were more affected compared
to female Shank3-KO mice. Repetitive behavior, measured as duration of self-grooming, has been
studied in several Shank knockout mouse models as it is a core phenotype of ASD (Lord et al. 2000,
Schmeisser et al. 2012, Sungur et al. 2014, Vicidomini et al. 2017). An increase in repetitive behavior
was observed in KO mice of the Shank1 and Shank3 complete knockout lines, as well as in Shank3aB8-KO
mice (Schmeisser et al. 2012, Kouser et al. 2013, Sungur et al. 2014, Vicidomini et al. 2017). Notably,
the study on Shank3AC/AC mice reported increased self-grooming in older mice (10-13 months old)
(Kouser et al. 2013). The interaction of Shank proteins with GKAP, also known as SAPAP, indirectly links
Shank to AMPA and NMDA receptors (Boeckers et al. 1999, Naisbitt et al. 1999, Tu et al. 1999, Garner
et al. 2000, Uchino et al. 2006, Kreienkamp 2008). Sapap3 knockout mice also display severely
increased duration and frequency in self-grooming (Welch et al. 2007). Thus, it has been presumed
that loss of Shank might cause a reduction in postsynaptic GKAP/SAPAP, leading to a similar phenotype
(Welch et al. 2007, Hung et al. 2008, Sungur et al. 2014). The rearing frequency of knockout mice from
both lines was strikingly reduced (Figure 8). For the Shank1-KO mice, this result recapitulates those
from Sungur et al., whereas it is a novel finding that Shank3a6-KO mice exhibit increased rearing
behavior.

Two novel mouse models were created by crossing Lypd1-bacTRAP mice, which express GFP-L10a in
hippocampal neurons, with mice from the original Shank1 and Shank3a8 knockout lines. The novel
Lypd1-bacTRAPxShank1-KO and Lypdl-bacTRAPxShank3aB-KO mice enable translatomic analyses
using the bacTRAP method. The ASD-typical phenotype was validated in the novel mouse lines by the
open field test (Figure 9). Due to restrictions in breeding capacities, these mice had to be tested in
small cohorts. Nevertheless, KO mice from both lines exhibited decreased locomotion and the Lypd1-
bacTRAPxShank3a6-KO showed additional alterations in their behavior (less distance to the wall, less
time spent in the center of the area), which were not observed for Shank3aB8-KO of the original mouse
model. Self-grooming and rearing behavior of Lypdl-bacTRAPxShank-KO mice resembled the
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phenotypes of the original lines, although the differences did not reach significance. Probably this was
caused by higher variability due to testing of the mice in small cohorts on different days. In addition,
several Shank1-KO mice were excluded from the open field test because they had to be housed in
isolation due to aggressive behavior, which further negatively affected the results. Collectively, the
behavior studies confirmed an autistic phenotype of original and novel mouse models for SHANK-
associated forms of ASDs at the time point of translatome and proteome analyses.

5.1.2. Absence of the N-terminal Domains of Shank3 Lead to Subtle Alterations in the

Translatome of Hippocampal Neurons

The consequences of Shank3aB8 knockout on the hippocampal neuronal translatome of Lypdl-
bacTRAPxShank3aB-KO mice were investigated. The expressed and actively translated mRNAs were
determined by applying the bacTRAP method and translatomics. Similarities between conditions and
biological replicates were assessed by PCA, which showed rather high variability (Figure 11). Expressed
mRNAs (IC samples) were more similar to each other compared to the actively translated mRNAs (IP).
This indicates that the expressed mRNAs were vastly different from the actively translated mRNAs and
that expression of mRNAs was less variable compared to the regulation of translation. The
differentially translated mRNAs were determined in a DEG analysis (Figure 12 and Figure 13). Statistical
significance of differentially translated transcripts was appointed by having a FDR of < 0.1 and a fold
change of >0.5. By applying these rather mild cutoffs, 26 differentially translated mRNAs were
determined, of which nine were translated less and 17 were translated more as a result of Shank3a6
knockout. Thus, absence of the N-terminal domains of Shank3 resulted in subtle alterations of
translation of a subset of neuronal transcripts.

Interestingly, the DEG analysis of expressed yielded no differentially expressed transcripts. This
indicates that differential translated mRNAs were present due to an altered regulation of translation
and not caused by an altered abundance of transcripts. It should be considered that the transcripts
measured in IC samples were not neuron-specific since no selective purification step for the neuronally
expressed GFP-tagged L10a protein occurred, such as it was performed in the IP samples. The
expressed mRNAs were combined from hippocampal neurons and all additional cell populations
present in the hippocampus. This might have biased the results, as subtle neuron-specific changes in
expression may not be detectable in the total mRNA expressed from all hippocampal cells. The first
centrifugation step of the bacTRAP method separates the nuclei from the cytosol. Specific purification
of expressed mRNAs from the neuronal cell population could be enabled by applying nuclei
preparation and fluorescence activated cell sorting (FACS) of GFP-positive nuclei. These transcripts
could be analyzed by RNA-seq, or expression of selected candidates could be verified by qPCR to
determine whether differentially translated mRNAs were also differentially expressed. This approach
should be pursued in future studies to confirm whether the N-terminus of Shank3 functions specifically
in regulation of translation or also affects gene expression.

The translation of the mRNA encoding Ret was most strongly decreased by loss of Shank3a. Ret is a
conserved receptor tyrosine kinase expressed in the CNS of vertebrates from early embryonic
development though adulthood (Pachnis et al. 1993, Avantaggiato et al. 1994, Attie-Bitach et al. 1998).
Receptor tyrosine kinases are transmembrane proteins which transduce extracellular signals into
intracellular signaling cascades (Mahato and Sidorova 2020). Ret is activated by the glial cell line-
derived neurotrophic factor (GDNF), which, despite its name, is expressed in neurons instead of glial
cells (Durbec et al. 1996, Pascual et al. 2008, Gonzalez-Reyes et al. 2012, Mahato and Sidorova 2020).
The activation is calcium dependent and induces autophosphorylation of the intracellular domains of
Ret, which in turn triggers outgrowth of neurites and regulates neuronal survival (Durbec et al. 1996,
Nozaki et al. 1998, Anders et al. 2001, Penttinen et al. 2018). Ret functions are mediated through
several signaling cascades such as the phosphoinositositide-3-kinase (PI3K), the MAPK, and Rac/c-Jun
N-terminal kinase (JNK) pathways (van Weering and Bos 1998, Fukuda et al. 2002, Meka et al. 2015,
Penttinen et al. 2018). Thus, reduced expression of Ret in hippocampal neurons of Lypdi-
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bacTRAPxShank3aB-KO mice may result in diverse deregulated signaling pathways, altering neuronal
migration and survival. This might contribute to a pathomechanism that leads to ID and ASD, as
observed in patients harboring mutations in SHANK3. Interestingly, the isoform Ret9, which is
expressed stronger in neurons compared to Ret51, harbors a PDZ ligand that binds to the Shank3 PDZ
domain (Schuetz et al. 2004). The reduced translation of Ret in Lypd1-bacTRAPxShank3aB8-KO mice
might be indirectly connected to reduction of this specific interaction of Shank3. Shank3 connects
glutamatergic signaling to F-actin dynamics and limits integrin activation through Ras- and Rap-
dependent mechanisms (Du et al. 1998, Boeckers et al. 1999, Lim et al. 1999, Lilja et al. 2017, Salomaa
et al. 2021). Loss of Ret also alters F-actin dynamics, mediated by altered MAPK, PI3K and Rac-
dependent pathways and is has been suggested that Ret and integrins act in the same pathway to
promote dendrite adhesion and growth (van Weering and Bos 1998, Fukuda et al. 2002, Soba et al.
2015). Thus, Shank3- and Ret-dependent regulation of the actin cytoskeleton and of integrins might
be interconnected by small GTPases-dependent signaling pathways. Interestingly, RET is a known
disease gene, as loss of function mutations are associated with Hirschsprungs disease, characterized
by disrupted neural crest cell migration and developmental defects of the enteric nervous system
(Knowles et al. 2006, Jiang et al. 2018, Wu et al. 2020).

One of the transcripts that showed enhanced translation following Shank3aB8 knockout was the
transcript coding for Rel, also known as c-Rel, which was initially identified as proto-oncogene in
humans (Brownell et al. 1987). Rel proteins contain a nuclear targeting sequence and shuttle between
the cytosol and the nucleus (Gilmore and Temin 1988). In the nucleus, Rel proteins function as
transcription factors of the NF-kB family, which are involved in regulation of cellular differentiation
and proliferation (Lenardo and Baltimore 1989, Ballard et al. 1990, Ip et al. 1991, Gerondakis et al.
2006, Mitchell et al. 2016). Deregulation of NF-«kB-controlled transcription has detrimental
consequences in neurons and is a characteristic of neuroinflammatory diseases such as Parkinson’s
disease (Courtois and Gilmore 2006, Mitchell et al. 2016, Singh et al. 2020). The activity of Rel is
primarily regulated by its intracellular localization, rather than the level of transcription and
translation. It would be crucial to determine the Rel protein levels in neuronal nuclei from Lypd1-
bacTRAPxShank3af-KO mice to conclude whether the activity of Rel is altered in absence of Shank3ap.
Taken together, Ret and Rel are interesting candidates for further studies deciphering the role of
Shank3ap in the pathomechanism of ASD.

However, focusing on selected candidate transcripts may oversimplify the molecular defects caused
by the absence of Shank3ap in hippocampal neurons. To interpret the entirety of deregulated
biological processes and their relation to each other, a clustered gene ontology analysis of all
differentially translated mRNAs is depicted in Figure 40. Three clusters of decreased biological
processes in the knockout mice present interesting connections to molecular defects and behavioral
impairments in ASDs. The interrelated terms "axon guidance" and "neuron projection guidance"
formed the first cluster of deregulated molecular pathways that could have detrimental consequences
for neurodevelopment. The same applies for the second cluster of decreased biological processes,
which consisted of the four terms "axon ensheathment," "neuron ensheathment," "myelination," and
"glial cell development." The third cluster consisted of the terms "learning," "associative learning," and
"movement behavior," which fits well to typical behavior of ASD patients and mouse models. By far
the largest cluster consisted of 15 highly enriched and interconnected biological processes. These
processes included “ribosome biogenesis”, “RNA splicing”, and various terms of RNA modification,
processing, and regulation of multiple RNA classes. The increased RNA metabolism and ribosome
biogenesis hint towards higher rates of translation as an effect of Shank3a8 knockout. Interestingly,
the biological processe “positive regulation of translation” was also enriched.
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Figure 40: Clustered GO analysis of BPs influenced by differentially expressed mRNAs in Shank3a8-KO hippocampal neurons. The
contribution of differentially translated transcripts from the KO-IP vs. WT-IP comparison was assessed. The enriched (red) and
decreased (blue) biological processes are shown as nodes. The node size illustrates the number of deregulated mRNAs
contributing to the deregulated term. Lines connecting nodes indicate a functional relation of biological processes.

Fragile X syndrome (FXS) is a NDD characterized by ID and ASD-like behavior in varying degrees
(Verkerk et al. 1991, Devys et al. 1993). FXS is caused by mutations in FMR1 that encodes the fragile X
mental retardation protein (FMRP) (Verkerk et al. 1991, Devys et al. 1993). FMRP is a RNA binding
protein that acts as a negative regulator of translation in neurons (Zhang et al. 2001, Saffary and Xie
2011). Several of the known targets of FMRP have known functions in synaptogenesis, neuron
morphology and function (Zhang et al. 2001, Huber et al. 2002, Bolduc et al. 2008, Darnell et al. 2011).
Elevated translation was proposed as a key pathomechanism causing NDD-typical phenotypes in Fmr1
knockout mice and was suggested to be a common pathomechanism in autism (Kelleher and Bear
2008, Richter et al. 2015, Prashad and Gopal 2021). Torossian et al. determined the rates of translation
in adult male Shank3a6-KO mice (Shank3¢*° mice, a neo cassette replaces exons 4-9, resulting in loss
of Shank3 isoforms a and B) using L-[1-1*C]-leucine quantitative autoradiography. Shank3a8-KO mice
had significantly elevated rates of translation in the brain when compared to littermate controls. This
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effect was not observed in the liver and therefore might be brain specific, possibly due to the specific
functions of Shank3 in neurons (Torossian et al. 2021).

The deregulated function of Shank3 results in reduced number and volume of spines and alters
synaptic plasticity (Jiang and Ehlers 2013). The upregulation of translation might be a compensatory
effect to counteract impaired synaptic function (Torossian et al. 2021). The clustered GO analysis of
differentially translated hippocampal neurons of Lypdl-bacTRAPxShank3aB-KO mice showed that
several biological processes connected to RNA metabolism, ribosome biogenesis and translation were
increased. This result supports the hypothesis that elevated rates of translation contribute to the
pathomechanism of ASD. Nevertheless, the molecular defects observed here were distinct from a
general upregulation of translation, such as it is caused by loss of function of FMRP in FXS.

5.1.3. Loss of Shank1 and Shank3af Causes Differences in the Postsynaptic Proteomes
| analyzed the postsynaptic proteome of Shankl and Shank3aB8 knockout mice. PSD fractions were
purified from hippocampal tissue and the protein composition assessed by mass spectrometry. The
efficiency of the purification method was validated by western blot (Figure 15). The knockout of Shank1
and Shank3a6B was further validated by mass spectrometry (Figure 16). There, complete loss of Shank1
protein was observed in Shank1-KO mice, whereas the abundance of other Shank proteins was not
affected. A reduction but not a complete loss of Shank3 was determined in the PSD proteome of
Shank3aB-KO mice, consistent with the notion of an isoform-specific knockout. The absence of the
SPN, ANK and SH3 domain of Shank3 was demonstrated by detection of peptides originating from the
specific domains (Figure 17). It remains uncertain, why a peptide from the PDZ domain of Shank3
displayed an intermediate abundance between peptide from the N-terminal and C-terminal domains.
The expression of Shank3 isoforms containing the PDZ domain could be assessed in future studies, to
determine the exact effect of deletion of exon 11 in the ASD mouse model.

Mass spectrometry identified a total of 5176 different proteins across all conditions. The differential
abundant proteins between Shank-KO and WT littermates were identified. Proteins with a
p-value £ 0.05 and a fold change > 1.5 were considered significantly deregulated, which yielded a total
of 113 deregulated proteins. Comparison of the cutoffs applied here (p £ 0.05, FC> 1.5) with the cutoffs
for significantly deregulated translated transcripts (p < 0.1, FC > 0.5) suggests that the alterations in
the proteome were more severe and less variable compared to those in the translatome.

In the Shankl analysis, 46 deregulated proteins were determined, of which 28 were increased and 18
were decreased. One of the significantly decreased proteins was Arpc5, a scaffolding subunit of the
actin filament nucleating Arp2/3 complex (Molinie and Gautreau, 2018; Goley and Welch, 2006). This
protein was especially interesting due to the known functions of Shank proteins in actin dynamics. The
Arp2/3 complex facilitates branching of actin networks by enhancing nucleation and growth of new
actin filaments from the side of existing actin filaments (Welch et al. 1997, Blanchoin et al. 2000,
Volkmann et al. 2001, Welch et al. 2007, Mullins et al. 2016). Decreased abundance of Arpc5 might
result in compromised regulation of actin branching with detrimental consequences for the stability
and morphology of dendritic spines. The F-actin-capping protein subunit alpha-1 (Capzal) was also
decreased, again highlighting the contribution of altered actin dynamics to Shank-associated
pathomechanisms.

Qin et al. performed a study of the SHANK1 gene in 613 ASD patients and compared SHANK1 sequences
to healthy controls. Six ASD-associated missense variants were found. One of these, the R874H variant,
was chosen to generate the corresponding Shank1-R882H knockin mouse model (Qin et al. 2022).
Proteomic analysis of PSD fractions from hippocampal tissue of these mice identified a total of 2081
proteins, of which 472 proteins were differentially abundant. Several less abundant proteins localize
to postsynapses of glutamatergic synapses, such as ionotropic and metabotropic glutamate receptors
(NMDAR and AMPAR subunits, GIuN1/N2, GluA1/A2/A4, mGluR1) and Homer proteins. Remarkably,
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all of the differentially abundant proteins interact direct or indirectly with Shank1 (Qin et al. 2022).
None of the proteins that were deregulated in the postsynaptic proteome of Shank1-R882H knockin
mice were affected by knockout of Shankl analyzed here. Hung et al., who generated and
characterized the Shank1-KO line, observed no changes in postsynaptic abundance of glutamate
receptors, which validates the result obtained here (Hung et al. 2008). The differences in proteomic
alterations in Shank1-R882H knockin mice compared to Shank1-KO mice suggest that the molecular
defects caused by missense variants in Shank1 are different to those resulting from a complete loss of
Shank1.

