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SCIENTIFIC ABSTRACT

SYNGAP1 (Synaptic Ras GTPase activating protein 1) haploinsufficiency-associated
disorder or intellectual developmental disorder, autosomal dominant 5 (MRD5) is
caused by autosomal dominant loss-of-function mutations in the SYNGAP1 gene. De
novo SYNGAP1 mutations represent one of the most common causes of non-
syndromic intellectual disability (NSID) (OMIM #603384). The most common
symptoms include moderate-to-severe intellectual disability (ID), epilepsy and autism

spectrum phenotypes.

SYNGAP1 protein is a component of the postsynaptic density complex where it acts
as one of the key effectors of N-methyl-D-aspartate (NMDA) receptor downstream
pathways. It is involved in regulatory pathways such as the trafficking of the a-amino-
3-hydroxy-5-mehyl-4-isoxazolepropionic acid (AMPA) receptors, regulation of AMPA

receptor translation and the regulation of several forms of synaptic plasticity.

With the aim to study SYNGAP1 protein function and its involvement in the
pathophysiology of the disease, several rodent models have been created and
extensively characterised. These studies revealed phenotypes which partially
resemble the symptomatology observed in humans such as seizure susceptibility,
hyperactivity and impulsivity. It has been shown that early restoration of normal
SYNGAP1 protein levels prevents the onset of haploinsufficiency-associated
phenotypes in the mouse. This, and the monogenic origin of the disorder, makes

SYNGAPI1 a candidate target for gene replacement therapeutic approaches.

| hypothesised that restoration of SYNGAP1 levels via Adeno Associated Virus (AAV)-
mediated gene transfer during early postnatal development, will prevent the
appearance or ameliorate the severity of behavioural phenotypes observed in the
mouse model of SYNGAP1 haploinsufficiency. Therefore, the aim of this project was

to evaluate molecular therapies to test this hypothesis.



To this end, | first defined a robust battery of behavioural tests in order to confirm
and identify deficits to use as endpoints to evaluate the efficacy of gene therapy
products. Well-established and novel phenotypes were evaluated in wild-type and
Syngapl*- mice at different postnatal developmental time points. Syngap1*- mice
showed increased locomotor activity, anxiety-like phenotype and a risk-taking like
behaviour. No genotype effect was observed in tests assessing compulsive behaviour,

working memory, motor function and general well-being and depth perception.

For the first generation of candidate therapeutic constructs two different promoters
were used, the minimal murine Mecp2 promoter (MeP) 229 and the synthetic JeT
promoter. MeP229 regulated constructs were expressing three different Myc-tagged
human SYNGAP1 isoforms, Aa2, Aol and Ba2 while the JeT regulated construct the
Myc-tagged human SYNGAP1 isoform Aall. In vitro evaluation of protein expression
revealed low levels of plasmid-derived SYNGAP1 produced from the MeP229
regulated constructs while a higher amount of Myc-tagged SYNGAP1 protein was
detectable from the JeT regulated cassette via both fluorescence

immunocytochemistry and immunoblotting.

Protein expression from the vectorised ssAAV9/JeT-hSYNGAP1_Aal-Myc was
confirmed in the brain in vivo at 5 weeks post intracerebroventricular injection. A
therapeutic dose escalation efficacy study assessing ssAAV9/JeT-hSYNGAP1 Aal-
Myc was then conducted in Syngapl* mice (1E10, 5E10 and 1E11 vg/mouse).
Overall, these data revealed no amelioration of hyperactivity or anxiety phenotypes,
but a modest trend toward the amelioration of the risk-taking behaviour was
observed in a platform departure test. Post-hoc immunoblot analysis confirmed a
dose-dependent expression of the vector-derived SYNGAP1. However absolute levels
of SYNGAP1 protein measured in different brain areas were below physiological
levels of the native protein. Subcellular localisation analysis in whole hippocampal
synaptosomal preparation showed that the vector-derived protein was correctly
translocated to the synaptic compartment, mimicking endogenous patterns of

protein localisation.



With the aim to improve the previous generation construct, a new therapeutic
cassette was designed that expressed a codon-optimised FLAG-tagged version of the
human SYNGAP1 Aal isoform, under the control of the human SYNAPSIN1 (hSYN1)
promoter. In vitro expression of the hSYN1-FLAG-hSYNGAPI1(opt) A«l cassette was
verified by immunostaining of transfected HEK293A cells and in vivo expression of
sSAAVI9/hSYN1-hSYNGAPI1(opt) Aal was verified in the brain at 5 weeks post
intracerebroventricular injection. Behavioural analysis, at 7 and 15 weeks of mice
treated with 5E10 and 1E11 vg/mouse, delivered via intracerebroventricular
injections, recapitulated what was observed with the JeT-hSYNGAP1_Aal expressing
vector. There was no treatment effect on hyperactivity or the anxiety phenotype, but
an improvement in the platform departure test was observed. Moreover, | showed
the utility of the Motion Sequence test, a novel machine learning system that allows
analysing 3D modular elements of mouse behaviour in an ethologically conserved
manner. The test identified a clear genotype effect between wild-type and Syngap1*-
vehicle-treated mice however, there was no treatment effect observed in the vector-
treated Syngapl* group. Post-hoc analysis showed expression of the transgene in
the hippocampus and cortex, however, vector-derived SYNGAP1 protein accounted
only for a small portion of the total SYNGAP1. Whole hippocampus synaptosomal

preparation showed correct localisation of the FLAG-tagged protein.

In conclusion, | identified a series of robust disease relevant genotype effects to
utilise as outcome measures in preclinical gene therapy trials. | have also shown the
many challenges to overcome to develop an effective gene replacement treatment
of SYNGAP1 haploinsufficiency-associated disorder. The very limited therapeutic
effect observed in these studies could be due to the low expression level of the
vector-derived protein, the unequal distribution of AAV9 across the brain and the
exclusion of other SYNGAP1 isoforms which could be necessary for a therapeutic
effect. The identification of the most important isoform is mandatory for the further

development of the next generation vectors.



LAY SUMMARY

Neurons are one of the many cell types that compose the brain. Their primary
function is to transmit messages which occur via intercellular connection points
called synapses. In several cases, neurodevelopmental diseases are caused by
mutations, deleterious changes in the DNA sequence, in key genes involved in the
regulation of synaptic function.

One of these genes is Synaptic GTPase Activating Protein 1 (SYNGAP1). Detrimental
mutations in this gene are one of the most common causes of intellectual disability
which is associated with epilepsy and autism spectrum disorder.

SYNGAP1 functions have been extensively studied using mice in which the gene has
been disrupted to model the human disease and we now know that, if normal levels
are restored early in life, the development of the disease-associated phenotypes can
be prevented. Moreover, this disease is caused by mutations in a single gene making
it easy to replace. Altogether, these factors suggest that a gene therapy approach
could be a potential strategy to treat this disorder. Gene therapy is a therapeutic
approach where the coding sequence of a gene of interest, in this case SYNGAPI, is
inserted in an engineered virus, defined as viral vector, which is then delivered to
patients. In the case of SYNGAPI, | hypothesised that the normalisation of the
SYNGAP1 protein levels would then help to restore synaptic function and ameliorate
the disease related phenotypes.

In the first part of my project, | investigated the behaviour of mice modelling
SYNGAP1 disease, identifying a robust behavioural battery of tests. Phenotypes
identified in mutant mice were hyperactivity, anxiety-like phenotype and an increase
in risk taking-like behaviour.

Subsequently, | tested the capacity of SYNGAP1 gene therapy molecules, to rescue
the phenotypes observed in mutant mice. To this end, after verifying that these
molecules had the ability to produce the SYNGAP1 protein in cells grown in a dish,
they were injected into mutant mouse brains to test for efficacy. Data showed a trend

toward the amelioration of some aspects of the mutant mice behaviour.



| confirmed that the therapeutic SYNGAP1 protein produced by the virus was
produced and correctly delivered to the synapses. However, the level of the
therapeutic protein was very low compared to the normal level of SYNGAP1 protein
in healthy mice which could explain the modest effect of the treatment.

Overall, my work showed the potential of the gene transfer approach as a treatment
for the disorder associated with mutations in the SYNGAP1 gene. However, it also
highlighted the necessity for a better understanding of the protein and its function in

order to be able to design better and more efficient therapeutic approaches.
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CHAPTER 1: INTRODUCTION

Intellectual disability (ID), which affects 1 to 3% of the total population, is the most
frequent disorder diagnosed in children. ID is characterised by an intelligence
quotient (1Q) 2 standard deviations below the mean of the general population (<70)
and is associated with deficits in functional and adaptive skills. Historically, ID severity
has been classified as follows: 1Q <20, profound; 20-34, severe; 35-49, moderate; 50-
69, mild. More recently, criteria used for severity classification have been updated to
include several other aspects, like communication, language and basic skills (Patel et

al., 2018).

In a high percentage of patients with neurodevelopmental disorders (NDDs) ID shows
co-morbidity with autism spectrum disorders (ASD), schizophrenia, depression,
anxiety, sleep disorders and epilepsy (Lord et al., 2018; Munir, 2018; Simonoff et al.,
2008). For this reason, it has been hypothesized that there is convergence in the
developmental mechanisms of behavioural and cognitive symptoms that define
these disorders. Altered neuronal circuitry and synaptic function are believed to be
the causative common mechanisms of ID and ASD (Kroon et al., 2013). Indeed, among
the vast number of candidate genes identified for this form of NDDs, many are
involved in the regulation of synaptic functions or morphology, or themselves
regulated by synaptic activity (Bear, 2005; Gauthier et al., 2011; Moyses-Oliveira et
al., 2020; Willsey et al., 2022; Zoghbi et al., 2012). Most genes associated with
syndromic ID (SID) in combination with other forms of NDD are X-linked or autosomal
with recessive inheritance. For example: FMR1 (Fragile Messenger Ribonucleoprotein
1, Fragile X Syndrome), TSC1 and TSC2 (Tuberous Sclerosis Complex, Tuberous
Sclerosis), UBE3A (Ubiquitin-protein ligase E3A, Angelman Syndrome) and MECP2
(Methyl-CpG binding protein 2, Rett Syndrome). Autosomal dominant inheritance is
not frequent, and when present it is caused by de novo mutations, as is found for

mutations identified in SYNGAP1 (Synaptic Ras GTPase Activating Protein 1).
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SYNGAP1 is the most abundant protein in the postsynaptic density (PSD) complex
(Chen et al., 1998; Kim et al., 1998). It is the principal effector of N-methyl-D-
aspartate receptor (NMDAR) signalling pathways (Chen et al., 1998; Kim et al., 1998)
and it is involved in several regulatory pathways via the direct negative regulation of
small G proteins, such as trafficking regulation of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (AMPAR) to the postsynaptic membrane (Kim et
al., 2003; Rumbaugh et al., 2006; Walkup et al., 2015), local regulation of AMPAR
translation (Wang et al., 2013) and modulation of dendritic spine morphology and
synaptic plasticity during development (Llamosas et al., 2020, 2021; Vazquez et al.,
2004).

SYNGAP1 haploinsufficiency is caused by de novo pathological loss-of-function
mutations in the SYNGAP1 gene (Hamdan et al., 2009) (OMIM #603384). Affected
individuals present a defined set of symptoms referred to as intellectual
developmental disorder, autosomal dominant 5 (MRD5) (Berryer et al., 2013;
Hamdan et al., 2011; Jimenez-Gomez et al., 2019; Krepischi et al., 2010; Martin-
Jiménez et al., 2018; Mignot et al., 2016; Parker et al., 2015; Vlaskamp et al., 2019).

1.1 SYNGAP1 FUNCTIONS, PROTEIN DOMAINS AND ISOFORMS

1.1.1 Structure and functional domains

SYNGAP1 is located on the short arm of human chromosome 6 (6p21.32), the full
gene has a total length of 33620 base pair (bp) (GRCh37/hg19), and it encodes for the
Synaptic Ras GTPase-activating protein 1 which presents multiple isoforms (Chen et
al., 1998; Kim et al., 1998; McMahon et al., 2012). The full-length protein contains an
N-terminal Pleckstrin Homology (PH) domain, while the core of the protein is
composed of the C2 and GAP domains as well as a stretch of serine-threonine
phosphorylation sites (Chen et al., 1998; Walkup et al., 2015, 2018). The C-terminus
of SYNGAP1 contains a coiled-coil (CC) domain (Zeng et al., 2016) and some isoforms

contain a PDZ binding motif (PBM) (Kim et al., 1998) (Figure 1-1).
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Figure 1-1. Schematic representation of SYNGAP1 domains and composition of the
isoforms.

N- and C-terminal variable regions, that give rise to different isoforms, are
represented respectively in the left and right panels. The central panel illustrates the
core region, common to all isoforms. Protein domains are represented in different
colours, letters in red represent the different C-terminals. PH: Pleckstrin Homology.
CC: coiled-coil. Data from McMahon et al. 2012, Araki et al. 2020, Gou et al. 2020.

PH domains are among the most abundant class of domains. They are known to
regulate enzymatic activity through inter and intra-molecular binding events
mediating protein-protein and protein-lipid interaction (Lemmon, 2004). It is
reported that a small portion of PH domains interact with phosphatidylinositol lipids

in membranes (Cash et al., 2019; Le Huray et al., 2022; Lemmon, 2008).

C2 domains are Ca*-dependent membrane binding domains (Clark et al., 1991;
Davletov et al., 1993; Kishimoto et al., 1989; Nishizuka, 1988; Yamaguchi et al., 1993).
Several C2-containing proteins are part of signal transduction and membrane
trafficking pathways and a subset of them have been described as Ca?* effectors due
to their function as Ca?*-dependent membrane binding protein (Cho et al., 2006).
The C2 domain of SYNGAP1 is required for the modulation of the Rap activity of the
GAP domain (Pena et al., 2008).

The GAP domain is a functional domain able to catalyse the intrinsic GTPase activity
of G proteins. The GAP domain of SYNGAP1 is described as a bifunctional GAP able to
stimulate the GTPase activity of two small G proteins, Ras and Rap (Kim et al., 1998;

Krapivinsky et al., 2004; Pena et al., 2008). Analysis of the crystallographic structure

28



suggests that the intrinsic motility showed by the C2 domain could modulate the

access to catalytic residues of Rap or Ras (Pena et al., 2008).

Downstream to the GAP domain a stretch of serine and threonine has been identified
which can be subjected to phosphorylation (Oh et al., 2004; Walkup et al., 2015,
2016, 2018). Three kinases have been described to phosphorylate residues in this
region, events that are involved in the modulation of the GAP domain affinity for
small G proteins: Ca?*/calmodulin-dependent protein kinase Il (CaMKII), induces an
increased affinity of the GAP domain for Rap and regulates SYNGAP1 localisation
(Araki et al., 2015; Walkup et al., 2015; Yang et al., 2013); Polo-like Kinase 2 (PLK2),
increases the affinity of GAP for Ras (Walkup et al., 2015, 2018); Cyclin-dependent
Kinase 5 (CDK5), shows the same effect on GAP caused by PLK2 (Walkup et al., 2015,
2018).

At the C-terminal region of SYNGAP1, is a CC domain that, together with the PBM
present only in the al type of C-terminus, is involved in the interaction with the
postsynaptic density protein 95 (PSD95). Zeng et al. (Zeng et al., 2016) resolved the
crystallographic structure of SYNGAP1-CC-PBM and showed that SYNGAP1,
interacting via the CC, forms trimers and binds to two molecules of PSD95 in a ratio
of 3:2. Moreover, they showed that this protein complex, undergoing liquid-to-liquid
phase separation, is implicated in PSD functioning (Araki et al., 2015; Zeng et al.,
2016).

1.1.2 Isoforms: how they arise, localisation and developmental
expression pattern

Although it can be detected at the mRNA levels in low amounts in lungs, kidneys and

other tissues (Chen et al., 1998), SYNGAP1 is primarily expressed in the brain, in

particular in glutamatergic excitatory and GABAergic inhibitory neurons (Berryer et

al., 2016; Chen et al., 1998; Kim et al., 1998; Moon et al., 2008; Ozkan et al., 2014).

During early stages of development (embryonic day 8.5 to 16.5) SYNGAP1 is detected

in cortex, hippocampus, hypothalamus and basal ganglia. It is also detected in other
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regions of the embryo such as somites, heart and the neuronal tube (Porter et al.,
2005). Postnatally, SYNGAP1 is detected in hippocampus, cortex and striatum and to
a lesser extent, in the olfactory bulb, thalamus, cerebellum, and brainstem (Gou et
al., 2020; Kim et al., 2003; Knuesel et al., 2005; Moon et al., 2008; Porter et al., 2005;
Tomoda et al., 2004). In adulthood, SYNGAP1 is highly expressed in the cortex,
hippocampus and striatum while traces are detected in the olfactory bulb and

cerebellum (Gou et al., 2020; Porter et al., 2005)

SYNGAP1 isoforms expression patterns are temporally regulated and change across
brain regions (Araki et al., 2020; Gou et al., 2020). Syngap1 expression peaks are

temporally correlated with synaptogenesis (McMahon et al., 2012).

1.1.2.1 Isoforms generation

As previously mentioned, SYNGAP1 protein has multiple isoforms that are generated
from multiple transcription start sites and alternative splicing events. Five N-termini
(A1, A2, B, C and D) and four C-termini (a1, a2, B, and y) (Figure 1-2) have been
identified (Chen et al., 1998; Gou et al., 2020; Kim et al., 1998; Li et al., 2001;
McMahon et al., 2012).

A1/2 isoforms present the earliest transcription start site, and together with isoform
B, which exhibits unique exons, encode the full-length PH domain. The transcription
start site for isoform C is contained in the exon that encodes for the N-terminus of
the PH domain, therefore the resulting protein presents a truncated version of the
PH domain (Chen et al., 1998; Gou et al., 2020; Li et al., 2001; McMahon et al., 2012).
The D isoform’s transcription start site is localized in exon 3 and presents a full-length

PH domain (Gou et al., 2020; Li et al., 2001).

The skipping of exon 19 and the selective splicing of exon 20 produces isoforms a1,
containing the PBM QTRV, and a2 which presents an additional stretch of amino
acids at the carboxy terminal. Isoform 3, which presents a truncated CC domain, is

produced by the frameshift extension of exon 18 that causes premature termination.
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The inclusion of exon 19, which contains a stop codon, leads to the production of

isoform y (Araki et al., 2020).

PH Cc2 GAP

D

Al/2 D B

N\
A al
B a2
C B
D Y

___DNA D Exonic Trascription Splicing O Protein
Sequence sequence Start Site event Domain

Figure 1-2. Syngapl gene gives rise to multiple isoforms generated by different
transcription start sites and alternative splicing events.

Schematic representation of the exonic composition of Syngapl with transcription
start sites and alternative splicing events for each isoform. The upper panel shows
the exonic and intronic composition of the full-length gene. The bottom panel shows
the intronic and exonic composition of each N- and C-terminal isoform. In grey are
reported exonic sequences common to all isoforms while isoform-specific exons are
reported with different colours. The intronic sequence is reported as a straight thin
line. Splicing events are indicated with “V” shaped lines. PH: Pleckstrin Homology, CC:
coiled-coil. Data from McMahon et al. 2012, Araki et al. 2020, Gou et al. 2020.