The analysis of Shank3aB8-KO mice identified 67 significantly altered proteins, of which 28 proteins
were enriched and 39 decreased. Thus, absence of Shank3ap induced stronger differences in the
postsynaptic proteome compared to Shankl. Homer proteins interact directly with Shank proteins and
Homer 1 was significantly decreased upon Shank3a8 and Shank1 knockout (Naisbitt et al. 1999, Tu et
al. 1999, Uchino et al. 2006). In studies performed by Vicidomini et al., no change in abundance of
Homer in hippocampal PSD fractions was determined, contradicting the results from the proteomic
analysis performed here. In contrast, reduced levels of Homerl were detected in PSD fractions of
knockout mice from four independent Shank-KO mouse models, the Shank1-KO, Shank3a8-KO
(Shank3¢11-K0), Shank3¢+°-KO and Shank3¢1316-KO lines (Peca et al. 2011, Wang et al. 2011). These
results are consistent with the reduction in Homerl observed here, although other differentially
abundant proteins such as GKAP, GluAl, GIuN2B, and mGlu5 did not overlap with any of the
aforementioned studies (Peca et al. 2011, Wang et al. 2011, Vicidomini et al. 2017). The consistent
reduction of postsynaptic Homer proteins in several independent knockout mouse lines suggests that
reduced abundance of Homer in the PSD is a common molecular defect that may contribute to the
ASD-typical phenotypes present in these models. Reim et al. performed proteomics on hippocampal
PSD fractions from Shank3aB-KO mice and identified a total of 2345 proteins of which 55 were
significantly altered compared to littermate controls (Reim et al. 2017).

It is unknown whether mutations in SHANKI and SHANK3 cause ASD by similar or different
pathomechanisms. Compared with SHANK1, more ASD-associated mutations are known in the
SHANK3 gene, and mutations in SHANK3 trigger ASD and ID of higher severity than SHANK1 mutations
(State 2010, Leblond et al. 2014). In this study, the behavioral phenotypes of the original Shank1-KO
and Shank3a6B-KO lines were of similar severity. Proteomics showed that loss of major Shank3 isoforms
resulted in more severe changes in postsynaptic protein composition than complete loss of Shank1.
Shank3 localizes to the synapse early in embryonic development and is involved in signal transduction
that initiates the formation of the postsynaptic scaffold (Grabrucker et al. 2011, Mossa et al. 2021).
Shank1 localizes to the postsynapse at later stages of development and recruits several factors
required for synaptic maturation. Therefore, it has been suggested that Shank3 facilitates the
activation of intracellular signaling to recruit Shank1, which in turn is required for synapse stabilization
(Naisbitt et al. 1999, Tu et al. 1999, Grabrucker et al. 2011, Mossa et al. 2021). This sequential arrival
at the PSD may account for the stronger effect of the absence of Shank3 on the postsynaptic proteome
compared with the loss of Shankl, as well as for the stronger association of SHANK3 mutations with
ASD than SHANK1 mutations.

Deregulated biological processes influenced by deregulated proteins in the postsynaptic proteome of
Shank-KO mice were determined (Figure 20 and Figure 21). In the Shank1 analysis, the most enhanced
BPs were “negative regulation of tubulin acetylation” and “regulation of tubulin deacetylation”. This
hints towards a novel function of Shankl in regulation of tubulin acetylation. tubulins form
microtubules as part of the cytoskeleton in axons and function in intracellular transport processes,
morphological changes, and motility (Amos and Klug 1974, Chaaban and Brouhard 2017, Nekooki-
Machida and Hagiwara 2020). Acetylation of a-tubulin is associated with durable, stable microtubules,
although the exact mechanism of how acetylation leads to increased stability is unknown (LeDizet and
Piperno 1987, Palazzo et al. 2003, Kalebic et al. 2013). The acetylation induces a change of
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conformation in a-tubulin that regulates neuronal function (Eshun-Wilson et al. 2019, Nekooki-
Machida and Hagiwara 2020). Kinesin-dependent axonal transport of vesicles and protein complexes
is more efficient along acetylated microtubules due to enhanced interaction of Kinesin-1 with
acetylated a-tubulin compared with unacetylated a-tubulin (Reed et al. 2006, Dompierre et al. 2007,
Even et al. 2019). Interestingly, tubulin acetylation is required for proper neurogenesis and
malfunction of tubulin acetylation is associated with neurodegenerative diseases such as Parkinson’s
disease and Alzheimer's disease (Godena et al. 2014, Law et al. 2014, Selenica et al. 2014). Thus,
deregulation of tubulin acetylation as a consequence of the absence of Shankl may contribute to the
pathomechanism of SHANK1-associated NDDs.

The four most enriched BPs in the Shank3 analysis were associated with glycolytic metabolism and
were shared with the Shank1 analysis. Torossian et al., who found that the rate of translation was
increased in Shank3af-KO mice (see above), predicted an elevated energy metabolism to provide the
energy required fo the enhancement of translation (Torossian et al. 2021). This hypothesis aligns well
with the changes in the translatome and proteome detected in hippocampal neurons from Shank3a6-
KO mice. Because the behavior and proteome of Shank1-KO mice were also altered, it would be very
interesting to evaluate the translatome of this line and compare the results obtained with those of the
Shank3 translatome analysis.

It has been hypothesized that ASD-associated mutations lead to either disruption of synaptic structure
or deregulation of protein synthesis (Santini and Klann 2014). Analysis of deregulated biological
processes in the proteome of Shank-KO mice was inconclusive regarding this hypothesis, although
enhanced glycolytic metabolism suggested increased translation as a common pathomechanism.
Hence, | performed hierarchical clustered GO analyses using Cytoscape Bingo to determine the
molecular functions of the deregulated postsynaptic proteins from both mouse models (Shannon et
al. 2003, Maere et al. 2005). Among the enriched molecular functions in the Shank1 analysis were “ATP
binding” and “NAD or NADH binding”, which might hint towards increased metabolic rates in
postsynapses of Shank1-KO mice (Figure 41). The central decreased molecular function was “protein
binding”. The cluster comprised several terms of receptor binding, such as “ionotropic glutamate
receptor binding” and “G-protein-coupled receptor binding”. Furthermore, “small GTPase binding"
and “Ral GTPase binding” were decreased molecular functions. This result connects the molecular
defects induced by loss of Shank1 to deregulation of G-protein coupled signaling.
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Figure 41: Hierarchical clustered GO analysis of affected molecular functions in the postsynaptic proteome of Shank1-KO mice.
Deregulated terms are shown as nodes. The size of a node corresponds to the number of deregulated proteins that contributed
to that term. Enriched molecular functions are shown in a red gradient and decreased molecular functions in a blue gradient.
The intensity of the node color indicates the significance of the respective term, which was determined by an adjusted p-value.
Functional dependencies between terms are represented as connecting lines.

Remarkably, the Shank3 analysis determined that also for postsynaptic proteomes of Shank3a8-KO
mice, the most reduced cluster of molecular functions was "binding," separated into "protein binding"
and "RNA binding." Again, three terms related to G protein-coupled receptor binding and signaling
appeared, emphasizing the importance of these molecular functions in the Shank3-associated
pathomechanism. Notably, the term “small GTPase-mediated signal transduction” was enriched,
whereas the terms “G-protein coupled receptor binding” and “type 5 metabotropic glutamate
receptor binding” were decreased. GO analyses of deregulated molecular functions indicated a strong
contribution of protein binding to the molecular defects in the proteome of both Shank-KO lines. This
suggests reduced protein binding as a common molecular defect contributing to the pathomechanism
in the ASD mouse models and demonstrates the importance of the Shank proteins as scaffold proteins
for the formation of the postsynaptic protein network.
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Figure 42: Hierarchical clustered GO analysis of affected molecular functions in the postsynaptic proteome of Shank3a8-KO mice.
Deregulated terms are shown as nodes. The size of a node corresponds to the number of deregulated proteins that contributed
to that term. Enriched molecular functions are shown in a red gradient and decreased molecular functions in a blue gradient.
The intensity of the node color indicates the significance of the respective term, which was determined by an adjusted p-value.
Functional dependencies between terms are represented as connecting lines.

In summary, seven deregulated proteins were shared between the proteomes of Shank1-KO and
Shank3aB-KO mice. The converging biological processes were associated to increased glycolytic
metabolism. The molecular functions of the deregulated proteins showed a strong contribution of
reduced protein binding to the molecular defects triggered by the absence of Shankl1 and Shank3ap.
The majority of the differentially abundant proteins, biological processes, and molecular functions
were specific for postsynapses from either Shank1-KO or Shank3aB8-KO mice. Thus, the
pathomechanisms causing SHANK1- and SHANK3-associated forms of ASD might also differ and may
share only a few deregulated signaling pathways that could be related to small GTPases and G-protein-
mediated signaling.

5.1.4. Absence of Shank1 and Shank3ap Affect the Activation Status of the CaMKlla at

the Postsynapse
The N-terminus of Shank3 interacts with CaMKlla in its unphosphorylated, inactive state (Cai et al.
2021). This interaction was verified by coimmunoprecipitation. The binding of N-terminal segments of
Shank1, Shank2 and Shank3 to CaMKIlla was compared (Figure 22). The N-terminus of Shank3 displayed
the most efficient interaction with CaMKIlla. Also the N-terminus of Shankl interacts with CaMKlla,
although this interaction is weaker compared to Shank3. In the proteome analysis, no changes in
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abundance of postsynaptic CaMKIlla was determined in PSD fractions of Shank1-KO and Shank3a6-KO
mice compared to controls. However, the absence of Shank1 and Shank3af increased the proportion
of active phosphorylated CaMKlla in the PSD fractions of both brain regions. The change in CaMKlla
activation status was more pronounced in the cortex than in the hippocampus. In addition, the effect
of loss of Shank3af was stronger compared with Shankl. These results suggest that both Shank3 and
Shank1 play a role in regulating CaMKlla-mediated signaling in postsynapses of the hippocampus and
cortex. Autophosphorylation of CaMKlla at threonine 286, which was specifically detected in the
western blot analysis, regulates critical functions for neuronal signaling and plasticity underlying
learning and memory (Lisman et al. 2012, Hell 2014, Shonesy et al. 2014, Perfitt et al. 2020). CaMKlla
is rapidly translocated from the soma to dendritic spines when postsynapses receive activating signals,
leading to the accumulation of scaffold proteins such as PSD-95, SAPAP, Homer, and Shank, all of which
stabilize the PSD (Shen and Meyer 1999, Dosemeci et al. 2001, Matsuzaki et al. 2004, Otmakhov et al.
2004, Lee et al. 2009, Bosch et al. 2014). Furthermore, CaMKlla shuttles between distinct
subcompartments within the postsynapse (Cai et al. 2021). Most of the known interaction partners
interact with CaMKlla in its active, phosphorylated form (Bayer et al. 2001, Baucum et al. 2015,
Saneyoshi et al. 2019, Perfitt et al. 2020). Active CaMKlla binds to subunits of NMDA receptors
(GIuN2B), which are located at the postsynaptic membrane (Strack and Colbran 1998, Bayer et al. 2001,
Bayer et al. 2006). In contrast, Shank proteins interact with the inactive form of CaMKlla and are
localized in deeper layers of the PSD, located farther from the postsynaptic membrane (Cai et al. 2021).
Subcompartments of the PSD are thought to generate through liquid-liquid phase separation (LLPS),
driven by multivalent interactions of scaffold proteins that induce condensate formation (Zeng et al.
2016, Zeng et al. 2018, Zeng et al. 2019). Cai et al. showed that inactive CaMKlla is recruited to
condensates that are enriched in Shank proteins, facilitated by the direct interaction of Shank to
CaMKlla (Caietal. 2021). Thus, the increase of activated CaMKlla in Shank1-KO and Shank3a6B-KO mice
might be caused by altered LLPS during synaptogenesis.

A model by Cai et al. suggested that Shank3 might retain inactive CaMKlla in deeper layers of the PSD
to control shuttling and activation status of CaMKIlla and connected signaling cascades. In addition,
interaction of Shank3 to CaMKlla keeps the kinase close to the postsynpase, to ensure its presence
upon reception of excitatory signals and rapid activation of CaMKlla-dependent signaling pathways
(Tao-Cheng 2020, Cai et al. 2021). This hypothesis is supported by the results presented here, as
absence of Shank3a altered the activation status of CaMKlla without affecting the overall abundance.
Also, Shankl appears to participate in this mechanism, as binding of Shankl to CaMKlla was
demonstrated and increased abundance of active CaMKIlla was detected in PSD fractions of Shank1-
KO mice. Notably, this effect was not only shared among the Shank proteins but also between the two
brain regions hippocampus and cortex, indicating its importance in different brain areas. Future studies
should aim to determine the shuttling mechanism of CaMKlla in Shank1-KO and Shank3aB-KO mice to
show if absence of Shank1 and Shank3af indeed affect translocation of CaMKlla from the postsynaptic
membrane to deeper layers of the PSD. Furthermore, the LLPS-dependent formation of condensates
and their properties might be assessed in primary neurons from Shank1-KO and Shank3a8-KO mice
using methods such as fluorescence recovery after photobleaching (FRAP). Collectively, the results
presented here hint towards regulation of CaMKlla-dependent signaling by the N-termini of Shank1
and Shank3 that may contribute to the pathomechanism in SHANK-associated ASDs.

5.1.5. Comparison of the Translatome and Proteome in the Hippocampus of Shank3a8

Knockout mice
| compared the determined alterations in the translatome and proteome in hippocampal tissue of
Shank3aB-KO mice. The translatome analysis detected 26 differentially translated neuronal mRNAs, of
which 35% were less translated and 65% more translated. The proteome analysis of PSD fractions
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identified 67 differentially abundant proteins, of which 42% were decreased and 58% were enriched.
No overlap between the deregulated candidates and biological processes of both analyses was
observed. Thus, the alterations of the translatome and proteome caused by absence of Shank3af did
not converge in common molecular pathways. Qin et al. performed transcriptomics on hippocampal
tissue from Shank1-R882H knockin mice. Of 23,718 expressed transcripts, only 14 showed significant
changes between KO and WT conditions (Qin et al. 2022). Astonishingly, no overlap existed between
differentially abundant postsynaptic proteins and the deregulated transcripts (Qin et al. 2022). This
observation, made in Shank1-R882H knockin mice, is similar to the results obtained here in
Shank3aB-knockout mice, indicating that expressed or translated mRNA do not correlate well with
postsynaptic protein abundances in Shank-KO mouse models. Transcriptomics and translatomics
measure RNA abundance, which is dependent on rates of transcription, splicing, processing,
modification and degradation (Wachutka and Gagneur 2017, Chappleboim et al. 2022). A growing
number of studies suggest that the amount of transcripts in neurons does not correlate well with the
amount of protein because mRNAs are transcribed at steady-state levels to allow rapid activation of
translation by extracellular or intracellular signals (Morris et al. 2010, DeBoer et al. 2014, Kraushar et
al. 2014, Hasin et al. 2017, Popovitchenko et al. 2020, Hoye and Silver 2021, Rotello and Veenstra
2021).

Synapses and the soma have different transcriptomes and translatomes through distinct control of
transport and translation of mRNAs (Rotello and Veenstra 2021). These changes occur during
development and contribute to synaptic plasticity (Grunditz et al. 2008, Colgan and Yasuda 2014,
Rotello and Veenstra 2021). Synaptic plasticity is defined as the strengthening or weakening of
synapses dependent on the reception of neuronal activity. Regulation of translation and other
posttranscriptional mechanisms contribute significantly to the development of the postsynaptic
proteome (Vogel et al. 2010, Ghazalpour et al. 2011). Local translation enables changing the
postsynaptic proteome of a specific dendritic spine and this may alter its properties such as size and
synaptic strength (Klann and Dever 2004, Fuchs et al. 2006, Sutton and Schuman 2006, Twiss and van
Minnen 2006). Thus, the discrepancy between translatome and proteome candidates could be due to
the importance of local translation in hippocampal neurons of Shank3a6-knockout mice. Furthermore,
the results may suggest altered synaptic plasticity upon loss of Shank3ap. Interestingly, impaired
synaptic plasticity was shown as a result of haploinsufficiency of Shank3 in a mouse model for Phelan-
McDermid syndrome (Bozdagi et al. 2010).

Comprehensive investigation of neurodevelopmental disorders requires the understanding of several
aspects of neuronal function such as the genome, epigenome, transcriptome, translatome and
proteome. Combined analyses of different types of macromolecules are called “multi-omics”
approaches and yield indispensable insights to the understanding of pathomechanisms of NDDs
(Subramanian et al. 2020). Integrative bioinformatics in a multi-omics approach of translatome and
proteome may decipher how the alterations in both analyses were connected to each other.