1.1.2.2 Developmental expression pattern and subcellular localization
Gou et al. (Gou et al., 2020) investigated the temporal expression of a1, a2, and 3 C-
termini. They observed that each C-terminus is spatially and temporally regulated

during development. Moreover, they observed that at each time point considered
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each C- can be associated with two different N-termini. This suggests that isoform
expression is regulated at the level of the C-terminus, while the association with
different N-termini is not temporally regulated.

With only the exception of the cerebellum, where stable low levels of SYNGAP1
expression were observed throughout development, an isoform specific temporal
regulation was observed in the other considered brain regions: cortex, hippocampus,
striatum and olfactory bulb. In all considered brain regions, a1 expression increases
with age reaching the maximum at postnatal day (PND) 56. A similar pattern is
observed for the a2 isoform in the striatum, however, in all other regions, maximum
level of expression is achieved at PND21 to then be maintained at a constant high
level. The analysis of the expression profile of the B isoform showed that, in the
cortex, the peak of expression is achieved at PND21, after which expression levels
decrease. In the hippocampus and striatum, expression peaks at PND21 and plateaus,
while in the olfactory bulb [ has a stable level of expression throughout development
(Gou et al., 2020).

Subcellular fractionation studies showed that SYNGAP1 is majorly localised at the PSD
but it is detectable also in the cytosol (Gou et al., 2020). Of the total SYNGAP1 protein
detected in these compartments, single isoforms contribute to a different extent. 3
isoform is the most enriched in the cytosolic compartment while al, a2 and y are
detectable only in traces. At the PSD, o1 and a2 show the highest enrichment while
B and yare present at lower levels. yis primarily detected at the synaptosomal
plasma membrane (Araki et al., 2020; Gou et al., 2020).

While a1 isoform has been detected only in excitatory neurons in homogenates and
cell culture, B isoform has been detected in excitatory and inhibitory neurons (Kim et

al., 1998; Moon et al., 2008).
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1.1.3 SYNGAPL1 is a key effector of synaptic transmission regulation

1.1.3.1 SYNGAP1 role in synaptic function

The proposed model for SYNGAP1 function in wild-type tissue is schematically
illustrated in Figure 1-3a. During pre-stimulation, unphosphorylated SYNGAP1 is
associated with the PSD proteins (PSD95, Dlgl and zo-1) via the PDZ domain
preventing the clustering of AMPARs on the membrane (Walkup et al., 2016). PSD-
bound SYNGAP1 negatively regulates Ras while Rap is upregulated. This induces the
removal of AMPAR from the membrane via the p38 mitogen-activated protein
kinases (MAPK) pathway (Zhu et al., 2002).

NMDAR activation and Ca?* flux lead to SYNGAP1 phosphorylation by CaMKIl (Araki
et al., 2015; Walkup et al., 2015). Phosphorylated SYNGAP1 dissociates from the PSD
(Yang et al., 2013), freeing the PBM. In this condition the GAP domain affinity
changes, shifting towards Rap, resulting in the inhibition of the p38-MAPK pathway
and activation of the Extracellular signal-Regulated Kinases (ERK) pathway that leads
to the active translocation of the AMPAR to the synaptic membrane (Araki et al.,
2015; Kim et al., 1998; Komiyama et al., 2002; Walkup et al., 2015, 2018). SYNGAP1
is also involved in the modulation of AMPAR concentration via the mTOR-dependent

protein synthesis pathway (Wang et al., 2013; Zhu et al., 2002).

SYNGAP1 is an essential element during NMDAR-mediated long-term potentiation
(LTP). During the early phases of development, glutamatergic synapses present only
one type of receptor, the NMDAR, and are defined as silent synapses as they are non-
conducting elements. LTP is the mechanism for which the synapses are unsilenced in
an activity-dependent manner, due to the incorporation of AMPARs in the membrane
(Isaac et al., 1995). SYNGAP1, in silent synapses, is involved in the prevention of early
dendritic spine maturation, thanks to the negative regulation of the cofilin regulatory
pathway via Ras (Carlisle et al., 2008). Cofilin is an F-actin severing molecule that
regulates the cytoskeleton remodelling system. After synaptic unsilencing, the
shifted activity of SYNGAP1 induces cytoskeleton remodelling and therefore changes

in spine structure (Carlisle et al., 2008).
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In animal models of SYNGAP1 haploinsufficiency we observe a major disruption of
the synaptic function (Figure 1-3b). In basal conditions, when the synapse is not
stimulated and it is silent, the absence of negative regulation of Ras induces
constitutive activation of the ERK pathways that causes a premature, non-activity
dependent unsilencing of the synapse. Due to the activation of Ras, early
cytoskeleton remodelling is also observed, leading to an aberrant spine morphology
which leads to the early development of mushroom-like spines (Aceti et al., 2015;
Clement et al., 2013; Vazquez et al., 2004). The increased concentration of AMPAR
on the membrane causes excitation/inhibition imbalance, leading to circuital
alteration and seizures, while the absence of LTP-induced maturation causes a lack

of experience-related spine maturation.
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Figure 1-3. SYNGAP1 is involved in the activity-dependent regulation of AMPAR
insertion in the synaptic membrane and cytoskeleton remodelling.

Schematic diagram of SYNGAP1 regulated synaptic pathways in wild-type (a) and
haploinsufficiency (b) conditions before and after stimulation. Red “X” indicates
disrupted pathways. AMPAR: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor. NMDAR: N-methyl-D-aspartate receptor. CaMKIl: Ca?*/calmodulin-
dependent protein kinase Il. PSD: post-synaptic density. ERK: Extracellular signal-
Regulated Kinase. p38-MAPK: p38 mitogen-activated protein kinases.

1.1.3.2 Functions of individual SYNGAP1 isoforms

McMahon et al. (McMahon et al., 2012), using neurons derived from Syngap1”- mice,

showed that different N- and C-termini have distinct effects on neuronal cell
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functions (presence or absence of miniature excitatory synaptic currents (mEPSCs),
amplitude, frequency) and that each combination has a different overall effect on
synaptic strength (McMahon et al., 2012). N-terminal A1/2, as well as C-terminal a1
were observed to strongly decrease synaptic strength. Expression of the Aol isoform
led to an increased percentage of non-firing neurons, around 70% of transfected
cells, and to an overall decrease in the amplitude and frequency of mEPSCs. N-
terminal B and C-terminal a2 combination caused an increase in synaptic strength
that was characterised by an overall effect opposite to the one caused by Aal. Finally,
the expression of the Aa2 combination led to a neutral effect. These results suggest
that each N- and C-terminal can independently regulate synaptic function and

strength.

As mentioned before, SYNGAP1, upon phosphorylation, dissociates from the PSD
during LTP events. It has been shown that different isoforms have different rates of
dispersion following LTP (Araki et al., 2020). a1 has the most rapid dispersion,
followed by a2, while 3, which is the least enriched at the PSD, shows no dispersion
after LTP. Interestingly, Araki et al. (Araki et al., 2020) showed, in cultured neurons
where Syngapl expression was suppressed using small hairpin RNA-mediated
knockdown, that re-expression of al and a2, even if to a smaller degree, rescued
spine enlargement and AMPAR accumulation phenotype while 3 did not. They also
observed that in the absence of SYNGAP1, the number of proximal neurite extensions
is increased while the distal branch number is decreased. Only 3 and al isoform
carrying mutations in the CC domain, which prevent the formation of trimers, can

rescue the distal branches phenotype.

More recent work from Kilinc et al. (Kilinc et al., 2022) investigated the C-terminal
isoform-specific functions in vivo using three novel mouse lines.

In the attempt to generate a reporter line, an IRES-TdTomato cassette was inserted
between stop codons for the generation of isoforms a1 and a2 (Figure 1-2). Kilinc et
al. (Kilinc et al., 2022) observed that Syngap1t®*@ mice, which expressed about 50%

of absolute levels of SYNGAP1 protein, presented a reduced life span, similar to what
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was observed for Syngap1”- mice. Interestingly, they observed that different isoforms
were contributing in different percentages to the total amount of SYNGAPL. In
Syngap1*/* mice, which express an absolute level of SYNGAP1 around 70% of the
wild-type, al and a2 levels were about 50% of wild-type protein levels, while 3 levels
were comparable to wild-type. In Syngap1!®t? mice the difference in isoforms
abundance was more drastic, with al and a2 almost undetectable and 3 levels
doubled compared to wild-type. Behaviourally, Syngap1*/tYmice presented increased
horizontal activity, reduced seizure threshold, reduced freezing time in remote
contextual fear memory test and increased excitatory synaptic function. These
results suggest that o C-termini are fundamental for survival and their loss, or loss-
of-function, might be the most prominent cause of the abnormal behaviours
observed in Syngap1*- mice.

Kilinc et al. (Kilinc et al., 2022) also demonstrated that mice carrying mutations in the
PBM present a normal life span but showed cellular and behavioural abnormalities
similar to what is seen in germline Syngap1*- mice. Moreover, they also investigated
the effect of al and a2 isoform overexpression. For this, Syngap1*#* mice were
designed with a point mutation preventing the expression of 3 C-terminal isoforms
while al and a2 levels increased. Syngap1?7/*mice had a normal life span,
decreased horizontal activity, normal freezing time, improved Morris water maze

performance and higher seizure threshold compared to Syngap1*- mice.

1.2 SYNGAPI HAPLOINSUFFICIENCY-ASSOCIATED DISORDER

1.2.1 Mutations

Mutations in SYNAGP1 have been estimated to be one of the most common causes
of ID with an incidence of SYNGAP1 loss-of-function mutations in around 1-4/10000
individuals (Weldon et al., 2018).

Mutations in SYNGAP1 were first identified by Hamdan et al. in 2009 (Hamdan et al.,

2009). In this study, three de novo mutations were identified, two nonsense and one
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frameshift. Since then, an increasing number of mutations have been reported with
the majority of them being nonsense or frameshift mutations (Hamdan et al., 2011;
Mignot et al., 2016; Parker et al., 2015; Rauch et al., 2012; Vissers et al., 2010;
Vlaskamp et al., 2019) while missense mutations, together with splicing variants,
account for about 30% of the total (Berryer et al., 2013; Chevarin et al., 2020; Hamdan
etal., 2009; lossifov et al., 2012; Kimura et al., 2017; Lee et al., 2020; De Rubeis et al.,
2014; Vlaskamp et al., 2019). Variants affecting splicing (Carvill et al., 2013; Hamdan
et al., 2011; de Ligt et al., 2012; Vissers et al., 2017; Vlaskamp et al., 2019) as well as
copy number loss (Krepischi et al., 2010; Mignot et al., 2016; Parker et al., 2015; Pinto
et al., 2010; Vlaskamp et al.,, 2019) have also been reported. Other identified
mutations affecting SYNGAP1 were microdeletions of chromosome 6 (6p21.3),
reported by three separate studies (Krepischi et al., 2010; Writzl et al., 2013; Zollino
etal., 2011), and a balanced translocation between chromosome 6 and 22 (Klitten et
al., 2011) (Figure 1-4).

Given the wide spectrum of symptoms that characterise MRD5 patients, the
phenotype-genotype association is not well defined except for epilepsy, where an
association has been observed. In general, severe phenotypes and
pharmacoresistant epilepsy occur more often with mutations in exons 8 to 15, while
mutations between exons 1 to 4 result in a less severe phenotype (Mignot et al.,

2016; Vlaskamp et al., 2019).
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Figure 1-4. Schematic representation of SYNGAP1 mutations described in patients.
(Figure caption in the subsequent page)
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Pathological SYNGAP1 mutations present in the SFARI gene database. Mutations are
mapped on their relative position on the exons or introns. If changes occur in an exon,
mutations are reported following this nomenclature: p. (protein), three-letter code
of the amino acid present in the wild-type protein, number (amino acid position
affected by the change), three-letter code of the amino acid present in the mutated
protein followed by either “*” (formation of a stop codon) or “fs*” (frameshift
mutation with the downstream formation of a stop codon). Intronic mutations are
reported as: c. (transcript), number indicating the position of the mutated base on
the reference SYNGAP1 sequence, letter indicating the wild-type base, >, letter
indicating the mutated base. Exons, introns and protein domains’ size are not drawn
to scale. Based on the human transcript NM_006772.3.

1.2.2 Clinical manifestations

1.2.2.1 Behavioural characteristics

The totality of MRD5 patients present moderate-to-severe ID, with general
developmental delays that manifest at 1-2 years of age, such as sitting around 12
months and walking at the age of 3 (Lo Barco et al., 2022; Holder et al., 2018;
Vlaskamp et al., 2019).

An association between ASD and mutations or ASD and level of ID has not been
found, but more than half of SYNGAP1 affected individuals present autistic
behaviour. Language impairment is common; about one-third of individuals older
than 5 years are nonverbal. Among those that are verbal, language development is
generally delayed with the usage of single words or very short sentences. General
verbal communication comprehension is also impaired (Lo Barco et al., 2022; Berryer
et al., 2013; Holder et al., 2018; Jimenez-Gomez et al., 2019; Mignot et al., 2016;
Vlaskamp et al., 2019).

Around 60-75% of patients present sleep difficulties and behavioural problems
ranging from aggression and self-injury to hyperexcitability (Berryer et al., 2013;
Hamdan et al., 2011; Mignot et al., 2016; Parker et al., 2015; Smith-Hicks et al., 2021;
Vlaskamp et al., 2019).

SYNGAP1 mutations have also been identified as risk factors for schizophrenia (Funk

etal., 2009; Niu et al., 2019; Purcell et al., 2014).
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1.2.2.2 Physical features

Although SYNGAP1 haploinsufficiency was first, and is today, classified as NSID, a
portion of affected individuals present physical features such as facial dysmorphisms,
skeletal abnormalities, strabismus and microcephaly (Hamdan et al., 2011; Krepischi
et al., 2010; Parker et al., 2015; Writzl et al., 2013; Zollino et al., 2011). Moreover,
patients can show axial or facial hypotonia, ataxia or gait instability and high pain
threshold (Hamdan et al., 2011; Mignot et al., 2016; Parker et al., 2015; Vlaskamp et
al., 2019).

1.2.2.3 Epilepsy

Epilepsy is the second most common symptom, with more than 85% of MRD5
patients showing generalised seizures (Vlaskamp et al.,, 2019). Several types of
seizures have been observed in patients (Berryer et al., 2013; Mignot et al., 2016;
Parker et al., 2015; Vlaskamp et al., 2019) and given this, 85% might be an
underestimation of the actual portion of patients manifesting epilepsy that is instead
believed to be close to 100% (Weldon et al., 2018).

The onset of seizures, with average onset at 2-3 years old, is usually preceded by
developmental delays followed by a developmental plateau and regression (Lo Barco
etal., 2021; Berryer et al., 2013; Mignot et al., 2016; Vlaskamp et al., 2019). In about
50% of cases, epilepsy is resistant to treatment while the other half tends to respond
to various drugs. In many cases seizures are caused by activity or specific stimuli such
as eating (Stlilpnagel et al., 2018; Vlaskamp et al., 2019), photostimulation (Klitten et
al., 2011; Mignot et al., 2016; Vlaskamp et al., 2019) and vision elimination by
darkness or eye closure (Chérot et al., 2018; Stilpnagel et al., 2018).

1.2.3 Treatments

As of today, no treatment has been developed for SYNGAP1 haploinsufficiency-
associated disorder. Patients receive treatments targeted at ameliorating specific

symptoms and in general to reduce pain and distress (Holder et al., 2018).
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Clonidine, melatonin or trazodone have been prescribed to MRD5 patients for the
treatment of sleep problems (Parker et al., 2015; Vlaskamp et al., 2019).

Lovastatin, a hydroxymethyl glutaryl-Coenzyme A Reductase Inhibitor that, at high
dosage, increases Ras GTP loading and leads to activation of the Ras-p38-MAPK
pathway (Cho et al., 2011), has been used to treat a patient carrying a de novo
truncating mutation. Amelioration of hyperactivity, improved concentration and

increased range of interest was observed (Cook et al., 2019).

Epilepsy is treated with a wide range of antiepileptic drugs such as valproic acid,
clobazam, topiramate and others. In a few reports, patients showing
pharmacoresistance have been treated with cannabidiol (CBD) (Kuchenbuch et al.,
2020; Vlaskamp et al., 2019), which led to a considerable reduction in epileptic
events. CBD has also been used to treat sleep abnormalities in SYNGAP1 patients
(Smith-Hicks et al., 2021). Rosuvastatin, another statin, has been used in one case
report to treat epilepsy, with the patient showing a reduction in the total number and

severity of epileptic events (Kluger et al., 2019).

1.3 SYNGAPI HAPLOINSUFFICIENCY ANIMAL MODELS

Since the first description of SYNGAP1 (Chen et al., 1998; Kim et al., 1998), several
animal models have been created, including knock-out mice (Kim et al., 2003;
Komiyama et al., 2002; Vazquez et al., 2004), conditional ON or OFF mice (Clement
et al., 2012; Knuesel et al., 2005; Mubhia et al., 2012; Ozkan et al., 2014) and null or
with GAP deletion rats (Katsanevaki et al., 2020; Mastro et al., 2020). A summary of
the published behavioural phenotype present in the various deletion model

developed to date is reported in Table 1-1.
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EPM=Elevated plus maze, HC=Home cage locomotor activity, HCSI=Home cage social interaction, LD=Light/dark transition,
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“=not tested.

Table adapted from Nakajima et at., 2019.
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1.3.1 The behavioural and physiological phenotype of the SYNGAP1
haploinsufficiency-associated disorder mouse model

1.3.1.1 General condition

Syngapl*- mice present a normal life span and reduced brain volume, but they
appear in general healthy (Kilinc et al., 2018; Kim et al., 2003; Komiyama et al., 2002;
Vazquez et al., 2004). Syngap1”-mice are normal at birth, but their growth is reduced
beyond PND2 and they die before PND7 (Kim et al., 2003; Komiyama et al., 2002;
Vazquez et al., 2004). Syngapl”- mice show an increase in GABAergic neuron
apoptosis and a similar mechanism has been proposed to explain the premature
death of Syngapl” mice. The model hypothesises that due to the reduction of
SYNGAP1 in neurons, an increase in caspase-3 activation levels occurs leading to

neuronal death via apoptosis (Knuesel et al., 2005).

1.3.1.2 Hyperactivity, anxiety, and risk-taking behaviour

Associated with ID, MRD5 patients present also behavioural abnormalities such as
attention deficit hyperactivity disorder (ADHD). Hyperactivity is a strong feature
observed in all the Syngap1*~ mice lines which present higher distance travelled
compared to wild-type littermates (Berryer et al., 2016; Guo et al., 2009; Mubhia et
al., 2009, 2010; Nakajima et al., 2019). Increased time in the open arms of the
elevated plus maze is another widely reproduced phenotype (Berryer et al., 2016;
Guo et al., 2009; Muhia et al., 2010; Nakajima et al., 2019). Moreover, they present
an increased tendency to jump from an elevated platform during a cliff avoidance
test (Kilinc et al., 2018), which has been interpreted as increased impulsivity, lack of

anxiety or risk-taking behaviour.

1.3.1.3 Sensory processing and sleep abnormalities

It has been reported that, although some cases show sensory hypersensitivity, MRD5
individuals present a high pain threshold which could be associated with reduced
sensitivity (Parker et al., 2015; Vlaskamp et al., 2019). Muhia et al. (Muhia et al., 2010)

reported that, when Syngapl*- mice and wild-type controls are exposed to acute
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thermal stimulation, no genotype effect emerges. In contrast, Nakajima et al.
(Nakajima et al., 2019) described an increased latency to respond to heat shock.

Michaelson et al. (Michaelson et al., 2018) showed that Syngap1*-mice are not able
to discriminate novel objects using tactile stimuli during an object recognition task.
Similarly, Syngap1*~ mice were unable to perform a Go/NoGo task when the

presented cue was a whisker stimulation.

When tested with the prepulse inhibition (PPI) test and exposed to an acoustic startle
response, Syngapl*- mice presented a reduced PPl and increased startle reactivity
(Guo et al., 2009; Nakajima et al., 2019). PPl is used to evaluate sensorimotor gating.
The concept is based on the supposition that when an individual is exposed to a low-

level acoustic stimulus, this will decrease the response to a high-level stimulus.

A large portion of patients bearing mutations in SYNGAP1 also manifest sleep
problems (Berryer et al., 2013; Hamdan et al., 2011; Mignot et al., 2016; Parker et al.,
2015; Smith-Hicks et al., 2021; Vlaskamp et al., 2019). Sullivan et al. (Sullivan et al.,
2020) showed that adult Syngap1*- mice tend to spend more time asleep during the
light phase compared to the wild-type controls and vice versa during the dark phase.
Moreover, Syngapl*- mice present a higher number of sleep/wake cycles during the

dark phase. Similar results have been reported by Aten et al. (Aten et al., 2021).

1.3.1.4 Seizures
Clement et al. (Clement et al., 2012) and Ozkan et al. (Ozkan et al., 2014) reported

that, although Syngap1*/ mice do not show spontaneous seizures, they present a
reduced seizure threshold when exposed to flurothyl and that young Syngap1*/- mice

experience audiogenic seizures when exposed to a 126 dB alarm.

Spontaneous seizures have been observed in adult mice by Sullivan et al. (Sullivan et

al., 2020) after 24h video and electroencephalography (EEG) monitoring.
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1.3.1.5 Memory and social interaction

Syngap1*~ mice show deficits in spatial learning, social memory, consolidation of
contextual memory and spatial working memory (Guo et al., 2009; Komiyama et al.,
2002; Mubhia et al., 2010; Ozkan et al., 2014). SYNGAP1 is a key effector of LTP-
induced plasticity, therefore experience-dependent memory processes are heavily
impaired in Syngap1*- animals (Clement et al., 2012; Kim et al., 2003; Ozkan et al.,
2014).

Syngapl*~ mice presented a clear phenotype for reference memory and working
memory when tested using the radial maze (Muhia et al., 2010) and in working
memory when tested on a spontaneous alternation test (Berryer et al., 2016; Guo et
al., 2009; Muhia et al., 2010; Nakajima et al., 2019).

It was shown by Komiyama and colleagues (Komiyama et al., 2002) first and by Muhia
et al. (Muhia et al., 2010) later, that Syngap1* mice present a mild deficit in spatial
reference memory when tested using the Morris water maze.

Syngapl1*- mice showed an overall decreased freezing time when tested using cued
and contextual fear conditioning (Clement et al., 2012; Nakajima et al., 2019).
However, Guo et al. (Guo et al., 2009) showed no genotype difference in a contextual

fear conditioning paradigm.

Syngap1*~mice display a reduction in social recognition and enhanced social isolation

when tested in the three-chamber task (Berryer et al., 2016; Guo et al., 2009).

1.3.2 Behavioural phenotype in rat models of SYNGAP1
haploinsufficiency-associated disorder

To date, two rat models have been generated for the study of SYNGAP1, a Syngap1*

line (Mastro et al., 2020), used to study the SYNGAP1 interactome, and a A-GAP

model (Katsanevaki et al., 2020) which carries a deletion of the GAP domain.

Syngap1*/2-GAP rats, as observed for Syngap1* mice, have a normal life span and are

overall healthy. Homozygosity of the GAP deletion is lethal, with a life span of 7

postnatal days on average. Syngapl*/2¢AP rats show impairment in memory
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extinction but normal spatial memory. When tested on the three chamber test, wild-
type and Syngap1*/4-GAP rats spend more time with a social cue compared to an
inanimate object, but Syngap1*/2-%4? rats display a reduction in time spent exploring.
In contrast to what was observed in mice, Syngap1*/4-5#? habituate to an open field

and do not show hyperactivity (Katsanevaki et al., 2020).

1.3.3 Circuit and cellular phenotype

As in MDR5 patients, it has been observed that Syngap1*/- mice present a reduction
in total absolute brain volume when analysed via magnetic resonance imaging (MRI)
scan (Kilinc et al., 2018). The reduction affects specific regions of the brain, among
which are areas of the visual and somatosensory cortex (SSC). Associated with these
structural changes, circuit dysfunctions have also been observed in both the visual
and SSC (Carrefio-Mufioz et al., 2021; Michaelson et al., 2018) suggesting their

implication in the development of behavioural abnormalities.

In Syngapl*- mice, impaired synaptogenesis associated with premature spine
maturation is observed (Aceti et al.,, 2015; Vazquez et al., 2004) suggesting that
SYNGAP1 deficiency leads to an early spine maturation.

Abnormal long-range connectivity in layers 2/3 and 5 has been observed in Syngap1*/-
mice (Aceti et al., 2015; Michaelson et al., 2018). Moreover, Barnett et al. (Barnett et
al., 2006) showed abnormal cellular barrel segregation. Impaired experience-induced

plasticity has been observed in layer 2/3 of the SSC (Michaelson et al., 2018).

Syngap1 haploinsufficiency in mice leads to abnormal neuronal excitability causing
EEG abnormality with a lowered threshold for fluoroethyl-induced seizures (Clement
etal., 2012; Guo et al., 2009; Ozkan et al., 2014).

Seizure susceptibility is reflected by the presence of interictal spikes, abnormal
electrical events that are caused by a hyperexcitable population of neurons that fire
in synchrony (Ayala et al., 1973; Karoly et al., 2016). Syngap1*- mice show electrical

abnormalities (Carrefio-Mufioz et al., 2021; Sullivan et al., 2020) similar to what is
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observed in human patients (Kuchenbuch et al., 2020; Mignot et al., 2016; Vlaskamp
etal., 2019; Zollino et al., 2011).

It has been shown that Syngap1*/4-¢*P rats present seizure-like events (Katsanevaki et
al., 2020). During these events head bobbing and absence of locomotion were
observed. Moreover, EEG abnormalities during sleep have also been described in this

model (Buller-peralta et al., 2022).

1.4 DEFINITION OF RESCUE CRITICAL PERIOD AND EVIDENCE OF TREATMENT
FEASIBILITY

The identification of a critical period for the rescue of SYNGAP1 haploinsufficiency-
associated disorder is crucially important for the rational design of a gene therapy
approach. Several studies have been conducted with conditional knockout or

conditional rescue models and pharmacological intervention.

1.4.1 Inactivation studies

Clement et al. (Clement et al., 2012) used a Syngap1*f mouse line (Syngap1, which
is normally expressed, is flanked by two LoxP sites). Injection of a Cre-expressing virus
in the dentate gyrus induced localised haploinsufficiency at two different
developmental stages, at PND1 or PND60. When haploinsufficiency was induced at
early stages (PND1), an increase in AMPAR/NMDAR ratio was observed, in agreement
with the findings in constitutive Syngap1*- mice (Clement et al., 2012). At PND60,
AMPAR/NMDAR ratio was unaffected, but increased excitability of dentate gyrus

granulate neurons was recorded.

Mubhia et al. (Muhia et al., 2012) used a floxed model (Knuesel et al., 2005; Vazquez
et al., 2004) to study the behavioural effect of the total absence of Syngapl
expression from the hippocampus. Syngap1™/f were injected intrahippocampally with

a Cre expressing Adeno-associated virus (AAV) at 8-10 weeks of age and tested for
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hyperactivity and anxiety 4 weeks after. They observed decreased hippocampal
neurogenesis and electrophysiological abnormalities. Behaviourally, AAV-Cre
treated, and control mice were equally able to locate the platform during the Morris
water maze test and the anxiety levels, tested using the elevated plus maze, were not
different between treatments. On the other hand, AAV-Cre treated mice showed a
clear hyperactivity phenotype when tested in the open field. Another study showed
that when heterozygosity was induced brain-wide at 8 weeks of age in Syngap1*/

mice, no behavioural alterations were observed (Ozkan et al., 2014).

1.4.2 Reactivation studies

Adulthood reactivation studies showed that the behavioural rescue window is likely
to close early in life for core phenotypes. On the other hand, electrophysiological
properties of the hippocampus show higher plasticity compared to other regions.

After brain-wide reactivation of Syngap1 expression in a Syngap1*/°**stP|ine crossed
with a Cre-ERt2 driver line, in which the migration to the nucleus of the fusion protein
Cre-estrogen receptor (ER) is pharmacologically controlled, Clement et al. (Clement
et al., 2012) showed that induction of Syngap1 expression at 9 weeks of age was not
able to revert behavioural abnormalities, such as reduced anxiety, hyperactivity and
working memory impairments. Only impairments in NMDAR-dependent LTP in the

hippocampus were improved after treatment.

More recent work suggests that different behavioural and cellular phenotypes
present different rescue windows. Aceti et al. (Aceti et al., 2015) showed that genetic
rescue in a Syngapl*/°°stP mouse model at PND1 prevents the development of
hyperactivity, reduced anxiety and altered fear response while when induced at
PND21 only fear conditioning behaviour was rescued. Late rescue of fear conditioning
has been also shown by Creson et al. (Creson et al., 2019) in 8 weeks old mice while
Llamosas et al. (Llamosas et al., 2021) showed restoration of SSC plasticity after

genetic rescue at PND60.
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1.4.3 Pharmacological rescue

Reversibility and identification of a critical window have also been studied via

pharmacological treatment.

Ozkan et al. (Ozkan et al., 2014) showed that reducing expression or restoring normal
SYNGAP1 levels only in GABAergic cells do not induce behavioural abnormalities. In
opposition to this, a study aimed to pharmacologically restore GABA reversal
potential (Ecasa), plasticity and LTP via the usage of 6-bromoindirubin-3'-oxime
(6BIO), a potent inhibitor of Glycogen synthase kinase 3 beta, showed partial
phenotypic rescue in Syngap1* mice (Verma et al., 2022). Daily administration of
6BIO from PND10 was able to restore Egasa and LTP. For all treatment regimens (daily
administration of 6BIO from PND10 to PND16, from PND10 to PND80 and from
PND30 to PND80), they observed a total or partial rescue of social interaction and
novel object recognition. Social preference was not rescued in the PND10-16 group
while hyperactivity was not rescued in the PND30-80 group. Seizures were tested

only in the PND30-80 treatment group and were rescued.

Altogether, these results suggest that different phenotypes present different
windows of intervention. Hyperactivity appeared to be fully rescuable only early in
life (Aceti et al., 2015; Verma et al., 2022), while other phenotypes, such as fear
conditioning, plasticity and seizures, appeared to have a wider window of

intervention (Creson et al., 2019; Llamosas et al., 2021; Verma et al., 2022).

1.5 BRAIN REGIONS ASSOCIATED WITH THE DEVELOPMENT OF
BEHAVIOURAL ABNORMALITIES

As mentioned before, the work presented by Muhia et al. (Muhia et al., 2012)
suggested the involvement of the hippocampus in the development of the

hyperactive phenotype.
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Ozkan et al. (Ozkan et al., 2014), using a Syngap1* mouse line (Clement et al., 2012)
crossed with two different Cre lines, tried to understand the contribution of a specific
cellular population to the definition of the haploinsufficient phenotype. When
haploinsufficiency was confined to glutamatergic neurons of hippocampus and
forebrain areas, excluding striatum, a behavioural phenotype similar to what was
seen in germline Syngap1*- mice was observed: increased horizontal activity in the
open field, increased percentage of time spent in the open arms of the elevated plus
maze, reduced freezing time in a fear conditioning tests and reduced flurothyl-
induced seizure threshold. The same experiment was repeated in Syngap1*f mice
crossed with Gad2-Cre, where haploinsufficiency was confined only to GABAergic
neurons. No behavioural abnormalities were recorded. Interestingly restricting
Syngapl expression to only forebrain glutamatergic neurons did not rescue the
hyperactive and seizure phenotype, although anxiety and working memory were
comparable to wild-type mice (Ozkan et al., 2014).

The involvement of inhibitory neurons in the pathophysiology of the disorder was
further investigated by Berryer et al. (Berryer et al., 2016). They showed that a weak
effect on behaviour was observed when haploinsufficiency is induced in parvalbumin
and somatostatin interneuron precursors. Although mice did not show hyperactivity

and reduced anxiety, they presented impairment in working and social memory.

These results suggest that haploinsufficiency in forebrain glutamatergic neurons
contributes to the development of hyperactivity and to the anxiety reduction but also
other areas, such as SSC and visual cortex, are likely to be involved in the
pathophysiology of the disease (Carrefio-Munoz et al., 2021; Llamosas et al., 2021;
Michaelson et al., 2018).
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1.6 GENE THERAPY

Gene therapy is a therapeutic approach that delivers DNA to cells of patients with
genetic disorders and aims to correct diseases caused by the malfunctioning of a
gene. Different types of gene therapy have been developed to respond to specific
needs, for example a gene silencing therapy involves the silencing of a gene that has
acquired a toxic function while in a gene replacement approach a functional gene is
introduced to replace an existing non-working gene (Blomer et al., 1996; Bulcha et

al., 2021; Ingusci et al., 2019; Shahryari et al., 2019).

Gene therapy can be performed in vivo when the therapeutic gene is delivered to
patient cells; or ex vivo, when patient-derived cells, or cells from an allogenic source
(derived from a universal donor (Farid et al., 2018)), are modified in vitro and then
re-introduced in the patient. In both cases, the therapeutic DNA can be delivered

using viral or non-viral vectors (Bouard et al., 2009; Gardlik et al., 2005).

1.6.1 Non-viral vectors

Non-viral methods of delivery can be categorised as physical or chemical. Physical
methods involve the direct delivery of naked DNA in combination with mechanical
methods such as gene gun, electroporation or sonoporation (Chellappan et al., 2018;
Dutta et al., 2021; Harris et al., 2021; Mizuno et al., 2009; Mukhopadhyay et al., 2019;
Rinaldi et al., 2018). Chemical methods of non-viral gene delivery involve the
encapsulation of DNA in lipid nanoparticles (liposomes) or synthetic polymers (Lin et
al., 2018). The strengths of this approach over virally mediated methods are the
ability to deliver long DNA sequences and its low immunogenicity. However, the
transfection efficiency of these methods is very low, limited to easily accessible
tissues such as skin and muscle, and predominantly leads to short-term expression of

the transgene, requiring multiple, regular dosing (Lin et al., 2018; Wang et al., 2019).
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1.6.2 Viral vectors

Viruses evolved to efficiently infect eukaryotic cells by delivering their genomic DNA
and replicating. The ability to transfect a specific cell type and induce a sustained
expression of their genome in host cells is the basis of their use for gene therapy
applications. Viral vectors used for gene therapy are recombinant replication-
defective vectors which are able to deliver the transgene into the target cells, but
they do not possess the ability to replicate (Bouard et al., 2009). To generate
replication-defective viruses, the wild-type viral genome is modified, eliminating the
genes necessary for replication and the completion of the lytic cycles and replacing

them with the gene of interest and required regulatory elements.

While viral vectors have many useful characteristics, a major downside is their
immunogenicity, the ability to elicit an immune response in the host. For example,
the vast majority of the human population has been infected by Adenovirus (Ad),
therefore the delivery of this type of vector in a subject that expresses neutralising
antibodies could induce a very strong immune reaction that could potentially be fatal.
While the inflammation caused by the vector per se might not cause damage to the
system, the immune response can decrease the efficiency of the therapy by

decreasing the circulating viral particles (Shirley et al., 2020).

The range of available vectors for gene therapy is continuously expanding, but the
most widely used for the treatment of central nervous system (CNS) pathology is
AAV. Other species of viruses are also used such as Ad, retrovirus and Herpes Simplex
virus (HSV) (Robbins et al., 1998). Each class of vector has different positive and

negative properties.

Retroviruses are integrating RNA viruses that, except for lentiviruses, can infect only
proliferating cells. They can carry a transgene cassette up to 9000 bp. Integration can
result in long and stable expression of the transgene; however, such therapy carries

the intrinsic risk of insertional mutagenesis that could lead to the development of
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other pathologies, including cancer (Bulcha et al., 2021; Cooray et al., 2012; Sakuma
etal., 2012).

HSV is a dsDNA enveloped virus, with the capsid covered by a lipid membrane. HSV
gene therapy vectors are based on serotype 1. HSVs have the ability of retrograde
transport, which means that they can infect neurons at the periphery and then
translocate to the CNS. HSV can infect dividing cells and remain in a latent state in
quiescent cells. Moreover, it has a large cloning capacity, approximately 50 kilobases
(kb). Negative aspects are the risk of toxicity for the host cells and the achievement
of only transient expression of the transgene (Gardlik et al., 2005; Goverdhana et al.,

2005; Lee et al., 2017; Palella et al., 1988; Simonato et al., 2000).

Ad is a double-stranded (ds) DNA virus that can carry transgene cassettes of ~35 kb
and can transduce both dividing and non-dividing cells. The fact that Ad virus
infection is common in humans means that the use of these viruses as gene therapy
vectors can cause a significant immunogenic reaction. Ad does not integrate into the
host genome and results in only a transient transgene expression (Gardlik et al., 2005;

Lee et al., 2017; Ritter et al., 2002).

AAV is a single-stranded (ss) DNA virus with a wide range of naturally occurring
serotypes and cell tropisms. Cloning capacity is limited to approximately 4700 to 5000
bp, but they are able to transduce both dividing and non-dividing cells and lead to
stable, long-lasting transgene expression, making them a promising vector for gene
therapy, and the current gold standard for gene therapy (Bouard et al., 2009; Penaud-
Budloo et al., 2018).

1.6.2.1 AAV

AAVs are ssDNA viruses belonging to the family of Parvovirus and were isolated for
the first time by Atchison et al. (Atchison et al., 1965) from an Ad preparation. AAVs
are defined dependoviruses because they are unable to replicate and express their
genome without the presence of a helper virus, such as Ad or HSV (Daya et al., 2008).

AAVs are small, non-enveloped viruses with an icosahedral capsid composed of 60
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subunits of three structural proteins, viral capsid protein (VP) 1, 2 and 3, organised in
the ratio 1:1:10. So far, twelve wild-type serotypes have been identified, which differ

in capsid structure and tissue tropism (Li et al., 2020).