The lack of an overlap between candidates in translatome and proteome may have been caused by
differences in specificity of the bacTRAP method and the PSD purification. The proteome was assessed
from biochemically purified PSD fractions that were separated from the remaining cellular components
depending on the density of the postsynaptic protein network. The bacTRAP method targeted actively
translated mRNAs that were generally present in the cytosol, as there was no selection for synaptic
compartments. These differences in specificity for the cellular compartment may account for the
differences in deregulated candidates in translatome and proteome. Single-cell omics approaches
would be appropriate to resolve this issue and should be the subject of future studies.
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The hypothesis of this project was that absence of the N-terminal domains of Shank3 might result in
altered translation, due to its interaction with Ras, connecting Shank3 to the MAPK signaling pathway
(Lilja et al. 2017). It has been suggested that imbalance of translation contributes to the molecular
defects underlying ASDs. Here, only subtle changes in the translatome of hippocampal neurons from
Lypd1-bacTRAPxShank3aB-KO mice were observed, whereas the changes in the proteome were more
severe and none of the candidates overlapped. These results suggest that subtly altered translation
may contribute to the molecular defects but is not the main pathomechanism. Mutations in many
genes encoding synaptic scaffold and cell-adhesion molecules have been identified in patients with
ASD and ID (Jamain et al. 2003, Laumonnier et al. 2004, De Jaco et al. 2005, Kim et al. 2008, Betancur
et al. 2009, Pinto et al. 2010). The proteins expressed by these disease genes participate in formation
of the postsynaptic architecture and in the transduction of intracellular signals into intracellular
signaling pathways (Sheng and Kim 2011). Mutations in NRXNs and NLGNs are associated with ASD,
and the encoded Neurexin and Neuroligin proteins are located at the presynapse and postsynapse,
respectively (Sudhof 2008). They influence the level of synaptic proteins and regulate synaptic
homeostasis, which might lead to altered neuronal plasticity (Kwon et al. 2012). My results suggest
that loss or malfunction of Shank3 primarily leads to alterations of the architecture of the postsynapse
by altered connection of glutamatergic signaling to actin dynamics. An altered postsynaptic proteome
might induce altered morphology of the synapses and therefore altered synaptic plasticity. This
pathomechanism might be comparable to those induced by mutations in genes encoding other
scaffold proteins or cell adhesion molecules. | hypothesize that an altered neuronal translatome
contributes to but is not the main cause of the arising of ASDs, whereas an altered postsynaptic
proteome most strongly contributes to the SHANK3-associated pathomechanism of ASDs.

86



5.2. L192P-RISC Induces Deregulation of the RNA Interference Pathway
Neurodevelopmental disorders can result from mutations in different categories of genes (Wright et
al. 2015, Clark et al. 2018, Srivastava et al. 2019). One category of NDD disease genes encodes for RNA-
binding proteins (Kapur and Ackerman 2018, Lennox et al. 2018, McLachlan et al. 2019, Lessel et al.
2020, Schalk et al. 2022). In this work, the L192P missense variant in the AGO2 gene, found in patients
diagnosed with LESKRES, was functionally analyzed as an example of an NDD that results from
dysregulation of an RNA-binding protein (Hammond et al. 2000, Lessel et al. 2020). Due to the capacity
of Ago2 to bind miRNA and its function in RNA interference, it was hypothesized that LESKRES-causing
missense variants could result in different miRNAs being loaded on mutant forms of the Ago2 protein,
altering the properties of RISC-mediated RNAI. The exact pathomechanism of Ago2 missense variants,
particularly in the context of RNAI, is currently unknown. Here, | performed the miRAP method
followed by RNA-seq to determine the miRNome and the RISC-bound miRNAs in AAV-infected primary
cortical neurons. | found that four different aspects of miRNA-mediated RNAi were affected by the
expression of Ago2-L192P: (1) The miRNome, (2) RISC-bound miRNAs, (3) the strand selectivity, which
resulted in arm switching events, (4) and the association to isomiRs (Figure 43).
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Figure 43: L192P-RISC induces alterations in the miRNome and deregulation of Ago2-mediated RNAi. The miRAP method followed
by RNA-seq determined alterations in the miRNome and the RISC-bound miRNAs in AAV-infected primary cortical neurons
expressing Ago2-L192P. Four different aspects were affected: (1) 24 miRNAs were differentially expressed, measured in the
L192P-IC vs- WT-IC comparison, of which 14 were more (red) and 10 less (blue) expressed. (2) 23 miRNA were differentially
bound in the L192P-RISC, of which nine were enriched and 13 decreased, determined by the L192P-IP vs. WT-IC comparison.
(3) Arm switching events occurred for 33 miRNAs, analyzed by 3p/5p ratios. (4) The analysis of isomiRs determined 37 isomiRs
which were exclusively bound to Ago2-L192P, whereas no isomiRs were exclusively bound to Ago2-WT. Created with
BioRender.com.
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5.2.1. The Expression of Ago2-L192P Altered Dynamics of P-Bodies

The efficiency and specificity of the miRAP method were validated using western blot, ICC and gPCR.
The western blot analysis demonstrated that infection of primary neurons with AAVs induced the
expression of GFP-tagged Ago2 under the control of the hSyn1 promotor. This specific promotor was
chosen because it induces a mild expression level compared to regularly utilized strong promotors such
as the human cytomegalovirus (CMV) promotor. The low band intensity of GFP-Ago2 detected by
western blot confirmed the mild expression of Ago2 variants. In the IP condition, the bands of Ago2-
WT and L192P had similarly low intensities, whereas no band was detected in the GFP negative control
(Figure 24). It remains unclear why this band pattern was not observed in the total cell lysates, but |
would speculate that without enrichment of GFP-Ago2 by immunoprecipitation, the protein
abundance was below the detection limit. Thus, by usage of the hSyn1 promotor, artifacts of a strong
overexpression were avoided. The expression of GFP-Ago2 variants was further validated by ICC and
confocal microscopy (Figure 25). Ago2 localized to p-bodies together with Dcpla, as it was described
for Ago2-WT before (Eystathioy et al. 2002, Cougot et al. 2004, Liu et al. 2005). This shows that the
intracellular localization of Ago2-WT and L192P is not affected by the GFP-tag, indicating full
functionality of the expressed Ago2 protein. | quantified somatic and dendritic p-bodies and found that
expression of Ago2-L192P increased the occurrence of p-bodies in distal dendrites. This result,
obtained here in AAV-infected cortical neurons from mice confirmed results published by Lessel et al.
who used transfected hippocampal neurons from rats. The independent confirmation of this result,
using a different method of expression and a different species, demonstrates the robustness of this
effect of the Ago2 mutant on p-body dynamics. To regulate translation, miRNAs accelerate the
deadenylation of their mRNA targets (Behm-Ansmant et al. 2006, Behm-Ansmant et al. 2006, Giraldez
et al. 2006, Wu et al. 2006). Argonaute proteins, the decapping complex Dcpl-Dcp2 and GW182
proteins are required for the deadenylation process and accelerated decay of mRNA, and all these
proteins localize to p-bodies (Liu et al. 2005, Meister et al. 2005, Sen and Blau 2005, Behm-Ansmant
et al. 2006). It has been shown that blocking of mMRNA decay results in increased size and number of
p-bodies (Sheth and Parker 2003, Cougot et al. 2004, Andrei et al. 2005, Teixeira et al. 2005).
Accordingly, an increased occurrence of p-bodies hints towards blocked mRNA decay caused by the
L192P mutant. The number of p-bodies was only elevated in dendrites and not in the cell soma,
indicating that the hindered mRNA decay was specific for locally translated transcripts. Currently it
remains unclear whether mRNA decay is restricted to p-bodies or also occurs in the cytoplasm. It has
been proposed that initiation of the mRNA decay machinery takes place in the diffuse cytoplasm and
that association of additional cofactors results in formation of p-bodies at later stages of the pathway
(Chu and Rana 2006, Stoecklin et al. 2006). Interestingly, Ago2-L192P was detected diffuse in the
cytoplasm to a greater extent than the WT, suggesting that initiation of mRNA decay might also be
influenced by the mutant. Lessel et al. correlated a reduced phosphorylation of Ago2-L192P at the
serine cluster 824-834, which is required for rapid release of targets, to increased occurrence of
dendritic p-bodies (Golden et al. 2017, Quevillon Huberdeau et al. 2017, Lessel et al. 2020).
Furthermore, they showed that the leucine substituted by the L192P missense variant is located in
close spatial proximity to helix-7, thereby obstructing movement of the helix-7 during target binding
and ejection (Schirle et al. 2014, Klum et al. 2018, Lessel et al. 2020). Taken together, a model can be
proposed that Ago2-L192P exhibits slowed binding to and dissociation of mRNA targets, resulting in
slowed or blocked mRNA decay in distal dendrites, linking the deregulation to local translation.

5.2.2. The miRAP Method Targeted RISC-bound miRNAs Specifically in Neurons

The miRNA concentration in total lysates and precipitated samples was measured to determine

efficiency of the coprecipitation (Figure 27). The amount of miRNA expressed was unchanged by AAV-

transduction and expression of different Ago2 variants or GFP control, seen as similar miRNA

concentrations in input controls. Precipitation of RISC resulted in 30%-50% reduction of miRNA,
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showing that more miRNAs are expressed than bound to the Ago2 protein. The low concentration of
miRNA in the GFP-IP confirmed that no unspecific association of miRNA with the tag occurred.
Consequently, the purified miRNA had been specifically loaded onto Ago2 to form functional RISCs,
which were efficiently precipitated during the miRAP method. The specificity of the miRAP method to
target the neuronal cell population, facilitated by usage of the hSyn1l promotor, was validated using
gPCR (Figure 28). Enrichment of the neuron-specific miR-124 in immunoprecipitated samples
compared to input controls was observed. Enrichment was more pronounced for Ago2-WT than for
L192P. In contrast, the glia cell-specific miR-21 was depleted in precipitates. This showed that the
expression of GFP-tagged Ago2 variants was induced specifically in neurons, while glia cells were not
transduced, confirming the hSynl promotor specifically targeted the neuronal cell population. This
was especially important when investigating miRNAs, because miRNAs can vastly differ between cell
populations and play major roles in differentiation of cells (Londin et al. 2015). By employing the hSyn1
promotor, miRAP-generated RNA-seq data determined the neuronal miRNome only and was not
biased by miRNAs originating from other cell types.

5.2.3. Ago2-L192P Affected the miRNome and the Formation of RISC

| investigated the effect of Ago2-L192P on miRNA expression and binding in primary neurons (Figure
30). The miRNome and RISC-associated miRNAs were decoded using RNA-seq. First, | compared the
miRNomes of neurons expressing Ago2-WT and the L192P mutant. 24 miRNAs were differentially
expressed, of which 14 were enriched and 10 were decreased in neurons expressing Ago2-L192P,
indicating that no overall up- or down-regulation of transcription of miRNA-encoding genes caused the
changes in miRNA abundance. 23 differentially RISC-bound miRNAs in IP samples were identified, of
which nine were enriched and 14 were bound less in L192P-RSIC. Ago2 is essential for stabilizing miRNA
upon incorporation into the RISC and protects miRNA from degradation, thereby modulating miRNA
levels (Park et al. 2017, Reichholf et al. 2019). An insertion of the miRNA 3’-hydroxy end into a pocket
in the PAZ domain of Ago2 is needed for this protection (Park et al. 2017). The domain structure of
Ago2 was depicted using the crystal structure of human Argonaute-2 bound to a defined guide RNA
(NDB: 4W5N, Schirle and MacRae 2012, Schirle et al. 2014) and the location of the L192 residue was
indicated (Figure 44). Although L192 is not localized in the PAZ domain, the structure of Ago2
demonstrates that it lies in spatial proximity to the binding groove for miRNA, possibly altering the
conformation of the binding pocket. Thus, deregulation of the neuronal miRNome might be explained
by altered ability and selectivity of Ago2-L192P to stabilize miRNA. Additionally, the availability of
MRNA targets has been shown to decrease or to elevate miRNA levels (Chatterjee et al. 2011).
Expression of Ago2-L192P resulted in altered binding to miRNA, which probably altered the level of
target transcripts, in turn influencing the miRNA levels. It becomes clear that deregulated Ago2
function might act at different stages of the RNA interference pathway, including feedback loops
between miRNA and their targets.
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miRNA binding groove a7 L192

Figure 44: Location of the leucine 192 residue in Ago2. The tertiary structure of Ago2 was depicted using the crystal structure
of human Argonaute-2 bound to a defined guide RNA (NDB: 4W5N, Schirle et al. 2014). The Ago2 domains and L192 (red) were
visualized in UCSF ChimeraX (Pettersen et al. 2021, Huang et al. 2018). The RNA binding groove in between the PAZ and PIWI
domain was indicated.

Ago2 functions in RNAI by associating with miRNAs. The detection of an altered complement of miRNAs
in the RISC of the L192P mutant demonstrates that the variant alters RISC function. Many studies
reported deregulation of Argonaute or PIWI proteins in human diseases, such as heart disease,
infertility, and in several types of cancer (Vaksman et al. 2012, Zhang et al. 2013, Voller et al. 2016,
Gou et al. 2017, Gao et al. 2018). In colon cancer, ovarian carcinoma, and gliomas, an overall
upregulation of Ago2 activity was described. Thus, this pathomechanism differs from the deregulation
of the L192P-RISC, since | determined enrichment and depletion of miRNAs expressed and bound to
Ago2-L192P (Vaksman et al. 2012, Zhang et al. 2013, Feng et al. 2014). Nevertheless, the involvement
of deregulated Ago2 in the pathogenesis of the aforementioned diseases supports the hypothesis that
the differential association of Ago2-L192P with miRNA is an important factor in the manifestation of
disease, in this case of LESKRES (Davis et al. 2008, Kawase-Koga et al. 2009, Hebert et al. 2010, McNeill
and Van Vactor 2012, Nowakowski et al. 2018). But how might the deregulation of Ago2-L192P lead to
the NDD LESKRES? The correct spatiotemporal regulation of translation is indispensable for proper
neurodevelopment (Johnson et al. 2009, Kang et al. 2011, Popovitchenko and Rasin 2017, Cadwell et
al. 2019, Telley et al. 2019). Alterations in these processes by deregulated RISC function can lead to
the manifestation of NDDs (Gandal et al. 2018, Nowakowski et al. 2018, Lennox et al. 2020). Mutations
in genes encoding for miRNA regulating proteins or miRNA targets have been reported in patients with
various NDDs, such as FXS, Williams syndrome, Rett syndrome, and other ASDs (Hoogenraad et al.
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2004, Jin et al. 2004, Klein et al. 2007, Abu-Elneel et al. 2008, Talebizadeh et al. 2008). In Williams
syndrome, the translation and function of the LIM domain kinase 1, targeted by miR-134, is altered,
which leads to cytoskeletal defects (Hoogenraad et al. 2004). The pathomechanism of Rett syndrome,
an ASD with severe neurological symptoms such as ataxia and seizures, was linked to miR-132-
mediated targeting of MECP2, encoding the methyl CpG binding protein 2 (Hagberg et al. 1983,
Hagberg 1985, Klein et al. 2007). Neither miR-134 nor miR-132 were deregulated in any of the aspects
analyzed following Ago2-L192P expression. This indicates that malfunction of specific miRNAs can lead
to distinct NDDs with overlapping symptoms such as ID (Hoogenraad et al. 2004, Jin et al. 2004, Klein
et al. 2007). Several studies investigated whether a connection exists between ASD and deregulated
expression of miRNAs or RISC function (Abu-Elneel et al. 2008, Talebizadeh et al. 2008, Park et al.
2022). Abu-Elneel et al. applied a multiplex gPCR approach on miRNAs purified from postmortem
cerebellar cortex tissue of 13 ASD patients. By comparison with healthy controls, they found 28 miRNAs
to be differentially expressed (Abu-Elneel et al. 2008). In a study from Talebizadeh et al., miRNAs were
screened from lyphmphoblastoid cell lines generated from six ASD patients and compared to controls.
Of the 470 miRNAs detected, nine miRNAs were found to be differentially expressed, of which six
miRNAs were enriched and three decreased (Talebizadeh et al. 2008). One of these, miR-23a-3p, was
also found in the L192P-IC vs. WT-IC comparison (Table 52). 24 miRNAs were differentially expressed
in primary neurons expressing Ago2-L192P compared to the WT condition. Although different sample
types and analytical methods were used, comparable numbers of deregulated miRNAs were
determined (Abu-Elneel et al. 2008, Talebizadeh et al. 2008). These results suggest that even a
relatively small group of differentially expressed miRNAs may contribute to the pathomechanisms of
ASDs and also to LESKRES. In this project, | exclusively investigated the L192P variant. Therefore, it
remains unknown whether the other AGO2 variants found in LESKRES patients induce similar
alterations in miRNA expression and binding. When | compared my findings with studies on other
NDDs, | found that deregulation of the miRNome and Ago2-mediated RNAi is a common
pathomechanism. However, miRNAs that are deregulated in these NDDs have minimal overlap with
each other and with the differentially regulated miRNAs identified here, which would suggest
significant differences in RISC function. | speculate that other Ago2 mutants expressed in LESKRES
patients, except for complete loss-of-function variants such as G733R, might also result in altered
miRNomes and RISC-bound miRNAs but that differentially regulated miRNAs differ dependent on the
AGO2 variant (Lessel et al. 2020). | hypothesize that the differentially regulated miRNAs might cause
general deregulation of RISC-mediated RNAi with partial overlap to miRNAs altered by Ago2-L192P
expression, rather than individual miRNAs contributing primarily to the pathomechanism. This
hypothesis is supported by the patients” phenotypes described in Lessel et al. They described that the
cohort of LESKRES patients share 50% of their symptoms, whereas other symptoms are only present
in a subset of patients or are even specific for recurrent variants. The phenotype of central apnea in
the postnatal period was exclusively found in the two LESKRES patients bearing the L192P variant
(Lessel et al. 2020). This might be explained by distinct miRNAs expressed and bound to Ago2 mutants
that target different mRNAs, leading to variant-specific molecular defects and to the manifestation of
variant-specific phenotypes. It would be very interesting to investigate the miRNome and function of
RISC of different Ago2 mutants derived from other patient variants to answer the open questions
regarding overlapping or diverging pathways and genotype-phenotype correlations.

5.2.4. The Ago2 Mutant L192P Exhibited Altered Strand Selectivity

When Ago2 associates with a miRNA duplex to form the RISC, usually either the 3p or 5p strand is
preferentially retained and is therefore named guide strand, whereas the other strand, the passenger
strand, is discarded (Ma et al. 2004, Wang et al. 2008, Okamura et al. 2009). 3p/5p ratios were
determined and 33 miRNAs exhibited altered strand-specific expression or arm switching events
(Figure 31-Figure 35). The miRNAs were categorized dependent on their expression and association
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with Ago2-L192P compared to Ago2-WT. Distinct arm switching events were observed between the
Ago2 variants specific for respective miRNAs. No general tendency in binding preference to the
passenger or guide strand was observed for either the mutant L192P or Ago2-WT (Figure 35). One
driving factor for strand selectivity is the identity of the first 5'-nucleotide of each strand, for which an
uracil is commonly favored (Mi et al. 2008, Ghildiyal and Zamore 2009, Hu et al. 2009). This preference
is conveyed by a pocket formed by the MID domain (Hu et al. 2009, Frank et al. 2010, Suzuki et al.
2015). Furthermore, an excess of purines has been reported for 5-terminal nucleotides of guide
strands (Hu et al. 2009). This “purine bias” is mediated by the PAZ domain that initiates miRNA
recognition and contains several aromatic residues, which stabilize purines via hydrophobic
interactions (Song et al. 2004, Preall and Sontheimer 2005, Ming et al. 2007, Hu et al. 2009). To
determine whether the strand selection of Ago2 variants was dictated by the 5'-uracil and by the
purine bias, | quantified the abundance of 5'-terminal uracils and of purines in the first four nucleotides
of 5'-termini (Figure 45). The differentially bound miRNAs from the L192P-IP vs. WT-IP and 3p/5p
comparison were analyzed. Of the enriched miRNA in the L192P-IP, 75% possessed an uracil as the 5'-
terminal nucleotide and 37.5% of the four nucleotides at the 5'-terminus were purines. Ago2-L192P
exhibited stronger selectivity for the 5°-terminal uracil when compared to the WT control, whereas the
selectivity for purines was impaired. The same aspects were quantified for miRNAs with altered 3p/5p
ratios. Strands that were enriched upon expression of Ago2-L192P contained 63% 5 -terminal uracil
and 50% purines. This result also suggests stronger association of the L192P mutant with 5 -uracil,
possibly mediated by the binding pocket in the MID domain.
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Figure 45: Ago2-L192P favored 5°-uracil but was less selective towards 5°-terminal purines. (A) The sequences of the differentially
bound miRNAs found in the L192P-IP vs. WT-IP comparison and in the 3p/5p analysis were analyzed. (B) The identity of the
5’-nucleotide was determined and the ratio of uracil in respect to all 5"-nucleotides calculated. The proportion of purines
among the four 5’-terminal nucleotides was calculated.

One could envision a model in which the substitution of leucine to proline at position 192 changes the
conformation of the binding pocket within the MID domain, making it more affine to uracil. In contrast,
the preference of the PAZ domain towards purines appeared to be compromised by the substitution.
Since the residue 192 is not located in either the MID or PAZ domain, only a global change in the tertiary
structure of Ago2 could indirectly influence the structure of these two domains (Figure 44). The L192
residue is located in proximity to the helix-7 and the RNA binding groove in the spatial center of the
PAZ, MID and PIWI domains. Replacement of leucine 192 with the most rigid residue proline could
cause general conformational changes in Ago2, perhaps leading to increased 5'-uracil binding and
decreased purine bias. To elucidate the actual effects of the L192P variant on the conformation of
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Ago2, a structural biology approach based on protein crystallization could be applied and should be
the subject of future projects. Both Ago2 variants bound annotated passenger strands to a comparable
extend. It remains unclear why the Ago2-WT protein did not show a clear preference for binding the
canonical guide strand. (Figure 35). It has been described before that both strands of miRNA duplexes
can be retained in the Ago2 protein to form a functional RISC (Ghildiyal and Zamore 2009, Okamura et
al. 2009, Kim et al. 2020). The arm switching events were shown to be regulated dependent on cell
type, but the molecular mechanisms to regulate the switch between canonical guide and passenger
strand are subject of current research (Kim et al. 2020). For example, Kim et al. found that 14% of the
miRNAs that they tested exhibited arm switching events. They further showed for miR-324 that arm
switching is regulated by uridylation, but they also stated that this mechanism might be specific for
miR-324 (Kim et al. 2020). Thus, the altered strand selectivity shown here could result from post-
transcriptional modifications. Further studies will be needed to investigate the post-transcriptional
modifications that dictate strand selectivity and to show if these are affected by expression of Ago2
mutants such as L192P. Interestingly, it has been described that in Drosophila melanogaster Agol and
Ago2 display distinct preferences in loading of guide and passenger strands (Okamura et al. 2009).
Okamura et al. described that guide strands were preferentially sorted into Ago2 compared to Agol.
This preference correlated with mismatches of the miRNA duplex at the 9" and 10" nucleotides and
with modifications of the 3’-termini (Okamura et al. 2009). They inferred a pathway in which passenger
strands fine-tune RNAi and are endogenous regulatory species, rather than being degraded by default
(Okamura et al. 2008, Okamura et al. 2009). This hypothesis was supported by the observation that
the passenger strands required canonical RNAI factors for loading into Ago2 (Okamura et al. 2009).
Therefore, the sorting of miRNA strands to different Ago proteins might be crucial for their function
and the reason why | observed arm switching events for Ago2-WT. Heterozygous missense variants in
AGO1 cause a severe NDD whose phenotype resembles the LESKRES (Lessel et al. 2020, Schalk et al.
2022). The L190 residue in Agol, homologous to L192 in Ago2, is substituted to proline in a patient
with the AGO1-associated NDD (Lessel et al. 2020, Schalk et al. 2022). It would be very interesting to
test for arm switching events in Ago1-WT compared to Ago2-WT, as well as in Ago1-L190P compared
to Ago2-L192P. In doing so, conclusions might be drawn about differences in strand selectivity of Ago1
and Ago2 in neurons and the contribution of arm switching events of the Ago2 mutant to the
pathogenesis of LESKRES. It is also possible that the arm switching events of Ago2-L192P are caused by
extrinsic factors, such as altered interaction with proteins involved in the loading of miRNA during RISC
formation. The Integrator complex is a multiprotein complex that comprises an endonuclease activity
and directly associates with miRNA (Wu et al. 2017, Albrecht et al. 2018, Kirstein et al. 2023). Kirstein
et al. showed that Dicer, Ago2 and the Integrator subunit 11 (IntS11) interact in the cytoplasm of
HEK293T cells. They hypothesized an assisting function of the Integrator complex in the loading of
miRNA on Ago2 by stabilizing the strand of the miRNA duplex that is retained in the RISC. Absence of
the Integrator complex led to decreased formation of RISCs and degradation of miRNAs, inferring a key
role for the Integrator in regulation of miRNA loading and homeostasis (Kirstein et al. 2023). An altered
interaction of the Integrator complex with Ago2 might result in deregulation of the assisting during
RISC formation. An altered Integrator function might contribute to the changes in the miRNome and
loading of miRNAs following Ago2-L192P expression. The interaction between the Integrator complex
and Ago2-WT compared with Ago2-L192P could be investigated by performing coimmunoprecipiation
experiments from cell lysates of transfected HEK293T cells to conclude whether an altered binding to
Ago2-L192P could indeed cause arm switching events.
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5.2.5. Increased Incorporation of isomiRs into the L192P-RISC

| analyzed the miRNAs bound to Ago2-L192P in terms of abundance of isomiRs, isomers of miRNA
which differ in their sequence from the corresponding canonical miRNA (Morin et al. 2008, Wang et
al. 2008, Guo and Lu 2010). 37 isomiRs bound exclusively to Ago2-L192P, whereas no isomiR associated
exclusively with Ago2-WT. By classification of the 20 most abundant isomiRs, | found that 18 isomiRs
exhibited altered 3’-termini (Figure 36). This result is in keeping with several studies about isomiRs
which found that the abundance of 3’-isomiRs, with 40%-50% of total isomiRs, exceeds the abundance
of 5’-isomiRs by far, which is approximately 5%-15% of all isomiRs expressed (Burroughs et al. 2010,
Lee et al. 2010, Newman et al. 2011, Wyman et al. 2011, Tan et al. 2014). One could argue that isomiRs
are experimental artefacts rather than a functional subclass of miRNA that is of physiological relevance.
However, several studies convincingly demonstrated that the amount of detected isomiRs in small
RNA-seq data far exceeds the expected rate of sequencing error. This was bioinformatically analyzed
using small artificial RNAs, so called synthetic “spike in” controls (Linsen et al. 2009, Wyman et al.
2011, Neilsen et al. 2012, Tomasello et al. 2021). IsomiRs are expressed in various cell lines, cell
populations, and tissues, among these HEK293T cells and human embryonic stem cells, and in different
types of cancers, such as prostate cancer, breast cancer and leukaemia (Bar et al. 2008, Morin et al.
2008, Lipchina et al. 2011, Watahiki et al. 2011, Li et al. 2012, Voellenkle et al. 2012). The functional
relevance of isomiRs was demonstrated by their ability to associate with Ago proteins, detected in
coimmunoprecipitation assays, analogous to the isomiRs which | detected via the miRAP method
(Cloonan et al. 2011, Londin et al. 2015, Haseeb et al. 2017). The modifications of isomiRs can affect
their stability and specificity since variation of length and sequence can result in shifted selection of
mMRNA targets (Ameres and Zamore 2013, Loher et al. 2014, Zhang et al. 2016, Kim et al. 2020). It is
uncertain whether the incorporation of IsomiRs into L192P-RISC was caused by intrinsic effects of
Ago2-L192P, such as conformational changes and altered binding kinetics, or by extrinsic factors, such
as enhanced generation of IsomiRs indirectly caused by expression of the mutant. This question could
be answered by in vitro measurements of Ago2-L192P binding kinetics with isomiRs compared to the
respective canonical miRNAs and to Ago2-WT. IsomiRs have gained interest due to their potential
function in diagnostics as biomarkers (Bhardwaj et al. 2018, Scheper et al. 2022, Aiso and Ueda 2023).
For example, Scheper et al. determined isomiRs as biomarkers for ID and ASD in Tuberous Sclerosis
complex (TSC), a genetic disorder affecting several organs including the CNS (Curatolo et al. 2015, de
Vries et al. 2020, Specchio et al. 2020, Northrup et al. 2021, Scheper et al. 2022). The phenotype of
TSC patients includes a broad spectrum of symptoms such as epilepsy, malformations of the cortex,
ADHD, ID, and ASD (Northrup et al. 2021, Scheper et al. 2022). On the molecular level, loss-of-function
variants in the disease genes TSC1 and TSC2 result in deregulation of the mTOR pathway, a signaling
pathway influencing cell proliferation and translation (Sancak et al. 2005, Muhlebner et al. 2019).
Scheper et al. used serum-derived isomiRs as biomarkers for ASD and ID in TSC patients. They identified
18,741 isomiRs in the serum of 29 TSC patients. Interestingly, this number matches the range of
isomiRs and canonical miRNAs detected in the miRAP samples from AAV-induced primary cortical
neurons (see 4.2.6). Furthermore, four differentially expressed isomiRs were identified for TSC patients
with ASD and six in TSC patients with ID compared to controls. One of these ID biomarkers was the
isomiR “miR-409 3prim AT” (Scheper et al. 2022), a 3’-isomiR with two non-templated nucleotides
added at the 3’-terminus which do not match the pre-miRNA sequence (Wyman et al. 2011, Scheper
et al. 2022). Although this exact isomiR was not detected in the L192P-RISC, four of the 20 most
abundant isomiRs bound exclusively to the L192P mutant corresponded to the canonical miR-409-3p
miRNA. Interestingly, all these isomiRs exhibited altered 3’-termini (one extended, three trimmed) and
three of them contained a nucleotide exchange on the 3’-terminal side of the miRNA (17%-20" nt, see
Table 53, colored blue). Considering that ID is a core symptom of LESKRES and that the isomiR of miR-

94



409-3p found by Scheper et al. was a specific marker for ID in TSC, the isomiRs of miR-409-3p are an
interesting link between altered regulation of isomiRs and the manifestation of ID.