1.6.2.1.1 AAV genome, infection pathway and serotypes

The AAV genome, of approximately 4700 bp, contains two Open Reading Frames
(ORFs) which encode for genes necessary for replication and packaging. The ORFs are
flanked by Inverted Terminal Repeats (ITRs) necessary for replication and packaging
(Figure 1-5). Transcription is driven by three promoters P5, P19 and P40 (Figure 1-5)
(Haggerty et al., 2020; Srivastava et al., 1983). The first ORF is rep, which encodes for
four proteins: Rep78 and Rep68, under the control of the promoter P5 and necessary
for viral replication; Rep52 and Rep40, under the control of promoter P19 and
necessary for the accumulation of the replicated ssDNA for packaging (Ni et al., 1992).
The cap ORF encodes the three viral capsid proteins VP1, VP2 and VP3 and its
expression is driven by the P40 promoter (Agbandje-McKenna et al., 2011). Within
the cap gene is localised a third ORF, which encodes for the Assembly-activating

protein (AAP) necessary for the capsid assembly (Li et al., 2020; D. Wang et al., 2019).
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Figure 1-5. AAV genome contains two ORFs, rep and cap, encoding the proteins
necessary for replication and packaging.

Schematic representation of AAV genome and relative transcripts. VP: Viral capsid
Protein, AAP: Assembly-Activating Protein.
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AAV particles enter cells via receptor-mediated endocytosis (Figure 1-6.1), the type
of receptor depends on the stereotype. AAVs are then trafficked inside the cell via
the endosomal system (Figure 1-6.2) (Ding et al., 2005). Once in the endosome two
events can occur: the viral particles remain in the endosome vesicles and are
degraded (Figure 1-6.3), or they escape the endosome and are translocated to the
nucleus via microtubules (Figure 1-6.4 and 5), achieving infection. Once in the
nucleus, the virus is uncoated, releasing the ssDNA that is transformed into dsDNA
by the host replication system (Wu et al., 2006) (Figure 1-6.6 and 7). dsDNA can also
be formed by annealing with a complementary strand derived from a second virus
that is co-infecting the cell (Nakai et al., 2000). However, in both cases, to complete
the replication cycle, AAV requires the presence of helper viruses. In the absence of
a helper, the AAV viral genome remains latent in an epichromosomal state in the

nucleus. Integration events are rare but possible (Kotin et al., 1991).
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Figure 1-6. AAV transduction process.

Schematic representation of the AAV transduction process. AAV infection of the
target cell starts with the interaction between the AAV particle and the membrane
receptor (1), which then leads to the viral particle internalization and the formation
of an early endosome (2). The early endosome matures in the late endosome which
can be degraded together with its content (3). In alternative, the AVV particle can
escape from the late endosome (4) and translocate to the nucleus (5). The AAV
particle is then uncoated (6) and the released ssDNA is then converted into dsDNA
(7). dsDNA can also be formed by the annealing of two complementary ssDNA
genomes deriving from two different AAV particles co-infecting the cell. dsDNA is
then transcribed in mRNA (8) which is translated to produce proteins (9).
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Twelve naturally occurring AAV serotypes have been isolated to date, and many more
have been created by manipulation of capsids through rational design,
computationally designed ancestral capsid, and directed evolution (Li et al., 2020).

Different serotypes display tropism for distinct cell types. AAV2, which has been
largely studied and has been used in a vast number of studies (Howard et al., 2008;
Srivastava et al., 1983), for example, is known to have tropism for neurons, although
it is not efficiently expressed in all type of neurons, but also for liver and muscle cells
(Howard et al., 2008). AAV3 and 10 are known to have tropism for muscular tissue
and, in the case of AAV3, also stem cells (Li et al., 2020). Among the serotypes that
are able to transduce the CNS, only AAV2, 6 and 9 are known to infect only neuronal
cells, while AAV1, 5 and 7 can infect also astrocyte and microglia (Haggerty et al.,
2020; Zincarelli et al., 2008). AAV9 is an excellent candidate for CNS targeted
therapies as it is able to cross the blood brain barrier (BBB), spreads widely in the
brain and presents a high tropism for neuronal cells (Foust et al., 2009; Mendell et

al., 2017).

1.6.2.1.2 AAV as viral vector

To use AAV as vectors for gene therapies, the wild-type genome is modified to
accommodate an expression cassette and prevent viral replication. Both rep and cap
are deleted, and only the flanking ITRs are retained in the final construct. The deletion
of both ORFs increases the cloning capacity to ~4700 bp (the size of the entire wild-

type genome) (Li et al., 2020).

As the genes necessary for replication and packaging have been deleted, the
production of AAV particles requires rep, cap and helper genes to be provided in trans
during the manufacturing process. Two production platforms exist at the moment:
transfection of human embryonic kidney 293 (HEK293) cells, either using a triple
transfection system, or using a stable mammalian cell line that constitutively
expresses the genes necessary for replication (Choi et al., 2006; Clark Reed et al.,
1995); and the baculovirus/Sf9 system in which insect Sf9 cells are used for AAV
production (Wu et al., 2019).
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1.6.3 Gene therapy for the treatment of SYNGAP1 haploinsufficiency-
associated disorder

To date, no conventional or disease-modifying treatments are available for SYNGAP1
haploinsufficiency-associated disorder. The only currently available therapies are for
the management of symptoms, often with limited effectiveness. For example, around
50% of epileptic cases in SYNGAP1 haploinsufficiency-associated disorder are
resistant to current pharmacotherapies (Berryer et al., 2013; Mignot et al., 2016;
Okazaki et al., 2017; Parker et al., 2015). Although further studies are necessary to
deepen our knowledge of the critical rescue period, genetic rescue studies showed
that certain phenotypes associated with SYNGAP1 haploinsufficiency in mice can be
prevented by early reactivation of gene expression (Aceti et al., 2015; Creson et al.,
2019). These characteristics, together with its monogenic nature, make SYNGAP1
haploinsufficiency-associated disorder a good candidate for genetic based

therapeutic strategies.

As discussed earlier in the chapter, there are various forms of genetic therapy
approaches that can be used to treat genetic diseases. To date, the only published
attempts to develop a genetic therapy for the treatment of SYNGAPI
haploinsufficiency-associated disorder use antisense oligonucleotides (ASO). Two
studies investigated the use of ASO to increase the production of SYNGAP1 protein
from the wild-type allele by blocking alternative splicing events causing the
production of non-coding SYNGAP1 mRNA (Dawicki-mckenna et al., 2022; Lim et al.,
2020). They showed that ASOs, targeting either the intronic region between exon 10
and exon 11 or the alternative 3’ region of exon 11, can increase the relative amount
of coding SYNGAP1 mRNA in vitro. These approaches are useful in cases of dominant
mutations such as SYNGAP1 haploinsufficiency-associated disorder. It is, in fact,
possible to exploit the wild-type allele, upregulating its expression without
compromising isoform expression ratio and developmental expression levels.
Although there are many advantages, including the relatively low cost of production
and versatile design, unmodified ASO have low stability, and cell uptake results very

low (Gagliardi et al., 2021). Although chemical modifications and coupling with
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delivery systems have allowed a better distribution and stability, a systemic
administration is still a challenge (Dhuri et al., 2020; Gagliardi et al., 2021) indeed
most ASO therapies targeted to the brain and the CNS use intracerebroventricular
(ICV) or intrathecal delivery (Jagasia et al., 2022; Lenk et al., 2020; Milazzo et al.,
2021). Moreover, they require repeated administrations, which are challenging in the
case of brain delivery, and off-target effects are possible(Crooke et al., 2021; Dhuri et
al., 2020; Gagliardi et al., 2021). All these limitations pose serious challenges in the
application of ASO approaches for the treatment of the SYNGAP1 haploinsufficiency-

associated disorder.

To my knowledge, there are no reports describing toxicity or adverse phenotypes
arising from the overexpression of SYNGAP1. Moreover, to my knowledge, there are
no reports of duplication of the SYNGAP1 locus. The monogenic nature of the
disorder, its demonstrated partial reversibility in mice, and the apparent absence of
over-expression related adverse phenotypes suggest that the delivery of a functional
copy of the gene using a gene replacement approach could be a feasible option.
SYNGAP1 expression is mostly confined to the brain tissue, with little to no expression
in other organs, and it is limited to neuronal cells (Berryer et al., 2016; Chen et al.,
1998; Kim et al., 1998; Moon et al., 2008; Ozkan et al., 2014). Given the limited
accessibility of brain tissue, the most promising delivery vector would need to be able
to spread widely in the brain and infect terminally differentiated cells. For this reason,
AAV was believed to be the best candidate and AAV9 the best serotype, as it presents
high tropism for the neuronal cells.

However, the limited knowledge of the potential differential contributions of
different SYNGAP1 isoforms to the pathophysiology of the disease poses serious
challenges to the development of such therapy. Another challenge is the large size of
the SYNGAP1 coding sequence, which ranges from ~3300 bp to ~3900 bp, depending
on the isoform. As AAV cloning capacity is approximately 5000 bp, including ITRs
(Bulcha et al., 2021; Dong et al., 2010; Wu et al., 2010), only ~ 600-1000 bp capacity
remains available for the other essential genetic elements including the promoter

and polyadenylation (polyA) signal.
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As previously mentioned, the majority of pathogenetic mutations identified in
SYNGAP1 patients are frameshift mutations, while missense mutations accounts for
less than 30% (Berryer et al., 2013; Chevarin et al., 2020; Hamdan et al., 2009, 2011;
lossifov et al., 2012; Kimura et al., 2017; Lee et al., 2020; Mignot et al., 2016; Parker
et al., 2015; Rauch et al., 2012; De Rubeis et al., 2014; Vissers et al., 2010; Vlaskamp,
Shaw, Burgess, Mei, Montomoli, Xie, C. T. Myers, et al., 2019). It is known that
missense mutations as well as frameshift mutations can, in addition to a full protein
loss-of-function, lead to the acquisition of new unwanted functions or affect protein
turnover (Dobson, 2003; Fukami et al., 2017, 2018; Teng et al., 2009; Thusberg et al.,
2009; Zhang et al., 2010, 2012). The effects on protein function and stability of all the
identified mutations has not been experimentally evaluated. However, in vitro
studies conducted on a subset of missense mutations suggested that the pathological
impact of this sequence modifications is associated with a partial or complete
SYNGAP1 loss-of-function (Berryer et al., 2013; Lee et al., 2020; Zeng et al., 2019).

Although it is possible that in some cases, the pathological effect is associated to a
gain-of-function of the protein for which gene replacement would not be an effective
treatment approach, it is reasonable to assume that it would be effective for a large

number of patients.

Even though there are many challenges, the AAV-mediated gene replacement
approach represents a valid approach that could be used to treat SYNGAPI
haploinsufficiency-associated disorder. To date there are no reported attempts to
develop a gene replacement therapy for SYNGAP1, therefore this project will

represent the first proof-of-concept work on the feasibility of such approach.

1.7 HYPOTHESIS AND STUDY AIMS

SYNGAP1 haploinsufficiency-associated disorder, or MRD5, is a developmental
disorder characterised by a wide set of clinical phenotypes that dramatically impact

the quality of life of affected individuals. Currently, no disease-modifying or curative
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therapy is available, and the only therapeutic approaches are symptomatic
management treatments, which are often of limited effect (Weldon et al., 2018). In

contrast, gene therapy has the potential to treat the root cause of the disorder.

Based on the reversibility of the phenotype and the monogenic nature of the disease,
| hypothesised that the restoration of SYNGAP1 levels via AAV-mediated gene
replacement during early postnatal development will prevent the appearance or
ameliorate the severity of behavioural phenotypes observed in the mouse model of

SYNGAP1 haploinsufficiency-associated disorder.

The aim of this project was to design and evaluate candidate gene therapy constructs

to test this hypothesis. To this end, the specific aims of my programme of work were:

1. To establish a robust behavioural phenotypic baseline in mice modelling
SYNGAP1 haploinsufficiency and to develop clear endpoints for the evaluation

of the therapeutic efficacy of candidate SYNGAP1 gene therapy vectors.

2. To assess the ability of designed candidate therapeutic constructs to induce
stable expression of SYNGAP1 in neuronal cells in brain areas of interest for

the disorder.

3. To assess the therapeutic outcome derived from AAV9-derived SYNGAP1
expression in mice modelling SYNGAP1 haploinsufficiency-associated

disorder.

4. To evaluate tolerability associated to the viral vector treatment and to the

exogenous expression of SYNGAP1 in wild-type mice.
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CHAPTER 2: MATERIAL AND METHODS

2.1 ANIMALS

All procedures were performed in accordance with the regulations set by the
University of Edinburgh and the UK Animals Act 1986.

Syngap1*- and wild-type mice used for this study were derived from the colony of
Professor Peter Kind (University of Edinburgh) and were originally created in the
laboratory of Professor Seth Grant (Komiyama et al., 2002), University of Edinburgh.
Deletion of the Syngap1 allele was generated by insertion of the targeting cassette
HA-STOP-(IRES)-lacZ-polyA-MC1neo-polyA at the Xhol site present in exon 8, which
resulted in the deletion of the genomic DNA spanning between exons 8 and 10,
corresponding to the sequence encoding for the C2 and GAP domains. The resulting
allele fails to express the SYNGAP1 protein (Komiyama et al., 2002).

The colony was maintained on a C57BL/6JOlaHsd background using a breeding
scheme consisting of crossing Syngap1*- C57BL/6JOlaHsd male mice with wild-type
Syngapl** C57BL/6JOlaHsd female mice. Animals were maintained on 12:12 hours
light/dark cycles (lights on between 7 am and 7 pm) with access to food and water ad
libitum.

To prevent animal stress and acclimatise the mice to the experimenter, study subjects
were handled prior to the start of the behavioural tests using the following protocol.
Handling of subjects that had not been handled before started one week prior the
first behavioural experiment and continued for 7 consecutive days in sessions
progressively longer, from 5 minutes to 20 minutes. For subsequent experiments,
mice were handled for 10 minutes for 3 days prior the start of the first behavioural

experiment.
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2.2 BEHAVIOURAL TESTING

2.2.1 Open field

Hyperactivity and anxiety were evaluated using the open field test. The apparatus
was composed of four custom-made square boxes of 50x50x50 cm, made of white
opaque plastic and positioned over an infrared (IR) light-box (Noldus Technology, NL).
Each arena was digitally subdivided in two zones: central, with a size of 75% of the
total arena, and peripheral. A camera (cat. 104845-10, Basler, DE; objective 4-8mm,
1-14, Computar, JP) overhanging the arenas was used to record the behaviour and
the videos were analysed using the EthovisionXT 12 software (Noldus Technology,
NL). The experiments were conducted in a dark quiet room with only one source of
dimmed light derived from the laptop screen maintained at the lowest brightness
setting. At the beginning of each trial the animals were gently placed in the centre of
the arena, then removed and returned to the home cage. Between each animal,
arenas were cleaned with humid wipes.

The horizontal activity was calculated as distance travelled in the given time, and
automatically calculated by the program. The percentage of time spent in the

periphery was calculated as:

Time in periphery (s)
Total time in the arena (s)

x 100

% Time in periphery =

For the behavioural baseline, animals were tested at 4, 7 and 11 weeks of age for 20
minutes. For therapeutic efficacy studies, animals were tested at 7 and 15 weeks of

age for 1 hour.

2.2.2 Elevated plus maze

Spontaneous anxiety-like behaviour was assessed using the elevated plus maze test.
The apparatus was composed of a maze made of white opaque plastic with IR light
source incorporated (Noldus Technology, NL) and was elevated 75 cm above floor

level. The maze consisted of four equally spaced arms, each 30 cm in length and 5 cm
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wide, that radiated from a square centre of 5x5 cm. Two opposing arms were
enclosed with white opaque walls that were 20 cm in height. The remaining arms
were open, with a 5 mm high perimetral border. A camera (cat. 104845-10, Basler,
DE; objective 4-8 mm, 1-14, Computar, JP) overhanging the arena was used to record
the behaviour and the videos were analysed using the EthovisionXT 12 software
(Noldus Technology, NL). The experiments were conducted in a dark quiet room with
only one source of dimmed light derived from the laptop screen maintained at the
lowest brightness setting. At the start of the test, animals were placed in the centre
of the maze, facing one of the open arms. Each subject was then left free to explore
the maze for 10 minutes, after which it was removed and returned to the home cage.
Between each animal, the maze was cleaned with humid wipes.

The horizontal activity was described as the distance travelled in the given time and
was automatically calculated by the program. The number of entries in the open arms
was given by the sum of the total frequency in the open arm area, which was
calculated by the program. The percentage of time spent in the open arms was

calculated as:

Time in open arm 1 (s)+Time in open arm 2 (s)

x 100

% Time in open arms = —
Total time in the maze (s)

For the behavioural baseline, animals were tested at 4, 7 and 11 weeks of age. For

therapeutic efficacy studies, animals were tested at 7 and 15 weeks of age for 1 hour.

2.2.3 T-Maze

Working memory was evaluated using an alternation test performed as described in
Berryer et al. (Berryer et al., 2016) on the T-maze apparatus. The maze was composed
of three arms placed in a T shape, departing from a central zone measuring 7.5x7.5
cm. The starting arm was 30 cm in length, 7.5 cm in width, and had a starting box of
7.5x10 cm that was divided from the rest of the maze by a guillotine gate. The two

choice arms were placed perpendicular to the starting arm and facing each other.
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They were 29.5 cm in length, 7.5 cm in width, and were divided from the centre of
the maze by a guillotine gate (Figure 2-1).

Briefly, the test consisted of two free-choice trials repeated for three consecutive
days. At the start of the test, the mouse was placed in the starting box, which was
closed with the guillotine gate for 30 seconds. The guillotine was then removed, and
the animal was allowed to freely explore the maze. The choice of arm was considered
complete when the mouse passed the gate point with its entire body. Subsequently,
the gate was closed, and the mouse was left in the arm for 10 seconds. At the end of
the trial, the animal was returned to the home cage for 50 seconds before the trial
was repeated. If the mouse chose the opposite arm in the second trial, it was
considered an alternation. The experiments were conducted in a dark, quiet room
with only one source of red light. Between each animal, the maze was cleaned with

humid wipes.

For the behavioural baseline, animals were tested at 4, 7 and 11 weeks of age.

Choice arms gates

Choicearm IR0 Choice arm

Starting arm
Starting box gate

Starting box

Figure 2-1. T-maze.
Dashed lines represent position of the guillotine gates.
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2.2.4 Marble burying

The marble burying test was conducted using a modification of the protocol
previously published by Deacon et al. (Deacon, 2006b). For this test, rat cages of the
dimension of 42x26 cm were filled with 5 cm of wood-chip bedding, pressed, and
levelled. Ten glass marbles (assorted colours, with an average diameter of 15 mm)
were distributed and equally spaced on the surface (Figure 2-2). The mice were
placed in the middle of the cage and were allowed to freely explore and interact with
the marbles for 30 minutes. At the end of the period, the mice were removed, and
the buried marbles were counted. A marble was counted as buried if covered by
bedding for equal or more than two-thirds of its volume. Marbles that fell in the
corners as a consequence of the digging activity were also counted as buried even if
they were not covered by two-thirds of the volume with bedding material at the end
of the 30 minutes. The experiments were conducted in a quiet room with the ceiling
lights on. Between each animal, the bedding was changed, and the marbles were

cleaned with humid wipes.