5.2.6. Ago2-L192P Induces Deregulation of miRNAs of the miR379-409 Cluster

Analyses of the miRNome and RISC-bound miRNAs, including 3p/5p ratios and isomiRs, revealed that
eight of the deregulated miRNAs with Ago2-L192P originated from a genomic cluster of miRNAs, the
miR379-410 cluster (Figure 46). The imprinted miR379-409 cluster is located on chromosome 14 in
humans and chromosome 12 in mice, but the encoded miRNAs are highly conserved between the two
species (da Rocha et al. 2008, Winter 2015). The large cluster is exclusively expressed from the
maternal allele and encodes 38 miRNAs with brain-specific functions species (da Rocha et al. 2008,
Winter 2015). Transcription of these miRNAs is increased by neuronal activity in primary neurons (Fiore
et al. 2009, Winter 2015). The transcription factor myocyte enhancing factor 2 (Mef2) drives activity-
dependent expression of miRNAs from the cluster which are required for adjustment of dendritic
branching (Fiore et al. 2009). Thus, Mef2 acts as negative regulator of excitatory synaptogenesis
(Flavell et al. 2006, Shalizi et al. 2006). The mechanism of local translation in dendrites connects
neuronal activity to the expression of mRNAs in spatial proximity to synapses (Sutton and Schuman
2006, Fiore et al. 2009). Local translation is indispensable for proper neurodevelopment and
morphological abnormalities of dendrites and aberrant dendritic branching are often observed in
NDDs with ID such as the Fragile-X-syndrome (Bagni and Greenough 2005, Fiore et al. 2009). Three
differentially expressed miRNAs from the miR379-409 cluster were found in the comparison of
miRNomes, three from the 3p/5p strand ratio analysis and two from the analysis of isomiRs. Four of
these miRNAs are enriched in the cerebellum of Mecp2 knockout mice, a model for Rett syndrome
(Wu et al. 2010). Two of these, miR-381-3p and miR-300, were enriched in miRNome of Ago-L192P
expressing neurons. The miR-543, for which Ago-L192P showed altered strand selectivity and the
canonical miR of isomiR miR-544-3p -5T were also found to be enriched in the Rett syndrome mouse
model (Wu et al. 2010). The three miRNAs miR-380-3p, miR-381-3p, and miR-485-3p were enriched in
neurons expressing Ago2-L192P. Two of these, miR-381-3p and miR-485-3p, have contrary roles in the
regulation of dendritogenesis (Schratt et al. 2006, Fiore et al. 2009, Lavon et al. 2010, Cohen et al.
2011, Gardiner et al. 2012). Although these miRNAs were not enriched in the L192P-RISC, their
enrichment in the miRNome of Ago-L192P expressing neurons indicates a deregulation of the activity-
dependent expression of the miR379-409 cluster. Possibly, the increased expression was caused by
altered synaptic activity in neurons upon expression of the Ago2 mutant. Electrophysiological
measurements on AAV-transduced primary neurons expressing Ago2-L192P could test the electrical
properties of neurons to draw conclusions about the synaptic activity. Three miRNAs of the
miR379-409 cluster exhibited arm switching events with Ago2-L192P compared to WT. The canonical
guide strands of miR-300 and miR-376a were more strongly expressed with and bound to Ago2-L192P,
whereas miR-543 was exclusively enriched in the L192P-IP. Interestingly, miR-376a enhances neuronal
differentiation of cultured rat cortical stem cells by silencing translation of the transcription factor Hes5
(Ohtsuka et al. 2001, Jovicic et al. 2013, Winter 2015). Furthermore, enrichment of miR-376a was
detected in lymphoblastoid cell lines generated from patients diagnosed with ASD (Lavon et al. 2010,
Sarachana et al. 2010, Jovicic et al. 2013). The miR-543-3p was enriched in the L192P-RISC (Figure 38).
One of the main targets translationally silenced by miR-543-3p is the mRNA encoding the cell adhesion
molecule N-cadherin (Rago et al. 2014). N-cadherin has several functions in the developing neocortex
and is essential for cortical organization (Kadowaki et al. 2007, Zhang et al. 2010, Zhang et al. 2013,
Rago et al. 2014). Fine-tuned expression of N-cadherin regulated by miR-543-3p has been shown to be
required for proper neuronal migration as well as proper neurogenesis in the neocortex of mice
(Kawauchi et al. 2010, Jossin and Cooper 2011, Rago et al. 2014). Deregulated miR-543-3p-mediated
RNAI performed by the L192P-RISC might be a link between dysfunction of neuronal migration and
differentiation and the pathomechanism of LESKRES. The miRNAs miR-409 and miR-544 also belong to
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the miR379-409 cluster. In the analysis of isomiRs, four isomiRs exclusively bound to Ago2-L192P
originated from the pre-miR-409 and one from the miR-544. In summary, the Ago2 variant L192P
resulted in deregulation of the miR379-409 cluster, which encodes miRNAs that are indispensable fine-
tuners of neurogenesis, neuronal migration, and synaptic function (Figure 46). Thus, deregulation of
cluster miR379-409 likely contributes to the pathogenesis of LESKRES patients bearing the L192P
variant. It remains unknown whether deregulation of the cluster is a shared molecular defect for all
AGO2 mutants or a variant-specific defect, and future studies investigating the remaining Ago2
mutants will be required to address this question.
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Figure 46: Ago2-L192P induces deregulation of specific miRNAs encoded by the miR379-409 cluster. The genomic miR379-409
clusteris located on chromosome 14 in humans (12 in mice) and encodes 38 miRNAs. The transcription factor Mef2 is activated
by neuronal activity and enhances expression of the cluster. Three miRNAs, miR-380-3p, miR-409-3p, and miR-381-3p were
differentially expressed and function in regulation dendritogenesis. Three miRNAs exhibited arm switching events: miR-300-3p,
miR-543-3p and miR-376a-3p. The main target of miR-543-3p is encoding for N-cadherin, involved in neuronal migration.
miR-376a-3p silences translation of the transcription factor Hes5, which induces neuronal differentiation. Four exclusively
Ago2-L192P-bound isomiRs corresponded to miR-409-3p and one to miR-544-3p. Differential binding of isomiRs might alter
fine-tuning of RNAI. Created with BioRender.com.

5.2.7. Gene Ontology Analyses with Predicted Targets of miRNAs Differentially Bound

to the L192P-RISC
RISC functions through translational silencing of mRNA transcripts by binding of RISC-loaded miRNAs
to partially complementary sequences in the 3°UTR of the target (Hammond et al. 2001, Hutvagner
and Zamore 2002, Lai 2002, Zeng et al. 2002, Bartel 2004). Target predictions of differentially bound
miRNAs in the L192P-RISC were performed to assess the effects of misdirected RISC function on
translation (see 4.2.7). Lessel et al. investigated the transcriptome of primary dermal fibroblasts
derived from patients bearing the L192P variant. They found 485 differentially expressed transcripts
when transcriptomes of both patients were compared to an age-matched control (Lessel et al. 2020).
| compared the predicted targets of the four most enriched and decreased miRNAs in the L192P
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condition of the IC and IP comparison with the differentially expressed transcripts from primary
fibroblasts to screen for a possible overlap. The mRNA encoding ABCA1, a protein involved in the
transport of membrane lipids, was the highest ranked target of miR-33-5p, which was reduced in
L192P-IC and IP. Interestingly, this transcript was also downregulated in the miRNomes of primary
fibroblasts derived from LESKRES patients (Lessel et al. 2020). Unexpectedly, ABCA1 was the only
shared target between the targets predicted here and the transcriptomes determined by Lessel et al.
The prediction of miRNA targets remains a challenge in bioinformatics due to the short seed sequences
of two to eight nucleotides (Nielsen et al. 2007, Friedman et al. 2009, Liu and Wang 2019). Partially
complementary sequences to such short motifs occur numerously in the 3’"UTR of mRNAs and are not
sufficient for valid target prediction (Yue et al. 2009). Therefore, target prediction tools such as
miRTarget integrate additional factors such as experimental data from miRNA overexpression studies
and cross-linking and immunoprecipitation (CLIP) experiments to calculate prediction scores, but
experimental data is not available for all miRNAs (Betel et al. 2010, Agarwal et al. 2015, Liu and Wang
2019). CLIP experiments can identify target transcripts by cross-linking miRNA to Ago2 and to RISC-
targeted mRNAs (Chi et al. 2009). The predicted targets could be validated by transcriptome analysis
of AAV-induced cortical neurons expressing Ago2-L192P or by CLIP experiments. Biological processes
influenced by the predicted targets of differentially abundant miRNAs in the L192P-RISC were
determined in gene ontology analyses. The miR-1298-5p was highly enriched in the L192P-IP and the
predicted targets therefore would be silenced stronger compared to the WT-RISC. Interestingly, axon
guidance and neuron projection guidance were among the biological processes that were most
inhibited by L192P-RISC. In neurodevelopment, axons migrate to form connections to other neurons
facilitated by the growth cone that reacts to extracellular signals to guide its navigation (Tessier-
Lavigne and Goodman 1996, Lowery and Van Vactor 2009). The rapid adjustment of translation
required for this process is enabled by local translation, which is regulated by RNA.i (Brittis et al. 2002,
Leung et al. 2006, Yao et al. 2006, Jung et al. 2014, Glock et al. 2017). Increased silencing of axon
guidance might have detrimental consequences on neurodevelopment leading to the ID phenotype
observed in LESKRES patients. Target predictions and GO analyses were performed for both strands of
miR-543. The 3p strand of miR-543 was enriched in the L192P-RISC whereas the 5p strand was slightly
less associated with Ago2-L192P compared to WT (Figure 38). Completely different targets were
predicted for the 3p and 5p strands, highlighting the relevance of arm switching events and the effect
on RISC function. Consequently, the GO analyses of the two strands resulted in no overlap of the
regulated biological processes. The target predictions of four selected isomiRs and their corresponding
canonical miRNAs, the five highest-ranked targets of two analyzed isomiRs are shown in Table 46 and
Table 47, resulted in 75% overlap between the predicted targets of the isomiR and the corresponding
canonical miRNA. This result indicates a function of isomiRs as additional fine-tuners of RISC-mediated
silencing. Lessel et al. performed GO analyses with the transcriptome of primary fibroblasts bearing
the L192P variant and determined an enrichment of biological processes involved in mitosis and
control of the cell cycle (Lessel et al. 2020). None of these BPs were found in the GO analyses of the
predicted targets of differentially regulated miRNAs in primary cortical neurons expressing Ago2-
L192P. It is unclear whether this discrepancy was caused by invalid target prediction or use of different
model systems, which differed in cell types (dermal fibroblasts vs. cortical neurons) and species
(human vs. mouse). Neurons derived from patient-derived induced pluripotent stem cells could
function as a valuable model system to form a bridge between both analyses. Among the limited
number of target predictions and GO analyses that | performed here, altered RNAi by L192P-RISC did
not seem to converge in distinct signaling cascades but rather results in a broad spectrum of
deregulated biological processes, ranging from metabolic processes to neuronal migration and
development.
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5.3. Do Pathomechanisms of NDDs Converge in Common Pathways?

Despite the heterogeneity of NDD disease genes and the function of the proteins they encode, several
studies have suggested that the molecular pathomechanisms underlying the different NDDs converge
in a few common signaling pathways (Voineagu et al. 2011, Parikshak et al. 2013, Cristino et al. 2014,
Hormozdiari et al. 2015, Sahin and Sur 2015). One example is the deregulation of the mTOR pathway
in mTORopathies, NDDs characterized by abnormal cortical morphology and epileptic seizures (Crino
2015, Baulac 2016, Borrie et al. 2017, Winden et al. 2018). The evolutionarily conserved and
ubiquitously expressed serine/threonine protein kinase mTOR controls signaling pathways implicated
in neuronal proliferation, differentiation and migration by modulating translation (Lipton and Sahin
2014). Protein biosynthesis is regulated by a variety of mechanisms, including the MAPK signaling
cascade. The MAPK pathway is activated by specific glutamate receptors and thus couples synaptic
activity to the transcriptional and translational machinery. Malfunction of Ras proteins and
consequently of the MAPK signaling pathway is causative for a group of diseases referred to as
RASopathies (Kelleher and Bear 2008, Tidyman and Rauen 2009, Rauen 2013, Simanshu et al. 2017).
Neither of these pathways were overrepresented in translatome and proteome analyses of Shank-KO
mice investigated here, nor in target predictions and GO analyses performed for miRNAs differentially
bound to the L192P-RISC. Three statements can be concluded from these results:

(1) The molecular defects in Shank-KO mice are not mediated by a singular signaling cascade, but rather
are characterized by subtle general deregulation of translation, severe alterations of the postsynaptic
proteome, and altered activity of the CaMKlla. These alterations may contribute to a general
dysregulation of neuronal signaling. (2) The LESKRES-causing AGO2 variant L192P results in extensive
deregulation of RISC-mediated silencing of translation. Differentially expressed and bound miRNAs
might regulate various biological processes via RNAI rather than affecting a specific signaling pathway
or a single aspect of cellular function. (3) When | compared molecular defects between SHANK-
associated ASDs and LESKRES, neither the mTOR, nor the MAPK pathway, nor any other distinct
signaling cascade was overrepresented.

Translatome, proteome and miRNome demonstrated a broad spectrum of alteration in translation,
architecture of the postsynaptic density and miRNA-mediated RNAi. NDD-causing mutations were
frequently found to lead to aberrant translation and to alter the homeostatic balance of protein
synthesis during development (Scheper et al. 2007, Wang et al. 2016). Axons, dendrites, and individual
synapses display distinct transcriptomes and translatomes (Prashad and Gopal 2021). RNAi allows for
precise adjustment of these transcript levels and dynamic fine-tuning of translational silencing (Holt
and Schuman 2013). The length of neuronal projections, and the structural complexity and polarity of
neurons present unique challenges for fulfilling exact control of translation in neurodevelopment and
for synaptic plasticity (Sutton and Schuman 2006, Bramham and Wells 2007, Jung et al. 2014, Prashad
and Gopal 2021). Thus, in neurons, the tolerance for errors is low and the requirements for properly
regulated local translation are high. Alterations in translational regulation and RNAi during
neurodevelopment have detrimental effects and lead to severe dysfunction in the brain compared
with other tissues that may be able to compensate for deregulated translation or have less complex
strategies for regulation of translation. Hence, altered control of gene expression and RNAi lead to
more severe neurological phenotypes compared to the dysfunction in other tissues and organs, even
though RBPs encoded by NDD disease genes such as Ago2 are often ubiquitously expressed (Freilich et
al. 2005, Ramskold et al. 2009, Prashad and Gopal 2021). This notion is supported by the association
of NDDs with mutations in genes encoding for transcriptional regulators and chromatin remodellers
such as MECP2 (Ronan et al. 2013, Witteveen et al. 2016, Stessman et al. 2017, Fernandes et al. 2018,
Suetterlin et al. 2018). Transcription factors and chromatin remodellers regulate transcript
abundances and the exact spatiotemporal regulation of their function is especially important during
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neurodevelopment. The pathomechanism of these proteins in NDD is linked to global deregulation of
transcription (Ronan et al. 2013, Witteveen et al. 2016, Stessman et al. 2017, Fernandes et al. 2018,
Suetterlin et al. 2018, Prashad and Gopal 2021). | propose that the global alteration of L192P-RISC
function presented here is comparable to the molecular defects associated to malfunction of
transcriptional regulators and chromatin remodellers. Thus, the pathomechanism of LESKRES could be
similar to the pathomechanism of NDDs caused by mutations in genes encoding transcription factors
and chromatin remodellers. In contrast to Ago2 and the LESKRES, the loss of Shank3a8 in the ASD
mouse model resulted in subtle alterations of the translatome, whereas the postsynaptic proteome
and synaptic signaling were severely affected in Shank1-KO and Shank3a6B-KO mice. It remains unclear
whether the changes in translation were due to direct function of Shank3 in regulation of translation
or were caused by adaptational mechanisms such as feedback loops compensating for compromised
postsynaptic architecture, signaling and plasticity (Mullins et al. 2016). Taken together, this study
showed that the pathomechanisms of Shank-associated forms of ASD and the LESKRES syndrome do
not converge in common pathways, but rather result in broad and gene-specific alterations of cellular
functions.
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7. Appendix

7.1. Hazardous Substances

Table 48: Hazardous Substances. List of all hazardous substances used according to GHS (hazard pictograms, H and P
statements). GHS, H and P statements taken from GESTIS substance database of the IFA, retrieved on the 4t of June 2023.
Ordered by appearance in the materials section.

Hazard (H) Precautionary (P)

Substance Pictogram
g statements statements
234-260-280-301+
KOH 290-302-314 312-303+361+353-
305+351+338
201-280-301+330+
CHX 300-341-360D-411 gy
264-270-280-301+
DTT 302-315-318 312-302+352-
305+351+338
228-3004332:315.  F NSNS
PFA 317-31§-53035-341- o
308+313
280-303+361+353-
Hl 290-314-335 305+351+338+310
280+273+305+351+
NP-40 318+412 33843104501
280-304+340-312-
EDTA 319-332-373 305+351+338-
337+313
Ketamine 302-336 301+312+330
210-261-280-
DS 228-302+332-315- 301+312+330-
318-335-412 305+351+338+310-
370+378
CaCl, 319 305+351+338
304+340+310-
/ 301+330+331-
PMSF i H % 2804260+270+264 303+361+353-363-
305+351+338-
3114501
203-261-264-270-
271-280-301+317-
Leupeptin 302+312+332+361 302+352-304+340-
317-318-321-330-

362+364-409+501

_ % 264-270-301+316-
Pepstatin A 300 321-330-405+501

270-273-280-

Triton X-100 305+351+338+310

301+318+400+410




Hazard (H)

Precautionary (P)

Substance Pictogram
& statements statements
301-312332.315. 20280 SO
Acrylamide % 317-319-340-350-
261377 304+340+312-
305+351+338

210-280-301+330+

295332302314 331303+361+353-

- SO

304+340+312-
305+351+338
210-233-280-301+310
Methanol @ 225?;;2_1;7301“ -303+361+353-
304+340+311
7.2. Tables

Table 49: Differentially translated mRNAs in hippocampal neurons of Shank3a6-KO mice. RNA was purified from samples
prepared with the bacTRAP method. DEG analysis was performed to determine differentially translated transcripts. Significance
was appointed by adjusted p-value £ 0.1 and a FC of > 0.5. A log, transformation was calculated for the FC values. 26 mRNAs
were deregulated of which nine were less translated and 17 exhibited enhanced translation.

No. Gene symbol Ensembl ID P-value (adj) FC (log>)
1 Gm12912 ENSMUSGO00000081067 0.098 1.26
2 Gm15697 ENSMUSG00000081670 0.079 1.17
3 Fam83h ENSMUSG00000046761 0.032 1.13
4 Rel ENSMUSG00000020275 0.046 1.12
5 Wdr89 ENSMUSG00000045690 0.080 1.05
6 Gm11652 ENSMUSG00000083465 0.073 0.98
7 Gm37795 ENSMUSG00000102813 0.073 0.95
8 Sycel ENSMUSG00000025480 0.072 0.84
9 Irf4 ENSMUSG00000021356 0.046 0.83
10 BC018473 ENSMUSG00000056032 0.073 0.78
11 Pkn3 ENSMUSG00000026785 0.066 0.78
12 Gm7964 ENSMUSG00000063902 0.008 0.76
13 Gucy2f ENSMUSG00000042282 0.098 0.75
14 Sntg2 ENSMUSG00000020672 0.098 0.71
15 Rnfl44a ENSMUSG00000020642 0.098 0.58
16 Gm15663 ENSMUSG00000085282 0.098 0.56
17 1700003MO7Rik ENSMUSG00000085389 0.098 0.55
18 Abcg2 ENSMUSG00000029802 0.080 -0.57
19 Abcb4 ENSMUSG00000042476 0.046 -0.64
20 Enpp6 ENSMUSG00000038173 0.098 -0.91
21 Cd180 ENSMUSG00000021624 0.098 -0.96
22 4930488121Rik ENSMUSG00000097520 0.079 -1.00
23 Htr1f ENSMUSG00000050783 0.098 -1.01
24 Gm17491 ENSMUSG00000097042 0.009 -1.14
25 Gm26799 ENSMUSG00000097579 0.073 -1.22
26 Ret ENSMUSG00000030110 0.007 -1.24
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Table 50: Deregulated proteins in the PSD of Shank1-KO mice determined by a mass spectrometry-based proteomics approach.
Postsynaptic proteins that were decreased or enriched in KO-PSDs compared to WT-PSDs. Student’s t-testing determined
statistical significance and a p-value cutoff of p <0.05 was applied. A log, transformation was performed and a fold change (FC)
cutoff of >0.58 and <-0.58 applied, to include candidates which were at least 1.5 times higher or less abundant in KO compared
to WT. 46 proteins were found to be deregulated, 18 of which showed decreased and 28 increased abundances in KO-PSDs.
Proteins found to be deregulated in the analyses of both mouse lines are colored blue.

No. Gene symbol Description P-value FC (log>)
1 Shank1 SH3 and multiple ankyrin repeat domains protein 1 0.00002 3.85
2 Gabral Gamma-aminobutyric acid receptor subunit alpha-1 0.033 2.77
3 Dact3 Dapper homolog 3 0.038 2.05
4 Tbkbp1 TANK-binding kinase 1-binding protein 1 0.005 1.98
5 Golgal Golgin subfamily A member 1 0.005 1.87
6 Rgs7bp Regulator of G-protein signaling 7-binding protein 0.014 1.85
7 Mib2 E3 ubiquitin-protein ligase MIB2 0.024 1.58
8 Sipall2 Signal-induced proliferation-associated 1-like protein 2 0.028 1.51
9 Arpc5 Actin-related protein 2/3 complex subunit 5 0.023 1.36
10 Plekha6 Pleckstrin homology domain-containing family A member 6 0.042 1.32
11 Dcaf7 DDB1- and CUL4-associated factor 7 0.019 1.29
12 Kcnj4 Inward rectifier potassium channel 4 0.049 1.20
13 Efr3a Protein EFR3 homolog A 0.049 1.08
14 Capzal F-actin-capping protein subunit alpha-1 0.040 1.08
15 Gnb5 Guanine nucleotide-binding protein subunit beta-5 0.039 1.05
16 Nedd4 E3 ubiquitin-protein ligase NEDD4 0.021 0.92
17 Uqgcrcl Cytochrome b-c1 complex subunit 1, mitochondrial 0.032 0.90
18 Atpla3 Sodium/potassium-transporting ATPase subunit alpha-3 0.022 -0.69
19 Vapb Vesicle-associated membrane protein-associated protein B 0.008 -0.91
20 Llcam Neural cell adhesion molecule L1 0.039 -0.93
21 Hmgb1l High mobility group protein B1 0.031 -1.02
22 Enol Alpha-enolase 0.045 -1.02
23 Nlign4l Neuroligin 4-like 0.044 -1.03
24 Abil Abl interactor 1 0.046 -1.04
25 Mapt Microtubule-associated protein tau 0.037 -1.06
26 PrxI2a Peroxiredoxin-like 2A 0.046 -1.16
27 Rps5 40S ribosomal protein S5 0.005 -1.16
28 Vpsda Vacuolar protein sorting-associated protein 4A 0.045 -1.23
29 Crmpl Dihydropyrimidinase-related protein 1 0.019 -1.27
30 Sv2a Synaptic vesicle glycoprotein 2A 0.017 -1.28
31 Crocc Rootletin 0.040 -1.29
32 Sh3glb2 Endophilin-B2 0.004 -1.33
33 Rpsa 40S ribosomal protein SA 0.042 -1.34
34 Pik3r4 Phosphoinositide 3-kinase regulatory subunit 4 0.045 -1.37
35 Tppp tubulin polymerization-promoting protein 0.039 -1.38
36 Uncharacterized protein C80orf34 homolog 0.006 -1.40
37 Emc8 ER membrane protein complex subunit 8 0.012 -1.43
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No. Gene symbol Description P-value  FC (log2)
38 Hnrnpf Heterogeneous nuclear ribonucleoprotein F 0.042 -1.51
39 Eno3 Beta-enolase 0.021 -1.58
40 Pkm Pyruvate kinase PKM 0.046 -1.73
41 Rabepl Rab GTPase-binding effector protein 1 0.033 -1.75
42 Slc39a7 Zinc transporter SLC39A7 0.006 -1.85
43 Hnrnpab Heterogeneous nuclear ribonucleoprotein A/B 0.021 -1.95
44 Lnpk Endoplasmic reticulum junction formation protein lunapark 0.002 -2.07
45 Atp2a2 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 0.035 -2.26
6 Pdesb High affinity cAMP-specific and IBMX-insensitive 3',5'-cyclic 0.022 238

phosphodiesterase 8B

Table 51: Deregulated proteins in the PSD of Shank3a8-KO mice determined by proteomics. Postsynaptic proteins decreased or
enriched in KO-PSDs compared to WT-PSDs. Student’s t-testing determined statistical significance with p-value cutoff of
p < 0.05. A log; transformation was performed and an 1.5 FC cutoff applied. 67 deregulated proteins were quantified. The
abundance of 28 proteins was decreased and 39 were increased in KO-PSDs. Proteins found to be deregulated PSD fractions
of both mouse lines are colored blue

No. Gene symbol Description P-value FC (log>)
1 Celsr2 Cadherin EGF LAG seven-pass G-type receptor 2 0.022 2.56
2 Fkbp3 Peptidyl-prolyl cis-trans isomerase FKBP3 0.016 221
3 Hsd17b12 Very-long-chain 3-oxoacyl-CoA reductase 0.015 2.02
4 Ndufs6 NADH dehydrogenase [f.lbiquinon'e] iron-sulfur protein 6, 0.034 501

mitochondrial
5 Lin7c Protein lin-7 homolog C 0.030 1.93
6 Shank3 SH3 and multiple ankyrin repeat domains protein 3 0.003 1.87
7 Cacna2d3 Voltage-dependent calcium channel subunit alpha-2/delta-3 0.019 1.76
8 Gnb5 Guanine nucleotide-binding protein subunit beta-5 0.008 1.68
9 Atp5me ATP synthase subunit e, mitochondrial 0.039 1.46
10 Xkra XK-related protein 4 0.030 1.41
11 Rgs7bp Regulator of G-protein signaling 7-binding protein 0.036 1.41
12 Lmtk2 Serine/threonine-protein kinase LMTK2 0.010 1.37
13 Spata2l Spermatogenesis-associated protein 2-like protein 0.003 1.37
14 Fundc2 FUN14 domain-containing protein 2 0.016 1.35
15 Nacad NAC-alpha domain-containing protein 1 0.014 1.33
16 Sipall3 Signal-induced proliferation-associated 1-like protein 3 0.026 1.07
17 Cacnbl Voltage-dependent L-type calcium channel subunit beta-1 0.008 1.03
18 Gabrg2 Gamma-aminobutyric acid receptor subunit gamma-2 0.001 1.03
19 Scamp5 Secretory carrier-associated membrane protein 5 0.030 0.94
20 Homerl Homer protein homolog 1 0.031 0.90
21 Tenm4 Teneurin-4 0.046 0.79
22 Numbl Numb-like protein 0.006 0.76
23 Rpl19 60S ribosomal protein L19 0.013 0.75
24 Mtdh Protein LYRIC 0.008 0.75
25 Shisab Protein shisa-6 0.026 0.73
26 Cct3 T-complex protein 1 subunit gamma 0.038 0.73
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No. Gene symbol Description P-value FC (log,)
27 Sptanl Spectrin alpha chain, non-erythrocytic 1 0.019 0.65
28 Elmo2 Engulfment and cell motility protein 2 0.003 0.60
29 Ppia Peptidyl-prolyl cis-trans isomerase A 0.048 -0.67
30 Taok2 Serine/threonine-protein kinase TAO2 0.032 -0.70
31 Dnajb14 DnaJ homolog subfamily B member 14 0.030 -0.84
32 Zdhhc8 Palmitoyltransferase ZDHHC8 0.023 -0.89
33 Unc5a Netrin receptor UNC5A 0.003 -0.91
34 Skpl S-phase kinase-associated protein 1 0.036 -1.01
35 PrxI2a Peroxiredoxin-like 2A 0.050 -1.04
36 Tpil Triosephosphate isomerase 0.011 -1.05
37 Arhgef12 Rho guanine nucleotide exchange factor 12 0.031 -1.14
38 Llcam Neural cell adhesion molecule L1 0.025 -1.16
39 Snx27 Sorting nexin-27 0.010 -1.16
40 Pik3rl Phosphatidylinositol 3-kinase regulatory subunit alpha 0.035 -1.18
41 Dnaja4 Dnal homolog subfamily A member 4 0.015 -1.18
42 Dnm1l Dynamin-1-like protein 0.015 -1.31
43 Ndrg2 Protein NDRG2 0.028 -1.34
44 Cltc Clathrin heavy chain 1 0.024 -1.35
45 Pfkl ATP-dependent 6-phosphofructokinase, liver type 0.045 -1.38
46 Spata2 Spermatogenesis-associated protein 2 0.034 -1.41
a7 Pacsinl Protein kinase C and casein kinalse substrate in neurons protein 0.030 153
48 Pjal E3 ubiquitin-protein ligase Praja-1 0.014 -1.53
49 Vpsda Vacuolar protein sorting-associated protein 4A 0.024 -1.54
50 Eno3 Beta-enolase 0.043 -1.55
51 Tmem126a Transmembrane protein 126A 0.029 -1.60
52 Suclgl Succinate--CoA Iigasenaﬁzzﬁilzg;:;rming] subunit alpha, 0.031 1.60
53 Eif2a Eukaryotic translation initiation factor 2A 0.049 -1.60
54 Dnajc6 Putative tyrosine-protein phosphatase auxilin 0.020 -1.63
55 Cwc25 Pre-mRNA-splicing factor CWC25 homolog 0.020 -1.65
56 Dynclli2 Cytoplasmic dynein 1 light intermediate chain 2 0.016 -1.71
57 Pdlim5 PDZ and LIM domain protein 5 0.001 -1.72
58 Ptp4al Protein tyrosine phosphatase type IVA 1 0.033 -1.75
59 Lgi3 Leucine-rich repeat LGl family member 3 0.027 -1.96
60 Fvl Friend virus susceptibility protein 1 0.028 -2.01
61 Rael mRNA export factor 0.024 -2.01
62 Cadps Calcium-dependent secretion activator 1 0.030 -2.32
63 Rabepl Rab GTPase-binding effector protein 1 0.039 -2.34
64 Naaa N-acylethanolamine-hydrolyzing acid amidase 0.006 -2.70
65 C2cd5 C2 domain-containing protein 5 0.001 -2.89
66 Olfm2 Noelin-2 0.013 -3.30
67 Ptpre Receptor-type tyrosine-protein phosphatase epsilon 0.049 -3.52
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Table 52: Differentially expressed and RISC-bound miRNAs analyzed in the miRAP assay. Comparisons of miRNAs in input controls
(IC) and immunoprecipitates (IP) of the mIRAP assay obtained from AAV-infected primary murine neuron cultures. The species
mus musculus (mmu), the identity of miRNA (miR) and the strand (3p or 5p) are listed. The miRNAs found in both comparisons
are colored blue.

No. L192P-IC vs. WT-IC L192-IP vs. WT-IP
1 mmu-let-7d-3p mmu-let-7g-3p
2 mmu-miR-15a-5p mmu-miR-15a-5p
3 mmu-miR-23a-3p mmu-miR-33-5p
4 mmu-miR-30a-3p p-mmu-miR-58
5 mmu-miR-33-5p mmu-miR-101a-3p
6 p-mmu-miR-58 mmu-miR-148a-3p
7 mmu-miR-101a-3p mmu-miR-296-3p
8 mmu-miR-129-1-3p mmu-miR-298-5p
9 mmu-miR-139-5p mmu-miR-29b-3p
10 mmu-miR-145a-5p mmu-miR-331-3p
11 mmu-miR-148a-3p mmu-miR-335-3p
12 mmu-miR-210-3p mmu-miR-344g-3p
13 mmu-miR-301a-3p mmu-miR-345-5p
14 mmu-miR-322-5p mmu-miR-351-5p
15 mmu-miR-335-5p mmu-miR-431-5p
16 mmu-miR-380-3p mmu-miR-497a-5p
17 mmu-miR-381-3p mmu-miR-672-5p
18 mmu-miR-431-5p mmu-miR-674-5p
19 mmu-miR-433-3p mmu-miR-744-3p
20 mmu-miR-448-3p mmu-miR-1298-5p
21 mmu-miR-485-3p mmu-miR-3068-3p
22 mmu-miR-543-3p mmu-miR-5121
23 mmu-miR-674-5p mmu-miR-5099
24 mmu-miR-5121 =
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Table 53: Classification of selected isomiRs identified as Ago2-L192P-associated. The RNA sequencing data of miRAP IP samples
from Ago2-WT and Ago2-L192P were analyzed using the miRMaster tool to identify Ago2-loaded isomiRs. 37 isomiRs were
bound exclusively to the L192P variant. The 20 isomiRs with highest count values were classified as different types of isomiRs.
Nucleotide exchanges (nux.ex) are indicated as position: original base -> isomiR base. The four isomiRs originating from the
same strand of the same pre-miR-409 are colored blue. The two isomiRs generated from the 5p strand of miR-672 are indicated
in orange.