For the behavioural baseline, animals were tested at 4, 7 and 11 weeks of age.

Figure 2-2. Marble burying set up.
Ten glass marbles were arranged in two columns of five in a rat cage of 42x26 cm
filled with 5 cm of wood-chip bedding material.
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2.2.5 Nest building

The nest building test was conducted using a modification of the protocol previously
published by Deacon (Deacon, 2006a) while the scoring system was adapted from
Kraeuter et al. (Kraeuter et al., 2019). For this test mice were individually caged
overnight with no environmental enrichment except for 3 g of nesting material
(Nestlets, Ancare, USA) and wood-chip bedding. The cages were set one hour before

the dark phase and the nest was scored in the first two hours of the light phase.

Briefly, to the nest was assigned a one-to-five score based on the formation of a
central portion and surrounding walls. A score of zero was assigned if 275% of the
starting material remained untouched and not actively used for nest formation. To
assess the quality of the nest, the height of each wall was measured, and the average
of all quartiles was used for the score. An additional 0.25 was added for each quartile

that fell in the subsequent category (Table 2-1).

For the behavioural baseline, animals were tested at 4, 7 and 11 weeks of age.
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Table 2-1. Nesting scoring system

Sample image* Average height** Score

Increment

>75% in weight of Nestlets
untouched 0
Ocm

Nestlet shredded but
scattered on the cage floor 1
<lcm

+0.25 if part of
the material was
used to build a
wall

against the cage floor 2
21 cmand <2 cm

+0.25 for each
quartile 22 cm
and <3 cm

Walls present in each
guartile 3
>2 cmand <3 cm

+0.25 for each
guartile 23 cm
and <5

Walls present in each
quartile, doughnut-like

+0.25 for each

g - \
£ AL © 2 ”
A e R A T e A
A e s A "”‘\\‘

shape 4 quartile 25 cm
>3 cmand <5 cm
Walls present in each
quartile, doughnut-like 5 i
shape
25 cm

*Representative image of different classes of nest, **Average height of the nest’s
walls. The scoring system was adapted from Kraeuter et al. (Kraeuter et al., 2019)
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2.2.6 Visual cliff

The visual cliff test was originally developed by Gibson and Walk (Gibson et al., 1960)
at Cornell University. For this study, the apparatus was composed of an internal
transparent box of 50x50x50 cm made of clear Lexan sheets that composed the inner
arena, enclosed in an external L-shaped black opaque plastic box made of black
opaque Lexan sheets (Figure 2-3a). The external box floor of dimensions 25x50 cm
was in direct contact with the internal box, while the other 25x50 cm was placed at a
height of 30 cm under the internal box, creating the virtual drop and dividing the
arena into a shallow and deep side (Figure 2-3b). The L-shaped floor was covered by
a photographic opaque chess print of 4x4 cm blue squares. Lights were placed under

the floor to create homogeneous illumination of approximately 60 Lux.

For the test, mice were placed on the edge of the visual cliff, on the shallow side of
the arena, and allowed to explore for 5 minutes. A camera (Logitech,USA)
overhanging the arena was used to record each trial and the videos were analysed
offline using the EthovisionXT 12 software (Noldus Technology, NL). Between each
animal the inner box was cleaned with humid wipes.

The horizontal activity was described as the distance travelled in the given time and
was automatically calculated by the program. The latency to first entry in the deep
side of the arena was automatically calculated by the program and its quality was
checked by the experimenter. The first entry into the deep side was considered to
occur when the entire body of the mouse passed the edge of the cliff. The number of
transitions was calculated as the sum of times the mouse crossed the cliff edge while

moving across both sides of the arena.

The percentage of time spent in the deep side of the arena was calculated as:

Time in deep area (s)

x 100

% Time in deep =
° P Total time in the arena (s)

For the behavioural baseline, animals were tested at 7 and 15 weeks of age.
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Figure 2-3. Visual cliff set up.
The L shape external box (a), composed of black opaque plastic, formed the visual
cliff dividing the internal arena into a shallow and deep area (b).

2.2.7 Platform departure test

Platform departure test was used to evaluate the presence of risk-taking behaviour.
The test, developed by Matsuoka et al. (Matsuoka et al., 2005), was used to describe

behaviour abnormalities in Syngap1*- mice by Kilinc et al. (Kilinc et al., 2018).

The apparatus was composed of a 2-liter glass beaker measuring 18 cm in height and
13 cm in width, as well as a camera (Canon Eos, JP) to record behaviour. The animals
were placed on top of the upside-down beaker (Figure 2-4a) and allowed to explore
for 10 minutes. If the animals jumped from the platform onto the table during this
period, they were placed back on the beaker. It was considered a partial departure
when both mouse forepaws were on the vertical wall of the beaker (Figure 2-4b)
while a full departure was considered to occur when the mouse left the platform with
its entire body (Figure 2-4c). Between animals the beaker was cleaned with humid
wipes.

Recorded videos were manually scored offline to count the number of partial and full

departures and as well as the latency to first departure.
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For the behavioural baseline and therapeutic efficacy studies animals were tested at

7 and 15 weeks of age.

Figure 2-4. Platform departure test.
At the beginning of the test mice were placed on top of the beaker (a) and the number
of partial (b) and full (c) departures were evaluated.

2.2.8 Motion Sequencing

Motion sequencing (MoSeq) is a technique developed in the laboratory of Professor
Sandeep R. Datta (Harvard University) (Wiltschko et al., 2015).

For this test, mice were placed in an arena measuring 40x40x25 cm made of 10 mm
thick sheets of black matt acrylic plastic to prevent the formation of reflections. Each
session was recorded for 10 minutes in complete darkness and using a 3D IR
Microsoft Kinect depth camera (Microsoft Kinect 2, Microsoft, USA) positioned above
the arena at a height of 74 cm. Between each animal, the arena was cleaned with a
10% sodium hypochlorite solution, 1% Alconox (Alconox, USA), and 70% ethanol in
that order.

The Kinect camera was connected to a PC via USB 3.0, and video acquisition was
carried out using a custom C++ graphical user interface, Kinect2-Nidaq, developed in
the Datta laboratory, at 30 frames per second. Data were streamed in real-time to an
external hard drive (5T, Seagate, USA) for storage. The acquired videos were cropped

from 512x424 pixels to a final resolution of 260x260 pixels to prevent depth
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distortion outside the arena. A flip classifier was adapted for a cropping area relative
to the area occupied by the mouse of 60 x 60 pixels. The videos were then analysed
using the MoSeq code (v2) provided by the Datta laboratory, and the pipeline
described in Wiltschko et al. (Wiltschko et al.,, 2015, 2021). MoSeq, which is
programmed in Python, was used to extract the position and morphometry of the
mouse from the raw data orientation. Using principal component analysis, the
extracted data were then dimensionally reduced. Subsequently, an Autoregressive
Hierarchical Dirichlet Process Hidden Markov Model was fit on the processed data.
This model, unattended, identifies syllables, unique and highly stereotyped
movements of about 300 ms which, combined, are responsible for the animal's whole
movement repertoire. Additionally, the algorithm generates a summary of various
parameters such as speed, acceleration, position in the arena, height, syllable
frequency of usage, etc. The frequency of usage of the top 51 syllables identified was
used to investigate genotype differences between wild-type and Syngap1*- mice.

The transitional relationship between syllables was investigated by calculating the
transition probability. To do this, the probability of a transition of each module, or
syllable, to any other module was calculated. Subsequently, the probability that two

modules were occurring one after the other in the sequence was computed.

For therapeutic efficacy study mice were tested at 15 weeks of age.

2.2.9 Neonatal intracranial injections

For the experiments described in this thesis, only male mice were used. Male PND1/2

mice were treated by direct ICV injection, as described below.

The cage containing the litter to be injected and the mother was carefully transported
to the appropriate room where a surgical area was previously set up. To ensure the
sterility of the injection area, all the surfaces were cleaned with appropriate products,

and sterile gloves were worn during the procedure.
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Mouse pups were removed from the cage and sexed; female mice were returned to
the home cage while male mice were placed on a heating pad covered with clean
paper tissue and enclosed to prevent falls.

One at a time mice were moved from the enclosed portion of the heat pad to the
injection area, scalp was rubbed with iodine solution and carefully dried using a
sterile cotton stick. The viral vector or vehicle was delivered intracerebroventricularly
using an ultra-fine gauge dental needle (30G, 21mm length, cat. 1108343, Sopira,
Kulzer, DE) connected to a 50 or 100 pl Hamilton syringe (Hamilton, USA) via a fine
tube. Injection sites were anterior to lambda, 1 mm from the middle line, and 3 mm
in dept. Constant depth was maintained using a needle guard cut to leave 3 mm from
the top of the needle. To minimize backflow, injections were carried out slowly (over
a time of 30 seconds), and the needle was left in place for approximately 50 seconds
after the end of the injection.

At the end of the procedure, mice were returned to the home cage. To prevent

mother distress and minimize rejection, mice were rubbed in home cage bedding.

2.3 GENOTYPING

Genomic DNA was extracted from ear biopsies of adult mice or tail tips from
neonates.

For standard genotyping DNA was extracted using DirectPCR (cat. 102-T, Viagen,
USA). For each sample, 40 pl of DirectPCR + 0.4 pl protease K (0.4 pg/ul, cat. AM2546,
ThermoFisher Scientific, USA) were added to a 0.2 ml thin-walled tube containing the
tissue sample, and extraction was carried out using the condition listed in Table 2-2
in the C1000 Touch Thermal Cycler (BioRad, USA).

For one day genotyping, DNAreleasy (cat. LS02, Anachem, UK) was used. For each
sample, 20 pl of DNAreleasy were added to a 0.2 ml thin-walled tube containing the
tissue sample and extraction was carried out using the condition listed in Table 2-3 in

the C1000 Touch Thermal Cycler (BioRad, USA).
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Table 2-2. DirectPCR reaction conditions.

Temperature Duration
55°C 4 hours
85°C 45 minutes
12°C Infinite

Table 2-3. DNAreleasy reaction conditions.

Temperature Duration
75°C 5 minutes
96°C 2 minutes
12°C Infinite

Primers were designed to amplify the wild-type Syngapl allele and the knockout
allele (Table 2-4). Two separate Polymerase Chain Reaction (PCR) reaction mix (Table
2-5) were set up in a 0.2 ml thin-walled tube and carried out following the cycling
condition listed in Table 2-6 that were equal for both reactions. PCR reactions were

performed using the C1000 Touch Thermal Cycler (BioRad, USA).

Table 2-4. Genotyping primers.

Primer* Sequence 5’-3’ Fragment size
WT_F CCCATATCCACCTTCCTCAGAGT 96 bp
WT_R CCAAGGGCAGGGCAGG
KO_F CGATCGTAATCACCCGAGTGT 57 bp
KO_R CCGTGGCCTGACTCATTCC

*F indicates forward primer, R reverse primer. WT=wild-type; KO=knockout.

Table 2-5. Genotyping PCR reaction mix.

Component Volume*
Dreamtaq Mastermix 2X (ThermoFisher Scientific) 13 pl
Forward Primer 1 ul (0.4 uM)
Reverse Primer 1 ul (0.4 uM)
H.0 To 2 5l

*Volumes refer per sample.
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Table 2-6. Genotyping PCR reaction condition.

Step Temperature Time
Initial denaturation 95°C 4 minutes
X 30 cycles

Denaturation 95°C 30 seconds
Annealing 58°C 30 seconds
Extension 72°C 1 minute
Final extension 72°C 10 minutes
Hold 12°C Infinite

Presence/absence of PCR product was then evaluated via agarose gel
electrophoresis. Wild-type and knockout reactions were run along with a molecular
weight marker (Low molecular weight ladder, cat. N3233S, New England Biolab, USA)
on a 3% agarose gel (3 g of agarose cat. 50004, SeaKem LE agarose, Lonza, CH) in 1x

Tris/Borate/EDTA buffer (0.089 M EDTA, 0.089 M Tris base, 0.089 M B(OH)s).

2.4 PLASMID AMPLIFICATION

2.4.1 Bacterial transformation

E. coli Subcloning Efficiency DH50. competent cells (cat. 18265017, ThermoFisher
Scientific, USA) were used for the amplification of mammalian expression plasmid.

50 ul of DH5a cells were thawed on ice, and after complete defrosting, they were
mixed with an appropriate volume of plasmid containing 10 ng of DNA by gentle
pipetting. The mixture was then incubated on ice for 30 minutes and subsequently
exposed to heat shock using a water bath, pre-warmed at 42°C, for 20 seconds. After
a 2-minutes incubation on ice, 950 ul of pre-warmed Super Optimal broth with
Catabolite repression (SOC) medium (cat. 15544034, ThermoFisher Scientific, USA)

was added to the vial, and the tubes were incubated for an hour at 37°C at 225 rpm.

C3040H stable competent cells (cat. C3040H, New England Biolab, USA) were used

for the amplification of AAV expression plasmids containing ITRs.
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50 pl of cells were thawed on ice for 10 minutes, 10 ng of plasmid were added to the
defrosted cell suspension, and the mixture gently mixed by flicking. The mixture was
then incubated for 30 minutes on ice. After incubation, heat shock was carried out in
a water bath for 30 seconds at 42°C, and then the mixture was incubated on ice for 5
minutes. 950 ul of room temperature NEB 10-beta/Stable Outgrowth Medium (cat.
B9035S, New England Biolab, USA) was added, and tubes were incubated for an hour
at 30°C at 250 rpm.

Regardless of the type of cells used, 200 pl of transformation mixture was spread on
pre-warmed at 37°C Luria-Bertani (LB) agar plates containing appropriate antibiotics

(kanamycin 0.05 mg/ml or ampicillin 0.1 mg/ml) and incubated overnight at 37°C.

2.4.2 Mini amplification of plasmid

Single colonies were picked from each plate and cultured in 3 ml of LB medium
containing the appropriate antibiotics (kanamycin 0.05 mg/ml or ampicillin 0.1
mg/ml) in a loosely capped 15 ml Falcon tube. Incubation was carried out overnight
at 250 rpm at 37°C, for mammalian expression plasmids, or 30°C, for AAV expression
plasmids containing ITRs. The following day, cultures were removed from the
incubator and 1.5 ml of culture was transferred to a clean 1.5 ml tube and centrifuged
at >10000xg for 30 seconds. After discarding the supernatant, the remaining 1.5 ml
of culture was added to the same 1.5 ml tube and centrifuged at >10000xg for 30
seconds. Plasmid DNA was purified using the PureYield Plasmid Miniprep System (cat.

A1223, Promega, UK) as per manufacturer instructions.

2.4.3 Maxi amplification of plasmid

Single colonies were picked from each plate, inoculated in 3 ml of LB medium, with
appropriate antibiotics (kanamycin 0.05 mg/ml or ampicillin 0.1 mg/ml), and cultured
in a loosely capped 15 ml Falcon tube at 37°C for 1 hour at 250 rpm to prepare a

starter culture. This was then added to 100 ml LB medium, supplemented with
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appropriate antibiotics (kanamycin 0.05 mg/ml or ampicillin 0.1 mg/ml), in a 250 ml
glass flask and cultured overnight at 250 rpm at 37°C, for mammalian expression
plasmids, or 30°C, for AAV expression plasmids containing ITRs. The following day,
cultures were removed from the incubator, divided in two 50 ml Falcon tubes, and
centrifuged at 3000xg for 30 minutes at 4°C. Plasmid DNA was purified using the Maxi
Prep kit (cat. 12963, QIAGEN, DE) following manufacturer instructions.

2.5 DNA AND RNA CONCENTRATION DETERMINATION

Plasmid concentration and quality were assessed using the Nanodrop 1000
(ThermoFisher Scientific, USA) which measures the UV absorbance of the DNA and
RNA solution between 200 and 300 nm. The optical density ratio at a wavelength of
260 nm and 280 nm was used to measure the quality of the samples, and values in
the range of 1.8-2.0 were considered indicators of acceptable purity. For DNA and

RNA quantification, 1 ul of the solution was used.

2.6 PLASMID ENZYMATIC DIGESTION

Plasmids were digested using restriction enzymes to generate the DNA fragments
required for subsequent cloning or to validate/verify the plasmid sequence. Single or
double digestions were carried out when required. Reaction mixtures were prepared
as described in Table 2-7 in 0.2 ml thin-walled tubes and incubated for one hour at
37°C in the C1000 Touch Thermal Cycler (BioRad, USA). Depending on the
combination of restriction enzymes, the reaction buffer changed based on

manufacturer instructions.
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Table 2-7. Enzymatic digestion reaction mixture.

Component Volume*
DNA Xul (1pg)**
Buffer 1l
Enzyme 1 (New England Biolab) 1l
Enzyme 2 (New England Biolab) 1l
H20 To 50 pl

*Volumes refer per sample.
**X=Sample volumes. Volumes vary depending on samples concentration.

2.7 CLONING

Cloning was performed using the In-Fusion HD cloning kit (cat. 638909, Takara Bio,
USA) following the manufacturer's instructions for spin-column purified PCR
fragments. Plasmid backbone was obtained via restriction enzyme digestion as
described in Section 2.6 followed by fragment purification using the DNA clean and
concentrator kit (cat. D4005, Zymo Research, USA). Insert fragment, in the form of
gBlock, was synthesised by Integrated DNA Technologies, USA. Ligation reaction mix,
reported in Table 2-8, was prepared in 0.2 ml thin-walled tubes and subsequently
incubated for 15 minutes at 50°C in the C1000 Touch Thermal Cycler (BioRad, USA).
2.5 pl of ligation reaction was used to transform C3040H stable competent cells (cat.

C3040H, New England Biolab, USA) as described in Section 2.4.1.

Table 2-8. In-Fusion ligation reaction mixture.

Component Volume*
DNA insert X il (50 ng)**
Linearised vector X ul (50 ng)**
5x In-Fusion HD Enzyme Premix 2 ul
H20 To 10 ul

*Volumes refer per sample.
** X=Sample volumes. Volumes vary depending on samples concentration.
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2.8 AAV9 VECTOR PRODUCTION

AAV9/JeT-hSYNGAP1_Myc-SpA (Chapter 5) was produced using the triple
transfection of HEK-293 cells method, quality controlled, and titrated by the
Barcelona vector core (Spain). Purification was performed via iodixanol-based
ultracentrifugation, and titre was determined via picogreen assay. The titre of the

stock solution received from the producer was of 5E13 vg/ml.