3’-extended e 5’-extended +
No. 3’-extended 3 -trimmed Polymorph 3’-trimmed
nuc.ex nuc.ex uc.ex

let-7a-5p miR-125a-3p miR-33-5p miR-409-3p
-2T 22:T->A -5T -2T 18:G->A -1F -4T 17:C->A
let-7c-5p miR-1298-3p miR-409-3p
-3T 24:G->T -3T -1T 20:C->T
miR-138-5p miR-1298-5p miR-409-3p
-3T 25:G->T -2T -AT 17:C->A
4 ) ) miR-135a-1- . )
S5p-4T
miR-135a-2-
S5p -4T
miR-148b-5p
-3T
miR-335-3p
-3T
miR-411-5p
-3T
miR-431-5p
-4T
miR-544-3p

10 ) ) -5T ) ) )

1 miR-409-3p 2T

7.3. List of Figures

Figure 1: Domains of the Shank proteins. The domains are highly conserved among all Shank proteins, though individual domains
my be missing in some transcript variants. The numbers indicate the length and position of the amino acid sequence of the
respective domain of Shank3 in full length. From the N- to the C-terminus: Shank/ProSAP N-terminal (SPN) domain, the ankyrin
repeats (ANK), the SRC homology 3 (SH3) domain, the PSD-95/Discs large/Z0-1 (PDZ) domain, the proline-rich region (PRR) and
the sterile alpha motif (SAM). Adapted from Lilja et al. 2017 and the PhD thesis of D. Woike 2022. .......ccccocoveivveveeieieeeen 6

Figure 2: Shank proteins function as scaffold of the postsynapse. Shanks localize at excitatory, glutamatergic synapses on
dendritic spines. Shanks links F-actin to neurotransmitter receiving receptors at the postsynaptic membrane. Shank is either
directly or indirectly connected with ionotropic and metabotropic glutamate receptors. AMPARs either interact with the PDZ
domain of Shank or indirectly associate with Shank via the Shank-GKAP-PSD-95-Stargazin-AMPAR complex. GKAP and PSD-95
connect Shank to NMDARs. Shank proteins are connected to cell adhesion molecule Neuroligin (NLGN) via GKAP. Neuroligin
interacts with presynaptic neurexin in the synaptic cleft. Shank binds mGIuRS indirectly via Homer. Zn?*-dependent self-
association of the C-terminal SAM domain allows Shank proteins to multimerize. Shank facilitates regulation of F-actin via
binding to actin-regulating proteins such as a-fodrin, Abil and cortactin. The N-terminal domains link Shank to CaMKlla and
RaS/RaAP1-MEIAtEA SIBNAIING. .cviviiivitiiciiti ettt ettt ettt s et et a et et se st se bt st ettt s st s st ss st ae s s s e 7

Figure 3: Domains of the Argonaute proteins. The numbers indicate the length and position of the amino acid sequence of the
respective domain of human Argonaute-2. Folded in a two-lobed configuration, an Argonaute protein comprises the following
domains from N- to C-terminus: the N-terminal domain (N) linked by linker 1 (L1) to the PIWI/Argonaute/Zwille (PAZ) domain,
connected by linker 2 (L2), which includes the a-helix-7 (a7), the middle (MID) and the PIWI domains. Adapted from Lessel et
A1 2020 1ttt ettt s ettt s st et e st R s ket oAtk e s e bRt R et et e Rt e Re s e st e st ket e st ese et et s s ete et et ersene et nbens 10

Figure 4: Biogenesis of miRNA and RISC-mediated RNAi. RNA polymerase Il (Pol II) transcribes pri-miRNA from the genome. The
microprocessor complex, including DGCR8 and Drosha, generates the pre-miRNA. Nuclear export of the pre-miRNA into the
cytosol is facilitated by Exportin 5 via a RanGTP-dependent pathway. Dicer processes the pre-miRNA and generates a miRNA
duplex. The RISC is formed by incorporation of the guide strand into Ago2, assisted by the Hsc70/Hsp90 multichaperone
machinery. The passenger strand is degraded. RISC silences translation of specific mRNA targets by binding of partially
complementary sequences in the 3"UTR of the mRNA. After prolonged silencing, the mRNA is degraded. Unsilenced mRNAs
can be translated into proteins by the translation machinery. Created with BioRender.com. .........ccccvevvveieiieieieecieeeeen 11
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Figure 5: Knockout of Shank1 resulted in reduced body weight in mice. The body weight of Shank1 and Shank3a6 knockout mice
and their WT littermates was measured. (A) The body weight of male and female Shank1-KO mice was reduced. (B) Shank3a8-
KO mice had no change in body weight compared to the controls. The body weight of each sampled mouse at 12 weeks of age
is shown as mean with standard deviation of each group. Statistical significance was determined by two-tailed Student’s t-test
(D S 0.0L = %%, 10 S 0.001 = F5¥). oo et e e et e e 36

Figure 6: Shank1 knockout induced altered locomotion behavior in the open field test. Locomotion of Shank1-KO mice and the
WT littermates was measured in an established open field experimental set up to assess distance travelled (A), the distance to
the wall of the field (B) and the time spent in the center of the testing area (C). The mean with standard deviation of each group
at each time point is shown (left panels). Female (middle panels) and male cohorts (right panels) differed in their behavior. (A)
Shank1-KO mice moved less distance compared to WT. (B) Female Shank1-KO mice (KO-F) showed a smaller distance to the
field wall at 20 min. (C) KO-F mice spent significantly less time in the center. Statistical significance was calculated with two-
way ANOVA, with genotype and sex as the two factors tested, followed by Sidak’s multiple comparisons tests (p < 0.05 = *,
P € 0.01 = %%, D € 0.000 = FHH5). oot e e et e e e e 37

Figure 7: Shank3a8 knockout mice moved less during the open field test. Locomotor parameters of Shank3a8-KO mice and
littermate controls were quantified using an open field test. The distance travelled (A), the distance to the wall (B) and the time
spent in the center (C) were determined. The mean and standard deviation of each group at each time point is shown (left
panels). Female (middle panels) and male cohorts (right panels) are shown separately for each parameter. (A) Shank3a8-KO
mice moved less distance compared to WT. For males, the difference occurred after 20 min whereas females moved less
distance at each time point measured. (B) No alterations in distance to the wall were observed. (C) The time spent in the center
did not significantly change with Shank3a8 knockout. The KO-F mice displayed a tendency to spend less time in the center at
20 min. Statistical significance was calculated with two-way ANOVA followed by Sidak’s tests (p < 0.05 = *, p <0.01 = **)....38

Figure 8: Shank-KO mouse models displayed altered self-grooming and rearing behavior. Video footage of the open field
experiment with Shank1-KO (left panels) and Shank3aB-KO (right panels) mice was analyzed to evaluate self-grooming (A) and
rearing (B). (A) Self-grooming was quantified as time spent for self-grooming during the first 5 min (0-5) and the last 5 min
(15-20) of the open field test. Both mouse models showed a tendency towards increased duration of self-grooming during the
second measuring period. (B) Shank-KO mice exhibited decreased rearing behavior, measured as frequency of rearing events.
Male and female mice of both lines were affected to the same degree. Mean with standard deviation of each group is shown
with statistical significance determined between WT and KO of male and female mice by two-way ANOVAs followed by Sidak’s
EESTS (P € 0,00 = F ) ittt ettt ettt a o1t a o2ttt a a1ttt a et ae et et et st et et et as et ene s nen 39

Figure 9: Validation of an autistic phenotype in the novel Lypd1-bacTRAP-Shank1-KO and Lypd1-bacTRAP-Shank3a6 -KO mouse
lines. Separate groups of mice were tested at 12 weeks of age in an open field test. Distance moved (A), distance to the wall
(B), time in center (C), self-grooming (D) and rearing behavior (E) were analyzed. Shown is the mean with standard deviation.
Two-tailed Student’s t-tests revealed significant differences in several parameters tested. (A) In both mouse models, knockout
mice moved less distance. (B) Shank3a8 knockout resulted in reduced distance to the field wall. (C) Shank3a8-KO mice spent
less time in the center of the area. (D) Assessment of self-grooming behavior demonstrated a trend toward increased self-
grooming in the Shank3a6-KO mice. (E) Knockout mice of both lines exhibited a tendency to reduced rearing behavior
(D € 0.05 = ). oot e e e ettt e ettt ettt ee e e e eee oo 41

Figure 10: The qPCR detected enrichment of GFP and neuron-specific transcripts in bacTRAP IP samples. (A) IC and IP bacTRAP
samples were analyzed for the relative abundance of cell type-specific transcripts. Cnp, Dsp and Gfap were analyzed as markers
for oligodendrocytes, astrocytes, and neurons respectively. GFP-encoding transcripts were analyzed to verify the expression
and precipitation of the GFP-tagged ribosomal protein L10a. A region of the Lypd1 promoter was detected. Tbp was used as a
ubiquitously expressed control. (B) The relative enrichment was calculated as transcript abundance in IP normalized to IC. GFP
and Dsp showed higher relative enrichment compared to the Tbp control, while the abundance of the remaining transcripts
was reduced. Tissue from three mice was combined and reverse transcriptase qPCR performed in technical triplicates. Shown
is the mean of technical replicates. As no biological replicates were measured, no standard deviation was calculated. .......... 42

Figure 11: Analysis of similarity based on RNA sequencing. BacTRAP samples were prepared from Lypd1-bacTRAPxShank3a8-KO
mice and WT littermates. RNA purified from ICs and IPs was sequenced. The PCA illustrates the similarities between five
biological replicates (n = 5). IC and IP samples formed separate subpOPUIAtioN. .......c.ccveiiiiiiiiciceeecceee e 43

Figure 12: Differentially translated mRNAs in hippocampal neurons of Shank3aB-KO mice. Differential gene expression analysis
was performed using DEseq?2. Significance was defined by p-value < 0.1 and a fold change of > 0.5, plotted as —log10 and log,
transformed values. Significantly less translated mRNAs are shown in blue and more translated mRNAs are shown in red. The
mRNAs of both categories are highlighted by their gene symbols. 26 mRNAs were differentially translated under loss of
Shank3ap of which nine were less and 17 were more translated compared to the WT control. A detailed list of all deregulated
MRINAS IS SHOWN TN TADIE 4. ...ttt ettt ettt ettt sttt e b e ssese b e s e s b ese e s et essese b et essese b e s esaete et essessene st essanis 44
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Figure 13: Expression and translation of selected mRNAs from hippocampal neurons of Shank3a8-KO mice. Expression values,
determined with RNA-seq, of a subset of mMRNAs in IC and IP samples generated with the bacTRAP method. Expression (IC) and
active translation (IP) of transcripts were compared between Shank3aB-KO mice and WT littermates. The mean with standard
deviation of five biological replicates is shown (n = 5). Gm accession numbers annotate transcripts, for which it is unknown
whether they encode FUNCLIONAL PrOTEINS. ....c.iiviiiiiee ettt ettt ettt ettt et e st eaeeae s esseneeaesens 45

Figure 14: GO analysis of biological processes altered by differentially translated mRNAs in hippocampal neurons of Shank3a8-KO
mice. Statistical significance of altered translation was appointed by a p-value < 0.1 and a fold change of > 0.5. All differentially
translated mRNAs found in the KO-IP to WT-IP comparison were submitted to a GO analysis for biological processes. The
normalized enrichment scores (NES) of the 20 most enriched (red) and decreased (blue) terms are shown. ..........ccccveevvnen. 46

Figure 15: Validation of PSD purification from hippocampal tissue of two ASD mouse models. PSD fractions were prepared from
hippocampi of Shank1-KO (E), Shank3a6-KO () mice, and WT littermates. (A) Samples of the postnuclear fraction (P1), the
membrane fraction (P2) and the PSD fraction (P3) were prepared. Shank, PSD-95 and tubulin were detected via immunoblot
(A, Eand I). Band intensities were quantified (B-D, F-H, J-L). The postsynaptic marker PSD-95 and Shank proteins were enriched
from P1 to P3 fractions (C-D, G-H, K-L), whereas tubulin decreased during PSD purification (B, F, J). A reduction of band
intensities was detected by the Shank PDZ domain antibody, indicating specific reduction of Shank proteins. The mean with
standard deviation was calculated and statistical significance determined by one-way ANOVA followed by Tukey’s test
(p<0.05=%*, p<0.01=** p<0.0001 = ****), Tissues of five mice were pooled for one biological replicate (n =5).............. 47

Figure 16: Relative protein abundances of Shank1, Shank3 and CaMKIl in postsynaptic density fractions of two ASD mouse models.
Postsynaptic density purification was performed using hippocampal tissue from Shank1-KO and Shank3aB8-KO mice. WT and
HZ littermates were used as controls. Two KO samples had to be excluded from the analyses due to low protein concentration,
resulting in four biological repeats for both KO conditions. The relative abundance of Shank1 (blue), Shank3 (green) and CaMKI|
(orange) was compared to all quantified proteins (grey lines) in PSDs of the two mouse models. (A) Shank1-KO resulted in a
complete loss of Shankl protein in the PSD of KO mice without affecting the relative abundances Shank3 and CaMKII. HZ and
WT mice showed no significant reduction of Shank1 protein. (B) Shank3a8-KO induced a modest reduction of Shank3 protein
only in the KO mice, but not in WT and HZ mice. Shank1 and CaMKIl protein levels were unchanged across conditions. ........ 48

Figure 17: Analysis of peptides derived from different Shank3 domains. PSD fractions from forebrains of three Shank3a6-KO and
six WT littermates were purified and analyzed by mass spectrometry. (A) Four peptides scattered across the domains of Shank3
were quantified separately to gain insight into the expression of Shank3 isoforms. The first peptide analyzed originated from
the SPN domain (aa 26-36, green) and the second from the SH3 domain (aa 433-460, yellow). The third and fourth peptides
were assigned to the proline-rich region (aa 1165-1174 and aa 1535-1540, grey). (B) Quantification of domain-specific peptides
demonstrated the absence of peptides from the SPN and SH3 domains in the KO condition, while relative abundance of
peptides from the proline-rich region was reduced to 10-20% compared with WT controls. .........cccccocveviiiiiiiiiiieieceeeiee 49

Figure 18: Analysis of the similarity of PSD fractions based on mass spectrometry. Linear PCA determined similarity of
postsynaptic protein composition in PSD samples purified from Shank1-KO and Shank3a8-KO mice compared to HZ and WT
littermates. WT-PSDs clustered together. (A) Abundance of 56 proteins was significantly altered among PSD fractions of
Shank1-KO, HZ and WT mice (ANOVA, p < 0.05). KO and HZ samples partially overlapped. HZ-PSDs scattered more compared
to KO-PSDs. (B) In the PSD of the Shank3a line, 116 proteins were significantly deregulated between KO, HZ and WT conditions
(ANOVA, p £0.05). All three conditions formed separated subpopulations with most variability in the KO-PSDs. .................... 50

Figure 19: Differentially abundant proteins in PSD fractions of Shank1-KO and Shank3aB8-KO mice. Volcano plot visualization of
two-sided, pairwise Student’s t-test results, comparing KO-PSD to WT. Proteins identified with a p-value <0.05anda FC> 1.5
were considered significantly changed. Strongly altered proteins are highlighted by their gene symbol. (A) Comparison of the
PSD proteome of the Shankl mouse model determined 46 deregulated proteins of which 18 were decreased and 28 increased
in abundance. (B) 67 deregulated proteins were quantified in the Shank3 proteome analysis. 28 proteins were decreased and
39 enriched in KO-PSDS COMPATEA t0 WT....ouiiiiieiiiieieieeie ettt ettt s e n e et e st e st e e e nees e es s eneene e eneeneenenenes 51

Figure 20: Gene ontology analysis of biological processes influenced by the altered proteome in the PSD of Shank1-KO mice. The
entirety of significantly changed proteins (FC > 1.5, p < 0.05) was used for GO analysis. The combined score was visualized for
the 20 most enriched (red) and decreased (blue) BPs. Strongest enrichment was determined for the negative regulation of
tubulin acetylation and regulation of tubulin deacetylation. The most decreased term was associative learning. .................... 52

Figure 21: GO analysis of BPs affected by altered protein composition of the PSD of Shank3aB8-KO mice. All significantly altered
proteins (FC > 1.5, p < 0.05) were submitted to GO analysis. The combined score was visualized for the 20 most enriched (red)
and decreased (blue) BPs. The most enriched BP that was specific for the Shank3 analysis was N-acylethanolamine metabolic
process. Strongest depletion was determined for the positive regulation of AMPA receptor activity..........ccocovevievivirievieienennn 53
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Figure 22: Analysis of the interaction of the CaMKlla with Shank proteins. (A) HEK292T cells were transfected with constructs
encoding N-terminal fragments of the Shank proteins, comprising the SPN and ANK domains. RFP-tagged N-termini of Shank1,
Shank2 and Shank3 were coexpressed with T7-CaMKlla. RFP alone was expressed as control. Coimmunoprecipiation was
performed using RFP-trap and analyzed by western blot. Proteins were detected with antibodies recognizing the RFP or T7
tags. Uniform expression was confirmed in the whole cell lysates (Input). An efficient and specific binding of Shank3 and weak
interaction of Shank1 to CaMKlla was determined. Shank2 did not interact with CaMKlla. (B) Quantitative analysis of the data
shown in A. The ratios of T7 to mRFP IP signals are shown as mean with standard deviation. Statistical analysis: one-way ANOVA
followed by Tukey’s test (P < 0.001 = *¥, N = 3). ittt ettt ettt ettt ettt ettt 54

Figure 23: Loss of Shankl and Shank3 resulted in enrichment of activated CaMKlla in PSD fractions. (A) PSD fractions were
prepared from cortices and hippocampi of Shank1-KO and Shank3aB8-KO mice and WT littermates to compare the activation
status of CaMKlla in western blot analyses. Shank, PSD-95, tubulin, CaMKlla and phosphorylated CaMKlla (phospho-CaMKlla)
were detected. (B) The abundance of active phospho-CaMKlla was quantified and normalized to the total CaMKlla amount. An
increased activation of CaMKlla was detected upon loss of Shank. This change was more pronounced for Shank3 compared to
Shank1 and stronger in the cortex compared to hippocampus. The mean with standard deviation was calculated and statistical
significance determined by two-way ANOVA followed by Sidak’s test (p < 0.05 = *, p < 0.01 = **). Tissues of five mice were
pooled for one biologiCal rEPIICATE (N = 3). ..iiiiiiieiiiet ettt ettt ettt ettt ettt ss et et e st e ss s e s essese st enseseeaeass 55