AAV9/hSYN1-hSYNGAPI_Myc-SV40 (Chapter 6) was produced by the ViroVek vector
core (USA) using the Baculovirus system in insect Sf9 cells by infection with rBV-
inCap9-inRep-kozak-hr2 and rBV- hSYN1-hSYNGAP1_Myc-SV40 plasmids. Viral vector
preparation quality control and titration were also performed by the producer.
Purification was performed via two rounds of Caesium Chloride ultracentrifugation,
the Caesium Chloride was then removed via buffer exchange with two PD-10
desalting columns. The final AAVs were buffer exchanged to PBS + 0.001 % Pluronic
F68. The vial vector titre was determined via quantitative real time PCR (qPCR). The

titre of the stock solution received from the producer was 2.17E13 vg/ml.

2.9 PLASMID AND VIRAL VECTORS PREPARATION QUALITY CONTROL

2.9.1 Viral DNA extraction

Viral vectors preparation were subjected to in-house quality controls such as
sequencing via MiSeq and evaluation of vector genome intactness via alkaline gel
electrophoresis. For these experiments, viral DNA genome was first extracted and

then processed depending on the protocol to follow.

Viral vector DNA extraction was conducted by Ms Amanda Morris. For sequencing,
2E12 viral genome (vg) were used, while for the alkaline gel experiment, 5E10 vg were
used. A 100 pl reaction was set up in 0.2 ml thin-walled tubes as described in Table

2-9 and subsequently incubated at 37°C for 30 minutes. 50 pl of the DNAase treated
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sample were then incubated firstly at 55°C for 1 hour and then at 95°C for 10 minutes

to carry out proteinase K treatment (reaction mixture reported in Table 2-10).

Table 2-9. DNase treatment reaction mixture.

Component Volume*
10X DNase Buffer (Roche) 10 pl
1% Pluronic-F 68 (ThermoFisher Scientific) 5 ul
DNase | (Roche) 4 ul
Viral Vector X pl**
H20 To 100 pl

*Volumes refer per sample.
**Minimum volume 10 pl, volumes vary depending on samples concentration.

Table 2-10. Proteinase K treatment reaction mixture.

Component Volume*
10x Proteinase K Buffer (10mM Tris, 10mM EDTA, 1% SDS) 10 pl
Proteinase K (Invitrogen) 2.5l
DNase treated Sample 50 pl
H20 To 100 pl

*Volumes refer per sample.

The resulting DNA was then purified using the DNA clean and concentrator kit (Zymo
Research, USA) following manufacturer instructions, and eluted in 15 pl of nuclease

free water.

For MiSeq sequencing, ssDNA was first incubated at 95°C for 5 minutes and converted
in dsDNA using the Klenow polymerase (New England Biolab, USA). The reaction was
prepared as described in Table 2-11 and incubated at 37°C for 1 hour. DNA was then
purified using the DNA clean and concentrator kit (cat. D4005, Zymo Research, USA)

following manufacturer instructions, and eluted in 15 pl of nuclease free water.
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Table 2-11. Klenow Polymerase reaction mix.

Component Volume*
ssDNA 14 pl
dNTPs 2l
Random hexamers (Integrated DNA Technologies) 1.2l
NEB Buffer2 (New England Biolab) 2l
Klenow polymerase (New England Biolab) 1l

*Volumes refer per sample.

2.9.2 Viral vector and whole plasmid DNA sequencing

Sequencing was performed by Ms Amanda Morris using MiSeq technology (Illumina,
USA). Prior to sequencing, viral vectors DNA was first extracted, purified, and then
converted in dsDNA as described in Section 2.9.1. The dsDNA was then used to
prepare barcoded libraries using Illumina DNA PCR-Free Library Prep (cat. 20041794),
[llumina DNA/RNA UD Indexes Set (cat. 20027213) and lllumina DNA PCR-Free Primer
Kit R1 Sequencing (cat. 20041796) (lllumina, USA) following manufacturer

instructions.

Prior to sequencing, libraries were first diluted to 4 nM, then NaOH (final
concentration 0.001 mM) was added, and samples were incubated at room
temperature for 5 minutes. 990 ul of pre-chilled buffer HT1 (cat. 20015892, Illumina,
USA) was added, and then a PhiX was added. Sequencing was carried out on MiSeq
machine (lllumina, USA) using the MiSeq Reagent kit Box1 and 2 (cat. MS-102-2002,
[llumina, USA) following manufacturer instructions.

For whole plasmid sequencing, an input of 300 ng was used, and samples were

directly used for library preparation without prior treatment.

Sequence analysis was carried out by Dr Paul Ross using the scripts reported in

Appendix A.
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2.9.3 Alkaline gel

Alkaline gel electrophoresis was performed by Ms Amanda Morris. For Alkaline gel
electrophoresis, 250 ng of viral ssDNA, extracted as described in Section 2.9.1, was
used.

To 10 pl of DNA solution, 10 ul of DNase solution (0.01 M Tris pH 7.5, 0.01 M CacCl2,
0.01 M MgCl2, 100 ug DNase in H20) was added, which was then vortexed to mix and
incubated at 37°C for 1 hour. Subsequently, 5 pl of 0.5 M EDTA, 2 ul of 10% SDS and
7 wl of 5x loading dye (0.4 M NaOH, 0.025 M EDTA, 0.09 g Ficol PM 400, few crystals
of Xylene Cyanol in H;0) were added and the solution was incubated at room
temperature for 10 minutes. Prior to the electrophoretic run, the 1% alkaline gel (1%
agarose (cat. 50004, SeaKem LE agarose, Lonza, CH), 0.25 M NaOH, 0.5m M EDTA in
H,0) was equilibrated in 1x running buffer (0.05 M NaOH, 0.001 M EDTA in H,0) at
4°C for 10 minutes. The gel was then loaded with 20 pul of samples together with 10
ul of the molecular weight marker 1 kb DNA Ladder (cat. B7025, New England Biolab,
USA) and run at 12 V for 24 hours at 4°C.

After the completion of the electrophoretic run, the gel was rinsed in double distilled
water and neutralised with two washes of the neutralization buffer (0.5 M Tris-Cl pH
7.5, 1 M NaCl in H;0) at room temperature for 20 minutes under gentle rocking.
Subsequently, the gel was washed two times for 10 minutes in 1x Tris-Acetate-EDTA
(TAE) buffer (40 Mm Tris (pH 7.6) 20 mM acetic acid, 1ImM EDTA) and then stained
with 1x SYBR gold (cat. S11494, ThermoFisher Scientific, USA) in 1x TAE buffer at room
temperature for 1 hour with gentle rocking. After two washes with double distilled

water, the gel was imaged using the Gel Imager (BioRad, USA).

2.10 CELL CULTURE

2.10.1 Revival of HEK293A cells stored in liquid nitrogen

HEK293A cells were stored in liquid nitrogen in dimethyl sulfoxide (DMSQ) at a cell

count of 2E6 and revived when necessary.
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Cells were thawed quickly in a pre-warmed water bath at 37°C until completely
defrosted. Thawed cells were then diluted in 9 ml of pre-warmed Dulbecco's modified
eagle medium (DMEM, cat. 41965-039, ThermoFisher Scientific, USA) supplemented
with 10% foetal bovine serum heat inactivated (cat. 26140, ThermoFisher Scientific,
USA), 2mM L-Glutamine (cat. 25030081, ThermoFisher Scientific, USA), 100 U/ml of
penicillin and 100 ug/ml of streptomycin (cat. 15140148, ThermoFisher Scientific,
USA) and 1x minimum essential media non-essential amino acids (cat. 11140050,
ThermoFisher Scientific, USA) and centrifuged at 150xg for 5 minutes. The cell pellet
was subsequently resuspended in 1 ml of pre-warmed cell media, and the
resuspension was added to 25 ml of pre-warmed cell media. Cells were cultured at
37°C in a humidified atmosphere conditioned with 5% CO; in 175 cm? TC treated
flasks (cat. 660175, Greiner Bio-One, UK).

2.10.2 HEK293A cell sub-culturing

HEK293A cells passage was performed to prevent overgrowth and therefore cell
death. Each cell culture was visually inspected, and subculturing was performed when

a confluence of about 80% was reached.

Firstly, culture media was removed using a vacuum pump and the culture was washed
with 10 ml of 1x Phosphate Buffered Saline (PBS) (cat. 14190144, Gibco,
ThermoFisher Scientific, USA), pre-warmed at 37°C. After removal of the PBS, 3 ml of
TrypLE Express enzyme (cat. 12604013, ThermoFisher Scientific, USA) was added, and
the flask was incubated at 37°C for 3 minutes. Subsequently, the flask was gently
shaken to facilitate cells detachment, 7 ml of fresh supplemented DMEM media was
added and the resulting suspension transferred to a 15 ml falcon tube. 20 ul of
resuspended cell culture was added to 20 pl of Trypan Blue (cat. 15250061,
Thermofisher Scientific, USA) and cells were counted using the Countess I
(Invitrogen, USA) apparatus. The appropriate volume containing 2E6 cells was then
added to a flask containing 25 ml of pre-warmed DMEM media and returned to the

incubator at 37°C in a humidified atmosphere conditioned with 5% CO,.
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For the work described in this thesis, cells at passages 15-25 of in vitro culture were

used.

For the fluorescence immunocytochemistry experiment, after cell counting, HEK293A
cells were seeded in 24 well-plates containing Poly-L-Ornithine/Fibronectin (PLO-FN)
coated coverslip (13 mm). For the coating, sterile coverslips were added to the 24
well-plate, 1 ml of PLO-FN was added to each well and left in incubation overnight at
37°C. The coating mixture was removed by aspiration and the plate was left to dry.

Subsequently, 5E4 cells were seeded per well.

For the immunoblotting experiment, 5E5 cells per well were seeded in 6 well-plate

without coverslip.

2.10.3HEK293A cells transfection

After 24h from seeding, at 70-90% of confluence, HEK293A cells were transfected
using Lipofectamine 2000 (cat. 11668019, ThermoFisher Scientific, USA). In Table
2-12 are reported reagents volumes. The reaction was optimised for the transfection
of 2.5 ug of DNA for a 6 well-plate and 1 ug for a 24 well-plate of a plasmid of 3500
bp. To transfect equimolar amount of each plasmid in study, volumes of plasmid DNA

to use were calculated as follows:

plasmid size (kb)XN(ug)/ 3.5 kb
plasmid concentration (ug/(ul))

pl of plasmid =

Where N indicates the pg of 3500 bp plasmid to use for transfection of cells seeded

in a 6 well or 24 well-plate.

Briefly, reaction mix, reported in Table 2-12 was prepared as per manufacturer
instructions. The appropriate amount of mixture was added to each well, the plate
was gently tapped to mix the solution with the medium and then incubated for 48

hours at 37°C.
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Table 2-12. Component for cell transfection.

Component 6 well-plate* 24 well-plate*
Lipofectamine 2000 (ThermoFisher Scientific) oul 2l
DNA X pl** X pl**
Opti-MEM To 250 pl To 50 pl

*Volumes refer per well.
** X=Sample volumes. Volumes vary depending on samples concentration.

2.10.4 Fluorescence immunocytochemistry

48 hours after transfection, cells were removed from the incubator and processed

for fluorescence immunocytochemistry.

Culture media was removed, and cells were washed two times with 1x PBS (Gibco,
ThermoFisher Scientific, USA) and fixed for 10 minutes with 4% paraformaldehyde
(PFA, cat. 158127, Sigma, USA) at room temperature. Subsequently, 1 ml of
permeabilization solution (0.1% Triton-X (cat. X100, Sigma, USA) in 1x PBS) was
applied for 5 minutes at room temperature. Then cells were washed two times with
1x PBS (Gibco, ThermoFisher Scientific, USA) and blocking solution ((1 ml of 0.05%
Triton-X (Sigma, USA) + 10% goat serum (cat. G9023, Sigma, USA) in 1x PBS (Gibco,
ThermoFisher Scientific, USA)) was applied for 1 hour under gentle rocking at room
temperature. Cells were then incubated overnight at 4°C on a shaker with the
appropriated primary antibodies (Table 2-13) diluted in 0.05% Triton-X (Sigma, USA)
+ 1% BSA (Bovine serum albumin, cat. BP9700-100, ThermoFisher Scientific, USA) in
1x PBS (Gibco, ThermoFisher Scientific, USA). The following day, primary antibody
solution was removed, samples were washed three times with 1x PBS for 10 minutes
and then incubated with the appropriate secondary antibodies diluted in 0.05%
Triton-X (Sigma, USA) + 1% BSA (Fisher Scientific) in 1x PBS (Gibco, ThermoFisher
Scientific, USA) (Table 2-14) for 1 hour under gentle rocking. Subsequently, coverslips
were washed three times with 1x PBS (Gibco, ThermoFisher Scientific, USA) for 10
minutes and mounted on glass slides using the VECTASHIELD® HardSet™ Antifade
Mounting Medium with DAPI (cat. H-1500-10, Vector Lab, USA).
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Images were captured at the Leica DM5500B fluorescent microscope (Leica
Bioscience, DE) using the 20x (e=/0.17/D, HCX PL FLUOROTAR, 20x/0.50) and 40x
objective (e=/0.17/D, HCX PL FLUOROTAR, 40x/0.75). Microscope acquisition settings
were calibrated on the mock-transfected cells and length of exposure, light source
power and gain were selected to eliminate the background noise. Settings were then

maintained constant across treatments.

Table 2-13. Inmunofluorescence primary antibodies.

Antibody Dilution Origin Reference
Anti-Myc 1:500 Rat Abcam, 9E10
Anti-SYNGAP1 1:1000 Rabbit ThermoFisher Scientific, PA1-046
Anti-FLAG 1:500 Mouse Millipore, F1804

Table 2-14. Inmunofluorescence secondary antibodies.

Antibody Dilution Fluorochrome Reference
Anti-Rabbit 1:1000 647 Cell Signalling Technology, 4414
Anti-Rat 1:1000 488 Cell Signalling Technology, 4416
Anti-Mouse 1:1000 488 Abcam, 150113

2.10.4.1 Image analysis

The percentage of positive cells was calculated as a ratio between the number of
Myc-positive cells and DAPI-stained nuclei. Cells were counted using the Cell Counter

plugin (Identifier legacy:Cell_Counter) of ImageJ, Fiji (https://imagej.nih.gov/ii/).

2.11 WESTERN BLOTTING

2.11.1 Sample preparation

2.11.1.1 Cultured cells
HEK293A were transfected as previously described in Section 2.10.3. 48 hours post-

transfection cells were processed for immunoblotting. Culture media was removed,

cells were washed two times with 1x PBS (Gibco, ThermoFisher Scientific, USA) and
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then lysed by scraping in 200 ml of RIPA buffer (10 mM Tris-Cl (pH 8.0) (cat. AM9855G
ThermoFisher Scientific, USA), 140 mM NaCl (Sigma, USA), 1 mM EDTA (15575-038,
ThermoFisher Scientific, USA), 1% Triton X-100 (Sigma, USA), 0.1% sodium
deoxycholate (Sigma, USA), 0.1% Sodium Dodecyl Sulphate (SDS) (cat. 1610416,
BioRad, USA), 1x protease inhibitors (cat. A32953, ThermoFisher Scientific, USA)). The
lysate was then sonicated for 30 seconds using the Branson Ultrasonic 2800 cleaner
and boiled in 1x Laemmli buffer (2% SDS (Sigma, USA), 2.5% p-mercaptoethanol
(Sigma, USA), 10% glycerol (Sigma, USA), 0.002% bromophenol blue (Sigma, USA),
0.06M Tris-HCI (Sigma, USA)) for 10 minutes at 95°C. For long-term storage, samples
were kept at -80°C.

2.11.1.2 Tissue

Animals were sacrificed by cervical dislocation, the brain was removed and regions
of interest were dissected, collected in 1.5 ml tubes or prefilled 2 ml bead mill tubes
(ThermoFisher Scientific, USA) and flash frozen in dry ice. If not processed
immediately, samples were kept at -80°C. Tissue samples were homogenised for 20
seconds using the Bead Mill 24 (cat. 15-340-153, Fisherbrand, ThermoFisher
Scientific, USA) in 500 ml of RIPA buffer. The homogenate was then sonicated for 30
seconds using the Branson Ultrasonic 2800 cleaner and protein concentration was
qguantified using the DC Protein Assay kit (cat. 5000112, BioRad, USA) as will be
described in Section 2.11.2. Subsequently, the samples were boiled in 1x Laemmli

buffer for 10 minutes at 95°C.

2.11.1.3 Synaptosomal preparation

Synaptosomal preparation was obtained from the hippocampus of left hemispheres,
the protocol used was adapted from the method described by Bermejo et al.

(Bermejo et al., 2014) (Figure S-3).

Briefly, mice were sacrificed by cervical dislocation, the brain was removed, dissected
and the hippocampus was homogenised using 2 ml KIMBLE dounce glass tissue

grinder (Sigma, USA) with 20 strokes over 30 seconds in 1.6 ml of homogenisation
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buffer (4 mM HEPES (cat. 15630080, Gibco, ThermoFisher Scientific, USA), 0.32 M
sucrose (Sigma, USA), 1x protease inhibitor (ThermoFisher Scientific, USA)). 100 ul of
homogenate was reserved to constitute the input fraction. The remaining
homogenate was collected in a 2 ml tube and centrifuged at 900xg for 10 minutes at
4°C. The supernatant (S1) was transferred to a new 2 ml tube, the pellet resuspended
in 1 ml of homogenisation buffer and then centrifuged at 900xg for 10 minutes at 4°C.
The supernatant (S1’) was transferred to a new 1 ml tube while the pellet,
resuspended in 300 ul of homogenisation buffer, constituted the nuclear fraction P1.
S1 and S1’ were centrifuged at 10000xg for 15 minutes at 4°C, 500 ul of the S1
supernatant were transferred to a new 1 ml tube and constituted the cytoplasmic
fraction (S2) while S1’ supernatant was discarded. S1 and S1’ pellets were merged,
resuspended in 1 ml of homogenisation buffer, and centrifuged at 10000xg for 15
minutes at 4°C. The supernatant was discarded, and the pellet, resuspended in 200
ul of homogenisation buffer, constituted the synaptosomal fraction (P2). To each
fraction was added 1/9 volume of 10% Triton-X (Sigma, USA), sonicated for 30
seconds, and quantified using DC Protein Assay kit (BioRad, USA) following the
protocol described in Section 2.11.2. Samples were then boiled in 1x Laemmli buffer

for 10 minutes at 95°C and stored long-term at -80°C.

2.11.2 Protein quantification

After sonication, 10 pl of sample were transferred to a new tube. The colorimetric
assay used for the protein quantification has a saturation concentration of 2 mg/ml
of protein. It is therefore important to dilute the samples to reach a final
concentration which lay in between the lowest detectable concentration (0.125
mg/ml) and the saturation concentration (2 mg/ml). Tissue homogenates were
diluted 1:5 while for subcellular fractions, input and synaptosomal fractions were
diluted 1:2, nuclear fraction was diluted 1:5 and cytosolic fraction was quantified
undiluted. Samples were diluted using the same buffer used for the homogenisation.
Protein quantification was carried out using DC Protein Assay kit (BioRad, USA).

Briefly, 5 ul of sample, 10-fold serial dilution at a known concentration of BSA
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standards (2 mg/ml, 1 mg/ml, 0.5 mg/ml, 0.25 mg/ml, 0.125 mg/ml, cat. 5000007,
BioRad, USA) and a blank were distributed in triplicates in an untreated 96 well-plate
(cat. 260836, ThermoFisher Scientific, USA). 25 ul of Buffer A’ (25 pl of Buffer S per
1000 pl of Buffer A) was added to each well, followed by 200 ul of Buffer B. Plates
were incubated at room temperature for 15 minutes with gentle rocking, then read

at the CLARIOstart (BMG Labtech, DE).

Quantification was carried out using Excel (Microsoft, USA). Firstly, the percent
coefficient of variance was calculated over the absorbance values of the triplicate of
each sample using the formula =STDEV(absorbance)/AVERAGE(absorbance). If it
resulted above 1% and a clear outlier was identifiable this was removed, and the
average was calculated over the remaining two replicates. If it was not possible to
identify the outlier the average was calculated over the three replicates. If <1%, the
average was calculated over the three replicates. The average absorbance of the
standards was then used to construct a standard curve. m and g of the tendency line
(y = mx+q) to the standard curve were extrapolated using Excel (Microsoft, USA) and

protein concentration was calculated with the formula:

Mean Absorbance—m
q

Protein concentration (ug/ul) =

If samples quantified were diluted, the calculated protein concentration was

multiplied by the dilution factor.

2.11.3 Protein electrophoresis and immunoblotting

1.5 mm thick SDS-PAGE hand cast mini gels were prepared and run using the Mini-
Protean Tetra system (BioRad, USA). Depending on the size of the protein of interest,
resolving gels at 8%, 10% or 12% of acrylamide (40% acrylamide/bis solution, 37 5:1,
BioRad, USA) concentration were prepared while a 4% acrylamide stacking gel was

always used.
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Equal quantities of protein were loaded onto the gel alongside a protein molecular
weight marker (Precision Plus Protein Dual Color Standard, cat. 1610374, BioRad,
USA). Protein electrophoresis was carried out in 1x running buffer (25 mM Tris, 192
mM glycine, 0.1% SDS, pH 8.3, cat. 1610732, BioRad, USA) at 100V for 2 hours.
Proteins were transferred to 0.45 um nitrocellulose membranes (BioRad, USA) by wet
electroblotting in 1x transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol, pH
8.3, cat. 1610734, BioRad, USA) at 85 V for 2 hours or at 35 V overnight.

At the end of the transfer, membranes were firstly washed four times in double
distilled water and subsequently stained for total protein using the Revert 700 Total
Protein Staining kit (cat. 926-11016, Li-Cor, USA) as per manufacturer instruction.
Membranes were then imaged at the Odyssey (Li-Cor, USA) scanner at 1.5 of
intensity. Subsequently, membranes were de-stained using the de-staining solution
and washed twice with 1x Tris Buffered Saline (TBS) (cat. 1706435, BioRad, USA) +
0.1% Tween-20 (cat. 1706531, BioRad, USA) before applying the blocking solution for
1 hour with gentle rocking. Blocking solutions used for each antibody are reported in
Table 2-15. Primary antibodies, diluted as described in Table 2-15, were incubated
overnight at 4°C with gentle rocking. The following day, membranes were washed
three times for 10 minutes with 1x TBS (BioRad, USA)+ 0.1% Tween-20 (BioRad, USA)
and then incubated with the secondary antibody (Table 2-16) diluted 1:10000 in the
appropriate blocking solution for 1 hour at room temperature with rocking. The
blocking solution used for the dilution of the secondary antibody matched the one
used for the primary antibody.

It was observed that the use of the Intercept Li-Cor TBS blocking solution (cat. 927-
60001, Li-Cor, USA) or 5% milk blocking (BioRad, USA) produced the same quality of
staining.

Membranes were then washed three times for 10 minutes with rocking followed by
several washes in 1x TBS (BioRad, USA) and scanned at the Odyssey (Li-Cor, USA)
scanner at appropriate scanning intensity.

If necessary, membranes were stripped and re-probed. For this procedure,

membranes were washed in double distilled water, incubated for 10 minutes with 1x
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stripping solution (Millipore, DE) and then washed several times in double distilled

water and one time in 1x TBS (BioRad, USA) + 0.1% Tween-20 (BioRad, USA) before

applying the blocking solution.

Table 2-15. Inmunoblotting primary antibodies.

Antibody Origin Dilution Blocking Reference

. . 5% Milk or Li-Cor TBS  ThermoFisher
Anti-SYNGAPL  Rabbit  1:2000 Blocking Scientific, PA1046

. . . ThermoFisher
Anti-PSD95 Mouse 1:2000 Li-Cor TBS Blocking Scientific, MA1045
Anti-FLAG Mouse 1:1500 Li-Cor TBS Blocking Millipore, F1804

o/ N y
Anti-Myc Rabbit 1:750 -0 MilkorLi-CorTBS ) o 9106
Blocking

Anti-Histone3  Rabbit 1:10000 Li-Cor TBS Blocking Abcam, 97968
Anti-GAPDH Mouse 1:5000 Li-Cor TBS Blocking Abcam, 9484

Table 2-16. Immunoblotting secondary antibodies.

Species reactivity

Conjugated fluorophore

Reference

Anti-Mouse
Anti-Mouse
Anti-Rabbit
Anti-Rabbit

680
800
680
800

Li-Cor, 926-32212
Li-Cor, 926-68062
Li-Cor, 926-32213
Li-Cor, 926-68073

2.11.4 Analysis

Immunoblots images were analysed using the Image Studio software (v5.2, Li-Cor).

Total protein staining was used as loading control and for normalisation of the band

signal. The background signal was averaged using the top/bottom option.

For the total protein staining, a rectangular shape was drawn vertically across the

entire length of each lane, sufficiently long to include part of the background on both

the upper and lower end of each lane.

For the bands relative to the proteins of interest, a box was drawn around the band,

sufficiently large to include part of the background.
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Quantification was carried out using Excel (Microsoft, USA). The signal from the
protein of interest was first divided by the total protein signal of the respective lane.
Each sample normalised signal was subsequently normalised over the average
normalised signal of each gel. The gel normalised signal of each sample was then
normalised to the average of control sample values to obtain fold-change values of
the relative intensity. In Chapters 5 and 6 SYNGAP1 signal was normalised to the
average signal of the vehicle control while the signal derived from the fusion peptides
(Myc or FLAG) was normalised to the average signal of the higher viral vector-treated
(1E11 vg/mouse). In Appendix C.1 signal was normalised to the average of the input

fraction.

2.12 AAV9 PROTEIN CAPSID ANALYSIS

For this experiment, 1 mm thick 8% acrylamide gel was used. The gel preparation and
electrophoresis method is described in Section 2.11.3.

Viral samples were prepared by mixing 5 ul of viral vector stock, 7 pl of 1x PBS (Gibco,
ThermoFisher Scientific, USA) and 4 pl of 4x Laemmli buffer and incubated at 90°C for
2 minutes. 16 ul of the sample were then loaded alongside the molecular weight
marker Precision Plus Protein Dual Color Standard (cat. 1610374, BioRad, USA).

At the end of the electrophoresis run, the gel was removed from the glass plate,
washed two times in double distilled water and then incubated at room temperature
for 15 minutes with InstantBlue Coomassie stain (cat. ab119211, Abcam, UK). The gel
was then rinsed in double distilled water and the gel image was acquired with a

camera.
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2.13 VIRAL VECTOR BIODISTRIBUTION ANALYSIS

2.13.1 DNA isolation

DNA was isolated from 4% PFA transcardially perfused mice. The cortex,
hippocampus, thalamus, striatum, and cerebellum were collected from the right
hemisphere of each brain by microdissection in 1.5 ml tubes. 180 pl of buffer ATL and
20 pl of proteinase K were added to each sample, mixed using a vortex and incubated
at 56°C on a heat block overnight. The following day, samples were first incubated
for 1 hour at 90°C and then DNA was isolated using the Blood and Tissue extraction
kit (QIAGEN, DE) following the manufacturer’s instructions. DNA was eluted in 100 pl
of nuclease free water (QIAGEN, DE) and stored at -20°C.

2.13.2 qPCR

To evaluate viral vector biodistribution, the absolute quantification with standard
curve method was used. Viral vector copies per sample were calculated as absolute
number of viral vector DNA relative to the absolute number of diploid genomes,
calculated as the number of Actb (Actin) gene copies divided by 2, in the same

sample.

Standard curves were created using a 10-fold serial dilution of a standard containing
a known number of target DNA copies. Two standards were used: the plasmid
containing the therapeutic cassette, for the quantification of the viral vector genome
and a gene fragment (gBlock, Integrated DNA Technologies, USA) containing a

portion of the murine Actb gene.

DNA copy number in each standard sample was determined based on the standard

sample concentration and the size of the fragment using the formula:

DNA cocentration (ng/ul)x Avogadros's number

Number of copies = . ,
DNA sequence length (bp) X ng conversion factor X bp weight (Da)
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Where:
Avogadro’s number = 6.022 x 1023
ng conversion factor = 1x10°

average base pair (bp) weight = 650 Da

Reactions were carried out in MicroAmp Fast Optical 96-Well Reaction Plate (cat.
4346906, Applied Biosystem, ThermoFisher Scientific, USA) using the StepOnePlus
Real-Time PCR System (Applied Biosystem, ThermoFisher Scientific, USA). Reactions
were prepared as described in Table 2-17 while primers and their reaction
concentrations are reported in Table 2-18. Cycling conditions are reported in Table

2-19.

Table 2-17. qPCR reaction.

Component Volume
Perfecta SYBR Green ROX (Quanta Bio) 10 ul
Primer mix 1.2 pl
DNA 2 ul
H20 To 18 pl

Table 2-18. Primers for qPCR.
Primer* Sequence 5’-3’ Fragment size  Final concentration

mAct_F AGCCATGTACGTAGCCATCC

228 b 600 nM
mAct R CTCTCAGCTGTGGTGGTGAA P n
qleT F1  GTTAGGGCGGAGCCAATC
1 M
qleT R1  AGAACCGCGACCCAAATC >0 bp 300n
SYN.F2  GGAGGAGTCGTGTCGTG
aor_ 111 bp 300 nM

qSYN_R2 TGTCATCGTCATCCTTGTAATC
*F indicates forward primer, R reverse primer.

100



Table 2-19. qPCR cycling condition

Step Temperature Time
Initial Denaturation 95°C 10 minutes
X40
Denaturation 95°C 15 seconds
Annealing 60°C 30 seconds
Extension 60°C 30 seconds
Melt Curve

95°C 15 seconds

Dissociation 60°C (+0.3°C to 95°C) 1 minute
95°C 15 seconds

2.13.3 Quantification

Data were extracted from the StepOnePlus Real-Time PCR System and analysed using
Excel (Microsoft). Firstly, the percent coefficient of variance was calculated over cycle
threshold (Ct) values triplicate for each sample using the formula
=STDEV(Ct)/AVERAGE(Ct), and outlier removed as described in Section 2.11.2. The
average of the replicates for the standard curve was used to calculate the R?
goodness-to-fit value (acceptable values are between 0.98 and 1).

The slope of the standard curve was calculated using the SLOPE function as
SLOPE(logio of the DNA copies, Ct values observed). Similarly, the standard curve
intercept was calculated as INTERCEPT(logio of the DNA copies, Ct values observed).
The slope was then used to calculate the efficiency of amplification (Eamp) and the

percent efficiency of amplification (Eamp%) as:

1- Eavp = 10(_ W) or Eamp%= (Eamp-1)x100

For an accurate quantification, Eamp needs to be between 1.9 and 2.10, values above
and below could lead to a decreased sensitivity and an increased chance of a false

positive.

DNA copies/pl of the “unknown samples” were then calculated as:

2- DNA copies/reaction = E ppp!intercept-Ct)
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DNA copies/reaction
2

3- DNA copies/pul of sample =

Copies of vector genome per diploid genome were calculated as:

Absolute copies of viral vector
Absolute copies of Actb/2

4- Vector genome per diploid genome =

2.14 mRNA LEVEL ANALYSIS

2.14.1 RNA isolation

Animals were sacrificed by cervical dislocation, and the brain was removed. RNA was
isolated from dissected hippocampi collected in prefilled 2 ml bead mill tubes
(ThermoFisher Scientific, USA), flash-frozen on dry ice and stored at -80°C. RNA
isolation was performed using RNeasy Mini kit (cat. 74104, QIAGEN, DE).

30 mg of tissue were homogenised for 20 seconds using the Bead Mill 24
(Fisherbrand, ThermoFisher Scientific, USA) in buffer RTL + PB-mercaptoethanol
(Sigma, USA). Subsequently, the homogenised tissue was transferred to RNeasy spin
column, and samples were treated as per manufacturer’s instructions. On-column
DNase digestion was performed. Purified RNA was eluted in 40 pul nuclease free water

and stored at -80°C.

2.14.2 Reverse transcription-PCR (RT-PCR)

600 ng of RNA were used for the retro transcription. RNA samples were treated with
DNase to eliminate DNA contamination using RQ1 DNase digestion kit (cat. M6101,
Promega, UK). DNase reaction was set up as in Table 2-20 and incubated for 30

minutes at 37°C.
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Table 2-20. DNase reaction mix.

Component Volume*
RNA X ul (600 ng)**
10x reaction buffer 2 ul
DNase 2ul
H20 To 20 pl

*Volumes refer per sample.
** Sample volumes. Volumes vary depending on samples concentration.

Subsequently, 2 ul of RQ1 DNase stop were added and the reaction was incubated at
65°C for 10 minutes followed by 1 minute on ice. Two separate reactions were set up
using the treated RNA, +Reverse Transcriptase (RT) and -RT (in presence or absence
of RT) as described in Table 2-21. After mixing, the solutions were incubated for 5

minutes at 65°C and then 1 minute on ice.

Table 2-21. Random hexamers reaction mix.

Component Volume*
+RT -RT
RNA 10 Wl 10 pl
dNTP 1l 1l
Random hexamers (10 uM) (Integrated DNA 2.8 ul 2.8 ul
Technologies)
H20 To 13 pl To 13 pl

*Volumes refer per sample.

Reverse transcription reactions mixtures were prepared as described in Table 2-22
and cDNA synthesis was carried out using the cycling condition reported in Table

2-23. cDNA samples were stored at -20°C.
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Table 2-22. RT reaction mix.

Component Volume*

+RT -RT
RNA solution 13 pl 13 pl
0.1M DTT (ThermoFisher Scientific) 1l 1l
First-strand buffer (ThermoFisher Scientific) 4 ul 4 ul
RNase OUT (ThermoFisher Scientific) 1l -
Superscript Il (ThermoFisher Scientific) 1l -
H20 - 2 ul

*Volumes refer per sample.

Table 2-23. RT cycling conditions.

Temperature Duration
25°C 5 minutes
50°C 60 minutes
70°C 15 minutes
4°C Infinite

2.14.3 gPCR

SYNGAP1/Syngapl mRNA molecules were evaluated using absolute quantification
with the standard curve method. Standard curves were constructed following the

same procedure presented for the gPCR reported in Section 2.13.2.

Three separate reactions were set up to amplify a fragment specific for the mouse
Syngap1 transcript, for the vector-derived SYNGAP1 mRNA and for the endogenous
Actb mRNA. The primers used are reported in Table 2-24. Mouse_F2 refers to the
forward primer used for the amplification of the mouse endogenous transcript, while
Vector_F2 is used for the amplification of the vector-derived mRNA. Primer Pan_R1
indicates the reverse primer able to anneal to both the endogenous and exogenous
mRNA and was used in combination with the specific forward primer (Figure S-20).
Reactions were carried out in MicroAmp Fast Optical 96-Well Reaction Plate (Applied

Biosystem, ThermoFisher Scientific, USA) using the StepOnePlus Real-Time PCR
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System (Applied Biosystem, ThermoFisher Scientific, USA). The reaction mix is

reported in Table 2-17 while cycling conditions are reported in Table 2-19.

Table 2-24. qRT-PCR primers.

Primer* Sequence 5’-3’ Fragment size  Final concentration
Vector_F2 CCACCTCTAAGCCTAGAAGC 300 nM
Mouse_F2 CCACCTCCAAGCCCCGCTCG 76 bp 600 nM
Pan_R1 GCAGGCAGGTTGTTAAACTC 300/600 nM

mAct_F AGCCATGTACGTAGCCATCC
mAct_R CTCTCAGCTGTGGTGGTGAA
*F indicates forward primer, R reverse primer.

228 bp 300 nM

2.14.4 Quantification

Extrapolation of transcript copies was carried out as described in Section 2.13.3 up to
point 3. The absolute number of SYNGAP1 and Syngapl mRNA molecules were
normalised to the internal control Actb, indicated in the text and figures as
SYNGAP1/Actb and Syngapl/Actb. Subsequent normalisations are specified in the

text.

2.15 STATISTICS

Statistical analysis was carried out using GraphPad software PRISM 9. Parametric
testes (two-tailed Student’s t-test, One-way ANOVA and Two-way ANOVA and
repeated measures counterpart) or non-parametric tests (two-tailed Mann-Whitney,
Kruskal-Wallis and Log-rank test) were used based on the nature of the data. The test
used for each comparison and multiple comparison tests are specified in the text.
For parametric tests, normality was assumed but not tested while equal variance was
not assumed, and Welch’s correction was used.

To define statistical significance p < 0.05 was used.

No power calculation was performed to determine samples sizes. The n used was

based on previous published works.
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Treatments were assigned pseudo-randomly to the first litter of each breeding pair,

if any other litter from a previously used breeding pair was needed, a treatment

different from the first one was delivered.

Experimenter was blind to genotype and treatment.
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CHAPTER 3: DEFINITION OF A ROBUST BEHAVIOURAL BASELINE

3.1 INTRODUCTION

From its discovery in 1998 by Kim et al. (Kim et al., 1998) to the identification of the
first patient carrying a pathogenic mutation (Hamdan et al., 2009) to now, SYNGAP1
has been widely studied. Several constitutive knockouts (Kim et al., 2003; Komiyama
et al., 2002; Vazquez et al., 2004) and conditional knockout/rescue (Clement et al.,
2012; Knuesel et al.,, 2005; Muhia et al., 2012) mouse models have been
independently created to study gene and protein function and its role in the
pathophysiology of the disease. Although they were all generated on the same
C57BI6/) background they differ in the targeting cassette used. Moreover, as in the
case of Guo et al. (Guo et al., 2009), they have been separately backcrossed on

different strains, such as 129sv/ev, to circumvent breeding issues (Table 1-1).

Although all the developed lines have been extensively characterised, in most cases,
each study focused on a specific age of testing and across studies a wide range was
considered. The youngest was at PND16 (Verma et al., 2022) while the oldest was
>50 weeks old (Nakajima et al., 2019). Only two studies conducted an extensive
phenotypic characterisation, Muhia et al. (Muhia et al., 2010) used Syngap1*- mice
generated by Vazquez et al. (Vazquez et al., 2004) and Nakajima et al. (Nakajima et
al., 2019) used the Syngap1* mice generated by Komiyama et al. (Komiyama et al.,
2002).