Figure 24: Verification of AAV-induced expression of GFP, GFP-Ago2-WT and GFP-Ago2-L192P in miRAP IC and IP prepared from
primary neurons. Primary cultures of murine cortical neurons were transduced with AAVs at 1 DIV to express the GFP-tagged
Ago2 variants WT and L192P, or GFP. At 12 DIV, cells were subjected to miRAP and lysate (IC) and IP of 1 million neurons per
sample were subjected to western blot analysis. Expressed proteins were detected with antibodies that recognise Ago2 or the

Figure 25: Analysis of the intracellular localization of virally expressed GFP and GFP-tagged Ago2-WT and Ago-L192P variants in
cortical neurons. Cortical neurons from mice embryos (E18) were isolated, cultured and infected with AAVs to induce the
expression of GFP-tagged Ago2 variants WT and L192P (green). GFP was used as control condition. At 12 DIV, cells were fixed
and stained for MAP2 (A405, blue) as a dendritic marker as well as Dcpla (A633, magenta) to visualise p-bodies. Ago2 was
diffusely localized in the cytosol and enriched in Dcpla-positive clusters in the cell soma and dendrites. Scale bar = 20 um. .57

Figure 26: Analysis of primary dendrites and intracellular localization of GFP-Ago2-WT and GFP-Ago-L192P in AAV-infected
neurons. (A) Sections of distal dendrites of AAV-infected neurons (E18) as shown in Fig. 2 (scale bar =5 um). (B-D) Quantification
of Ago?2 clusters along dendrites (B) as well as in the cell body (C) and evaluation of the quantity of primary dendrites (D). In
each repeat, five neurons were analyzed with three sections of distal dendrites per neuron. The arithmetic mean per replicate
is shown with standard deviation. A two-tailed Student’s t-test was calculated and revealed a statistically significant increase
with p £0.031 (*) in the abundance of dendritic p-bodies when the Ago2 variant L192P was expressed. ......cccoeevrvreerieenns 58

Figure 27: miRNA concentrations in IC and IP samples prepared via miRAP. Primary murine neurons were infected with AAVs at
1 DIV to induce expression of GFP-tagged Ago?2 variants WT and L192P or GFP control. ICs were collected from neuron lysate
and IPs were obtained by immunoprecipitation with an anti-GFP matrix via miRAP. The concentration of miRNA was determined
using the Qubit microRNA Assay Kit (Thermo Fisher Scientific, Waltham, USA). The concentration in ng/ul is shown as arithmetic
mean with standard deviation on a common 10garithMiC SCAlE........vciiiiiiiiiieic e 59

Figure 28: Abundance of miR-21 and miR-124 in IC and IP of the miRAP assay and relative enrichment of miR-124 in Ago2-WT
condition. miRAP samples from cortical neurons expressing GFP, GFP-Ago2-WT or L192P were analyzed by qPCR using TagMan
probes. (A-C) Amplification of miR-21 (dotted lines) and miR-124 (continuous lines) in IC (lighter color) and IP (darker color)
measured in GFP control (A), Ago2-WT (B) and Ago2-L192P (C). (D) The relative enrichment was calculated and normalized to
the IC. A two-way ANOVA with Sidak’s test determined a significant increase for the relative enrichment of miR-124 in the
Ago2-WT condition compared to GFP control (P < 0.01 = %, N = 5). .ottt 60

Figure 29: Analysis of similarity based on miRNA sequencing. Two ICs and one IP of the L192P mutant were excluded due to
insufficient miRNA integrity. (A) PCA for illustration of similarities between miRAP IPs and ICs replicates from Ago2-WT and the
Ago2-L192P expressing cortical neurons. (B) Dendrogram to depict clustering based on the RNA sequencing data between
TEPIICATES AN CONITIONS. 1.ttt ettt ettt ettt ettt e st et e eae a2t e s e eae e st e aeessesseseess e st e eaeessesseeseess e st e eseensessesseensessens 61

Figure 30: Differentially expressed or RISC-loaded miRNAs. Significant differences in expression of miRNAs or association with
the RISC were determined using DEseq?2. Significance was reached with an adjusted p-value of p < 0.05 plotted as —logip and a
log, fold change > 1. Decreased miRNAs are shown as blue dots and enriched miRNAs are depicted in red. (A) Comparison of
L192P-IC vs. WT-IC showed 24 differentially expressed miRNAs. 14 miRNAs were expressed less with Ago2-L192P and 10
miRNAs were more abundant compared to the Ago2-WT condition. (B) 23 miRNAs were differentially associated with Ago2 in
the L192-IP vs. WT-IP comparison. 14 miRNAs were reduced in the L192P RISC whereas nine miRNAs were more strongly
associated with the RISC of Ago2-L192P. A detailed list of all deregulated miRNAs is shown in Table 52. ......c..cccccvevveviieienennnne 62

143



Figure 31: WT miR* category of seven miRNAs exhibiting higher expression of miR* and stronger association of miR* to the RISC
with Ago2-WT. The normalized RNA-seq count data obtained from miRAP samples was used to calculate 3p to 5p strand ratios
(3p/5p). 3p/5p are shown as arithmetic mean with standard deviation. All miRNAs with a statistically significant difference as
p <0.05 of 3p/5p in the Ago2-WT-IP compared to the Ago2-L192P-IP were selected and grouped into categories dependent on
the 3p/Sp pattern across the different samples and conditions. The passenger strand miR* of the miRNAs miR-124, miR-300,
miR-342, miR-376a, miR-337, miR-381 and miR-3068 was more abundant in the WT-IC and in the WT-IP. ......cccoovvvevviiveennnn. 63

Figure 32: The L192P miR* group consists of seven miRNAs with higher abundance and RISC-association of miR* when the L192P
variant was expressed. 3p/5p ratios were calculated with normalized count values. 3p/5p are shown as mean with standard
deviation. The miRNAs with a significant difference (p < 0.05) of 3p/5p between the IPs were categorized dependent on the
3p/5p pattern. The miR* of miR-9, miR-15a, miR-33, miR-101a, miR-125a, miR-335 and miR-337 was expressed more (IC) and
more associated More With the LIG2P-RISC (IP). ..o 63

Figure 33: 3p/5p of miRNAs to detect miR and miR* strands enriched in the RISC of Ago2-WT. Using normalized count values
from RNA-seq data obtained from miRAP samples, 3p/5p was calculated. Five miRNAs showed significant (p < 0.05) differences
in the WT-IP compared to the L192P-IP without comparable changes in the respective ICs. 3p/5p are shown as mean with
standard deviation. (A) Grouped into the WT-IP miR category, the miR strand of miR-331 and miR-448 was increased in WT-
RISC compared to L192P-RISC, measured as 3p/5p in IP samples. (B) The WT-IP miR* group consists of three miRNAs, of which
the two miRNAs miR-330 and miR-431 showed enrichment of the miR* in Ago2-WT-IP without higher abundance in the three
remaining conditions. For let-7e, the miR* strand was more frequently detected in the WT-IP as well as in the L192P-IC. .....64

Figure 34: 3p/5p ratios determined three miR and miR* strands enriched in the L192P-RISC compared to Ago2-WT. 3p/5p were
calculated using normalized count values from miRAP RNA-seq data and plotted as arithmetic mean with standard deviation.
The miRNAs with statistically significant differences between Ago2-WT-IP and Ago2-L192P-IP were categorized dependent on
the 3p/5p pattern. The miR or miR* strand of six miRNAs was enriched in the L192P-IP, without being differentially expressed
(L192P-IC vs. WT-IC). (A) The three miRNAs miR-127, miR-543 and miR-672 showed higher abundance of the miR strand in the
L192-IP. (B) The miR* of the three miRNAs miR-149, miR-340 and miR-744 was more strongly associated with the L192P-RISC
compared to the RISC CONtAINING ABO2-WT. ..ottt ettt ettt ettt et ettt ettt eat et et e st et e e te e st et e eae et eseeaeeaseaeas 65

Figure 35. Analysis of 3p/5p ratios revealed distinct effects of Ago2 variants on miRNA strand expression and arm switching. 3p/5p
ratios were calculated using normalized count values from RNA sequencing data obtained from miRAP samples. The miRNAs
with statistically significant differences between Ago2-WT-IP and Ago2-L192P-IP were classified into six categories dependent
on expression level in IC and association to the RISC, shown in IPs. (A) The quantity of miRNAs in each of the six categories. (B)
The proportion of all categories in respect to a total of 28 3p/5p ratios of MIRNAs analyzed. .......c..ccocovvivveeeiciceeeeeeee 66

Figure 36: Increased association of isomiRs with the Ago2 variant L192P. The RNA sequencing data gathered from miRAP IPs was
analyzed using the miRMaster tool to identify Ago2-loaded isomiRs. (A) An overview of nomenclature for isomiRs adapted from
Fehlmann et al. 2017. Although uracil is used on RNA level, in the isomiR nomenclature from Fehlmann et al. a T (thymine) is
used. (B) Out of 37 isomiRs which were bound exclusively to Ago2-L192P, the 20 isomiRs with highest average count values
were selected and the count value of each replicate plotted against the respective isomiR. The mean with the coefficient of
variation is shown. An ordinary two-way ANOVA followed by Sidak’s multiple comparisons test determined the four isomiRs
miR-335-3p -3T (p < 0.0009), miR-409-3p -4T 17:C->A (p < 0.0321), miR-409 2T (p < 0.0049) and miR-672-5p 22:A->T (p <
0.0006) as significantly enriched in the L192P-IP compared to WT-IP (p £0.05 = *, p<0.01 = **, p £ 0.001 = ***) (C) The amount
if isomiRs classified in each category. 10 isomiRs were 3’-trimmed with nucleotide exchange (nuc.ex) and 4 without nuc.ex.
Three isomiRs had a 3’-extended end. One isomiR each belonged to the categories 5'-extended + 3’-trimmed nuc.ex,
polymorph, and 3’-extended + nuc.ex. (D) The proportion of all isomiR categories in respect to a total of 20. 50% of the isomiRs
were 3’-trimmed with nuc.ex. The remaining 50% included the other five categories in varying percentages. ..........cccceeveveneen. 67

Figure 37: Gene ontology analysis of biological processes for predicted targets of (A) miR-296-3p and (B) miR-1298-5p. The
entirety of miRDB-predicted targets was used for GO analysis with PANTHER. The fold enrichment was plotted against the GO
terms. Statistical significance is illustrated by false discovery rate (FDR) with FDR < 0.05 = *, FDR < 0.01 = ** and
FDR < 0.0001 = **** Two miRNAs from the L192P-IP vs. WT-IP comparison were selected. (A) miR-296-3p was reduced in the
L192P-RISC. Predicted targets showed enrichment in 14 GO terms. (B) miR-1298-5p was increased in the L192P-RISC. Predicted
targets showed enrichmMENt iN 20 GO TEIMS. ..iiuiiiiiiiiieie ettt ettt ettt et e st eete e st et e eteess et e eteess e b e eseesseseensesbeseensensesnas 69

Figure 38: The 3p and 5p profiles of miR-543 illustrated strand selectivity of the Ago2 variants. Count values were taken from
RNA-seq data obtained from the miRAP assay. Normalized expression values of miR-543-3p and miR-543-5p were plotted for
the strand separately. The miR-543-3p showed 10- to 30-fold higher abundance across conditions compared to the 5p strand.
3p was strongly enriched in L192P-IP compared to WT-IP, while 5p displayed a slightly reversed distribution of strands......... 70
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Figure 39: GO analyses of BPs for predicted targets of (A) miR-543-5p compared to (B) miR-543-3p. All miRDB-predicted targets
were submitted to BP GO analyses using PANTHER. Fold enrichment for each GO term is shown with FDR <0.05= *,
FDR<0.01 =** FDR<0.001 = *** and FDR < 0.0001 = **** 20 BP GO terms were enriched in both analyses. (A) miR-543-5p
shown in blue exhibited less Ago2-binding so BPs were expected to be enhanced with Ago2-L192P compared to WT.
(B) miR-543-3p was enriched in L192P-RISC, suggesting that the predicted targets contributing to the BPs were likely to be less
Y11= g Tol=To OSSPSR 71

Figure 40: Clustered GO analysis of BPs influenced by differentially expressed mRNAs in Shank3a8-KO hippocampal neurons. The
contribution of differentially translated transcripts from the KO-IP vs. WT-IP comparison was assessed. The enriched (red) and
decreased (blue) biological processes are shown as nodes. The node size illustrates the number of deregulated mRNAs
contributing to the deregulated term. Lines connecting nodes indicate a functional relation of biological processes. ............. 78

Figure 41: Hierarchical clustered GO analysis of affected molecular functions in the postsynaptic proteome of Shank1-KO mice.
Deregulated terms are shown as nodes. The size of a node corresponds to the number of deregulated proteins that contributed
to that term. Enriched molecular functions are shown in a red gradient and decreased molecular functions in a blue gradient.
The intensity of the node color indicates the significance of the respective term, which was determined by an adjusted p-value.
Functional dependencies between terms are represented as coNNECting INES. .......cooviiiiiiiiiieie e 82

Figure 42: Hierarchical clustered GO analysis of affected molecular functions in the postsynaptic proteome of Shank3aB-KO mice.
Deregulated terms are shown as nodes. The size of a node corresponds to the number of deregulated proteins that contributed
to that term. Enriched molecular functions are shown in a red gradient and decreased molecular functions in a blue gradient.
The intensity of the node color indicates the significance of the respective term, which was determined by an adjusted p-value.
Functional dependencies between terms are represented as CONNECHING INES. ....cviiriiiiieieiieee e 83

Figure 43: L192P-RISC induces alterations in the miRNome and deregulation of Ago2-mediated RNAi. The miRAP method followed
by RNA-seq determined alterations in the miRNome and the RISC-bound miRNAs in AAV-infected primary cortical neurons
expressing Ago2-L192P. Four different aspects were affected: (1) 24 miRNAs were differentially expressed, measured in the
L192P-IC vs- WT-IC comparison, of which 14 were more (red) and 10 less (blue) expressed. (2) 23 miRNA were differentially
bound in the L192P-RISC, of which nine were enriched and 13 decreased, determined by the L192P-IP vs. WT-IC comparison.
(3) Arm switching events occurred for 33 miRNAs, analyzed by 3p/5p ratios. (4) The analysis of isomiRs determined 37 isomiRs
which were exclusively bound to Ago2-L192P, whereas no isomiRs were exclusively bound to Ago2-WT. Created with
BIORENAEI.COM. .ttt ettt ettt ettt et et e he et e e s e e ae e s e s e e st e st e s e es s e s s e s e e s s es e s e esees s e s e ese e st et e ene e st e teene st e neenee e e ns 87

Figure 44: Location of the leucine 192 residue in Ago2. The tertiary structure of Ago2 was depicted using the crystal structure
of human Argonaute-2 bound to a defined guide RNA (NDB: 4W5N, Schirle et al. 2014). The Ago2 domains and L192 (red) were
visualized in UCSF ChimeraX (Pettersen et al. 2021, Huang et al. 2018). The RNA binding groove in between the PAZ and PIWI
AOMAIN WAS INAICATEM. 11ttt ettt ettt ettt s et ettt ebe b e st et e eseeb e s ess e s e s e st esees et e st e s e et e s s essese s essesees et esseseesesenee 90

Figure 45: Ago2-1192P favored 5’-uracil but was less selective towards 5°-terminal purines. (A) The sequences of the differentially
bound miRNAs found in the L192P-IP vs. WT-IP comparison and in the 3p/5p analysis were analyzed. (B) The identity of the
5’-nucleotide was determined and the ratio of uracil in respect to all 5'-nucleotides calculated. The proportion of purines
among the four 5'-terminal nucleotides Was CAlCUIGLE. .......ciiiiiiieiciec ettt 92

Figure 46: Ago2-L192P induces deregulation of specific miRNAs encoded by the miR379-409 cluster. The genomic miR379-409
clusteris located on chromosome 14 in humans (12 in mice) and encodes 38 miRNAs. The transcription factor Mef2 is activated
by neuronal activity and enhances expression of the cluster. Three miRNAs, miR-380-3p, miR-409-3p, and miR-381-3p were
differentially expressed and function in regulation dendritogenesis. Three miRNAs exhibited arm switching events: miR-300-3p,
miR-543-3p and miR-376a-3p. The main target of miR-543-3p is encoding for N-cadherin, involved in neuronal migration.
miR-376a-3p silences translation of the transcription factor Hes5, which induces neuronal differentiation. Four exclusively
Ago2-L192P-bound isomiRs corresponded to miR-409-3p and one to miR-544-3p. Differential binding of isomiRs might alter

fine-tuning of RNAI. Created With BIORENUEI.COM. . ..iiiiiiieicti ettt ettt be et ss et e st ese s e s s e 96
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