It is widely known that genetic background, as well as different ages of testing, can
affect behavioural output (Crawley et al., 1997; Montagutelli, 2000; Wolfer et al.,
2002). Moreover, there is an intrinsic variability associated with behavioural
assessment due to the experimenter, breeding strategy, facility environment, and
testing room conditions which also makes replicating behavioural data more

challenging.
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For all of these reasons, | evaluated the robustness of previously published results to
set the baseline for the work presented in this thesis. Among the many available tests,
| chose multiple paradigms of short length that offered the chance to automate the
analysis. | also decided to extend the behavioural testing to include paradigms not

previously used to phenotype Syngapl*/ mice.

3.2 AIM

The work presented in this chapter aimed to design and optimise a robust battery of
behavioural tests in a mouse model of SYNGAP1 haploinsufficiency-associated
disorder to be used as endpoints to evaluate the efficacy of the gene therapy
products. To this end, wild-type and Syngapl* mice were tested in a series of
behavioural phenotyping tests to establish the baseline consequences of Syngapl

haploinsufficiency in my Syngap1*- mice colony.

3.3 STUDY PLAN

Detailed methodology for each test used has been presented in Chapter 2. Briefly,
cohorts of wild-type and Syngap1*- male mice were tested with the open field,
elevated plus maze, T-maze, marble burying and nest building tests, in this order, at
three different developmental stages: 4, 7 and 11 weeks of age in a longitudinal
study. Due to the breeding difficulties encountered with the Syngap1 colony, not all
the Syngap1*- and wild-type mice included in the analysis were generated and tested
in a single large experiment. To reach the desired n for each group, animals were
divided in cohorts and recruitment spanned over three months.

A portion of the animals entered the study at the beginning (4 weeks of age) while a
second group of mice begun the study at 7 weeks of age. The genotype effect at each

time point was evaluated by pooling the animals that were tested at the same age,
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while to evaluate the effect of re-exposure, only animals that were tested at both 7
and 11 weeks of age were included in the analysis.

Two additional cohorts of animals were tested using, in this order, the visual cliff and
platform departure tests at 7 and at 15 weeks of age in a cross-sectional study. As
above, due to the breeding difficulties not all the Syngap1*- and wild-type mice
included in the analysis were generated and tested in a single large experiment. To
reach the desired n for each group, animals were divided in cohorts and recruitment

spanned over three months.

The rationale for repeating the tests at different ages was to evaluate the robustness
of each behaviour across time in a longitudinal study. For gene therapy studies, it is
of pivotal to evaluate treatment effects across time. For example, tolerability issues
associated with the treatment can develop later. For this reason, it was crucial to test
for behavioural abnormalities that are consistently present throughout the lifespan

of the animal.

3.4 RESULTS

3.4.1 General conditions

Although reduced brain size, associated with smaller volumes of single brain areas,
has been recorded in Syngapl* mice, the difference in body weight between
genotypes had not been investigated before (Kilinc et al., 2018). Therefore, the
developmental body weight trajectory was investigated in our colony. The growth
chart in Figure 3-1 shows body weights in relation to age for both wild-type and
Syngap1*- mice. Across the 9 weeks considered (from 3 weeks to 12 weeks of age)
Syngapl*- mice did not display a significantly lower body weight compared to wild-
type littermates, except at 10 weeks of age (Figure 3-1; Mixed Effects Model;
genotype x age F(9, 230=1.782 p=0.0714, Age F(1.829, 5689)=597 p<0.0001, genotype F3,
35=6.530 p=0.0151; Siddk multiple comparison results are reported in Table S-1).
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Figure 3-1. Syngap1*/- and wild-type mice showed a comparable body weight across
development.

Growth curve of Syngapl* and wild-type (WT) mice. Animals have been weighed
weekly starting from the third week of age until 12 weeks old. Mixed Effects Model,
data presented as mean + standard error of the mean (SEM). * p<0.05.

3.4.2 Open Field

Hyperactivity is a well-established phenotype in Syngapl*” mice, replicated by
several groups independently (Berryer et al., 2016; Guo et al., 2009; Muhia et al.,
2009, 2010; Nakajima et al., 2019).

To investigate the locomotor activity, wild-type and Syngap1*- mice were tested
using the open field test. Three parameters were investigated: distance travelled in
20 minutes, to evaluate hyperactivity, distance travelled in each 5 minutes time bin,
to evaluate habituation to the arena, and percentage of time spent in the periphery

of the arena, to evaluate anxiety.

The increased horizontal activity was observed in Syngap1*/ mice as early as 4 weeks
of age (Figure 3-2a; two-tailed Student t-test with Welch’s correction, mean + SEM;
wild-type n=9, 7138 + 614.6; Syngap1*- n=8, 10361 + 613.4; t(14.94=3.711, p=0.0210).
Distance travelled by Syngap1*- mice was higher than distance travelled by wild-type
littermates at each time bin but both genotypes showed partial habituation to the

arena (Figure 3-2b; Repeated Measure (RM) Two-way ANOVA, wild-type n=9,
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Syngapl*- n=8, genotype x time F3, 45=0.6356 p=0.5960, time F(2.079, 31.10=45.06
p<0.0001, genotype F(1, 15=17.28 p=0.0013; multiple comparisons results are
reported in Table S-2). Although 20 minutes is a short time to observe complete
habituation to the environment, this measure is indicative of the fact that the
increased distance travelled observed in the Syngap1*-mice was not associated with
a lack of habituation but with an overall increased locomotion. Syngap1*- mice also
presented a reduced preference for the periphery of the arena (Figure 3-2c; two-
tailed Mann-Whitney test, median(95% Confidence Interval (Cl)); wild-type n=9,
65.54 (54.22 to 70.76) %; Syngap1*- n=8, 46.76(39.90 to 56.58) %; U=13, p=0.0274)
that could be interpreted as reduced anxiety, as described for the elevated plus maze

test (Guo et al., 2009; Muhia et al., 2010; Nakajima et al., 2019).
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Figure 3-2. At 4 weeks of age Syngapl*/- mice presented increased locomotor
activity and increased preference for the peripheral area of the arena.

Total distance travelled in 20 minutes (a) and distance travelled in four intervals of 5
minutes each (b) for Syngap1*- and wild-type (WT) mice in the open field at 4 weeks
of age. Stars (*) above each bin represent the results of multiple comparison tests
between genotypes. Each data point represents the mean distance travelled over the
preceding 5 minutes. The percentage of time in the periphery (c) was also measured
for both genotypes at 4 weeks of age. Circles and squares represent single animals.
Numbers within the bars represent the n of each group.

a) Two-tailed Student t-test with Welch’s correction, data presented as mean + SEM.
b) RM Two-way ANOVA with Sidak multiple comparison test for genotype effect, data
presented as mean + SEM. c) Two-tailed Mann-Whitney test, data presented as
median and 95% CI. * p<0.05, ** p<0.01.

The significant difference in horizontal activity between genotypes was observed also
at 7 weeks of age with Syngap1*- mice showing increased horizontal activity
compared to wild-type controls (Figure 3-3a; two-tailed Student t-test with Welch’s
correction, mean * SEM; wild-type n=14, 6989 + 386.6 cm; Syngap1*- n=15, 12956 +
600.6 cm; t(23.63)=7.084, p<0.0001). Habituation to the arena was again similar in the
two genotypes (Figure 3-3b; RM Two-way ANOVA; wild-type n=14, 6989 + 386.6;
Syngapl*- n=15; genotype x time F@, 81)=0.2918 p=0.8312, time F(1.3s6, 36.60=10.57
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p=0.0010, genotype F(1, 27=42.27 p<0.0001; multiple comparisons results are
reported in Table S-3). For what concern time spent in the periphery, wild-type and
Syngap1*~ mice showed comparable behaviour (Figure 3-3c; two-tailed Mann—
Whitney test, median(95% Cl); wild-type n=14, 57.87(50.17 to 62.70) %; Syngap1*"
n=15, 48.78(45.18 to 53.90) %; U=62, p=0.0630).
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Figure 3-3. At 7 weeks of age, Syngap1*/- mice displayed increased locomotion.
Total distance travelled in 20 minutes (a) and distance travelled in four intervals of 5
minutes each (b) for Syngap1* and wild-type (WT) mice in the open field at 7 weeks
of age. Stars (*) above each bin represent the results of multiple comparison tests
between genotypes. Each data point represents the mean distance travelled over the
preceding 5 minutes. The percentage of time in the periphery (c) was also measured
for both genotypes at 7 weeks of age. Circles and squares represent single animals.
Numbers within the bars represent the n of each group.

a) Two-tailed Student t-test with Welch’s correction, data presented as mean + SEM.
b) RM Two-way ANOVA with Sidak multiple comparison test for genotype effect, data
presented as mean * SEM. c) Two-tailed Mann-Whitney test, data presented as
median and 95% CI. **** p<0.0001.
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Analysis of horizontal activity showed that hyperactivity was also observed at 11
weeks of age (Figure 3-4a; two-tailed Student t-test with Welch’s correction, mean +
SEM; wild-type n=14, 6000 + 284.8 cm; Syngapl*- n=15, 13671 + 744.5 cm;
t(17.08)=9,624, p<0.0001). Syngap1*/- mice did not show a preference for the centre of
the arena compared to wild-type littermates (Figure 3-4c; two-tailed Mann—Whitney
test, median(95% Cl); wild-type n=14, 53.24(41.30 to 62.36) %; Syngap1*- n=15,
47.73(40.96 to 49.06) %; U= 69, p=0.01225).

At 11 weeks of age, distance travelled over time remained constant across bins for
both genotypes (Figure 3-4b; RM Two-way ANOVA; wild-type n=14, Syngap1*- n=15,
genotype x time F3, 81)=1.046 p=0.3770, time F(2.631, 71.02=1.472 p=0.2326, genotype

F(1,27=87.73 p<0.0001; Sidak multiple comparisons results are reported in Table S-4).
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Figure 3-4. At 11 weeks of age, Syngap1*/- mice displayed increased locomotion.
Total distance travelled in 20 minutes (a) and distance travelled in four intervals of 5
minutes each (b) for Syngap1*- and wild-type (WT) mice in the open field at 11 weeks
of age. Stars (*) above each bin represent the results of multiple comparison tests
between genotypes. Each data point represents the mean distance travelled over the
preceding 5 minutes. The percentage of time in the periphery (c) was also measured
for both genotypes at 11 weeks of age. Circles and squares represent single animals.
Numbers within the bars represent the n of each group.

a) Two-tailed Student t-test with Welch’s correction, data presented as mean + SEM.
b) RM Two-way ANOVA with Sidak multiple comparison test for genotype effect, data
presented as mean = SEM. c) Two-tailed Mann-Whitney test, data presented as
median and 95% CI. **** p<0.0001

It is possible that the difference in habituation observed across ages was associated
with overall habituation to the arena due to re-exposure.

To test this, | compared the distance travelled at 7 and 11 weeks of age. No difference
was observed for both wild-type and Syngapl*- mice (Figure 3-5; RM Two-way
ANOVA, wild-type n=14, 7 weeks 6989 + 386.6 cm, 11 weeks 6000 + 284.8 cm.
Syngapl*- n=15, 7 weeks 12056 + 600.6 cm, 11 weeks 13671 + 744.5 cm; genotype x
time F(2, 27=3.823 p=0.0610, time F(1, 27)=0.2213 p=0.6418, genotype F(1, 27)=261.7

p<0.0001; Sidak multiple comparisons test results are reported in Table S-5). For this
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comparison, only 7 and 11 weeks have been used as these groups contain matching
individuals. It is important to note that some mice were exposed to the test also at 4

weeks of age.
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Figure 3-5. No habituation to the open field test was observed for both genotypes
Distance travelled in the open field by wild-type (WT) and Syngap1*/- mice at 7 and
11 weeks of age. Circles and squares represent single animals, black horizontal bars
represent the mean. Wild-type n=14, Syngap1*/- n=15.

RM Two-way ANOVA. **** p<0.0001.

3.4.3 Elevated Plus Maze

Mice, and rodents in general, tend to spend more time in dark enclosed areas
compared to open spaces and prefer contact with boundary walls. An increase in time
spent away from the boundary walls or enclosed spaces in favour of open spaces can
be interpreted as a reduction of anxiety and a test widely used to evaluate anxiety-
related behaviours is the elevated plus maze test (Lister, 1987). For this test, mice are
placed in a maze composed of two open arms, with no boundary walls, and two
closed arms, with boundary walls, placed perpendicularly forming a plus sign. It is

considered reduced anxiety when mice spend more time in open arms.

Anxiety disorders have been described in SYNGAP1 patients (Klitten et al., 2011),

while reduction of anxiety has been extensively described in Syngap1*/- mice (Berryer
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etal., 2016; Clement et al., 2012; Guo et al., 2009; Nakajima et al., 2019) suggesting

the possibility of a species-conserved phenotype.

For this study, time spent in the open arms and distance travelled in the given time
were assessed. These parameters were then correlated to evaluate the effect of
hyperactivity on this phenotype. As defined in Chapter 2, mice that jumped from the
maze were excluded from the analysis. Two Syngapl*- mice jumped at 7 weeks and

two at 11 weeks.

At 4 weeks of age Syngap1*-mice displayed increased locomotor activity in the maze,
in accordance with the open field test result (Figure 3-6a; two-tailed Student t-test
with Welch correction, mean + SEM; wild-type n=9, 1727 + 55.98 cm; Syngap1*- n=8,
2377 +210.4 cm; t(7.991)=2.986, p=0.0175). Syngapl*/- mice spent less time compared
to wild-type controls in the open arms of the maze suggesting a reduction of anxiety
(Figure 3-6b; two-tailed Mann-Whitney test; median(95% Cl); wild-type n=9,
18.45(14.13 to 35.49) %; Syngapl*” n=8, 39.06(30.46 to 52.37) %; U=12, 95%

p=0.0206).
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Figure 3-6. At 4 weeks of age, Syngap1*/- mice showed increased locomotion activity
and increased time spent in open arms.

Total distance travelled (a) and percentage of time spent in the open arms of the
maze (b) by wild-type (WT) and Syngap1*/- mice at 4 weeks of age. Circles and squares
represent single animals. Numbers within the bars represent the n of each group.

a) Two-tailed Student t-test with Welch correction, data presented as mean + SEM.
b) Two-tailed Mann-Whitney test, data presented as median and 95% CI. * p<0.05.
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It is still not clear whether the phenotype observed during the elevated plus maze is
a direct consequence of the hyperactivity or if it is truly a reduction of anxiety. To
investigate the relationship between distance travelled and time spent in open arms,

| analysed their correlation using the Pearson test.

In Syngap1*- mice, the distance travelled in the maze and the number of entries in
the open arm, both overall increased, were strongly correlated, suggesting that
Syngapl*~ mice were prone to move more over the entire maze instead of moving
only in the open arms (Figure 3-7b; two-tailed Pearson correlation; Syngap1*- n=8,
re=0.8561, p=0.0067). However, the two parameters did not display a strong
correlation in wild-type mice, where it suggested that the overall distance travelled
was more “in arm” rather than “across arms” (Figure 3-7a; two-tailed Pearson

correlation; wild-type n=9, r7=0.4525, p=0.2213).

For both genotypes, the distance travelled showed a weak correlation with the total
time spent in the open arms suggesting that, although Syngap1*- mice cover more
distance across the entire maze, more distance travelled was not always associated
with an increased time in the open arms (Figure 3-7c and d; two-tailed Pearson
correlation; wild-type n=9, r7=0.3745, p=0.3208, Syngapl’~ n=8 r(=0.4307,
p=0.2868). Correlation analysis between the number of entries in the open arms and
the total time spent in the open arms suggested, for Syngap1*- mice, that the number
of entries was not predictive of the amount of time spent in the open arms. The two
parameters were correlated in wild-type controls (Figure 3-7e and f; two-tailed
Pearson correlation; wild-type n=9, r(7=0.6765, p=0.0454; Syngap1* n=8 r5=0.3843,
p=0.3473). The low number of subjects present in both groups could cause an

underestimation or overestimation of the correlation.

All considered, these results suggested that at 4 weeks of age there was no strong

evidence of hyperactivity influence over the time spent in the open arms.

118



o]
(e}

IS
=
1
[=-]
S
1

WT
= Syngap1™”

o n

E £

o o

s a c A ]

§_ 30 ] ag:. 60

£ °* 9 £ - =

- 20 o 404

4 @ =

E e E

3 10- ® & 20-

k] b

S - s 0.

Z 0 T T F O'4525| z 0 T T |r 0.8561 1
1200 1400 1600 1800 2000 1500 2000 2500 3000 3500

Distance (cm) Distance (cm)

N
o

2000 3500 .
e o ]
= 1800 = = 3000
@ O
S 1600 ® 2 2500 D/
8 =
7] 4 C
8 14004 o 8 2000 g B o
1200 , , [=0.3745 1500 : r=0.4307
0 100 200 300 400 100 200 300 400
Time (s) Time (s)
e f
wn - 0 —
g 40 z 80
© ©
3 30+ e o 3 60+ =
& &
£ ) £ =
w 207 o 40 2{/
. . :
3104 @ 3 20-
N (™
[+] [+]
°l = d =
S , : : [=0.6765 S 4 : (=0.3848
0 100 200 300 400 100 200 300 400
Time (s) Time (s)

Figure 3-7. At 4 weeks of age, the length of time spent in the open arms was not
influenced by hyperactivity in Syngap1*/- mice.

Correlation between distance travelled and the number of entries in the open arms
for wild-type (WT) (a) and Syngap1*/- (b) mice. Correlation between distance travelled
and time spent in the open arms for wild-type (c) and Syngap1*- (d) mice. Correlation
between time spent and the number of entries in the open arms for wild-type (e) and
Syngap1*- (f) mice. Circles and squares represent single animals. Mice tested at 4
weeks of age.

Two-tailed Pearson correlation. Wild-type n=8, Syngap1* n=9.

Similar to what was observed during the open field test, at 7 weeks of age Syngap1*/

mice travelled a longer distance in the maze (Figure 3-8a; two-tailed Student t-test

with Welch correction, mean + SEM; wild-type n=14, 2132 + 107.6 cm; Syngap1*/
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n=13, 2122 + 101.1 cm; t(24.99)=4.844, p<0.0001) and spent more time in the open
arms (Figure 3-8b; two-tailed Mann—Whitney test, median(95% Cl); wild-type n=14,
13.84(9.303 to 21.94) %; Syngap1*-n=13, 34.53(28.66 to 44.10) %; U=17, p<0.0001)

compared to wild-type controls.
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Figure 3-8. At 7 weeks of age, Syngap1*/- mice showed increased horizontal activity
and increased time in the open arms.

Total distance travelled (a) and percentage of time spent in the open arms of the
maze (b) by wild-type (WT) and Syngap1*/- mice at 7 weeks of age. Circles and squares
represent single animals. Numbers within the bars represent the n of each group.

a) Two-tailed Student t-test with Welch correction, data presented as mean + SEM.
b) Two-tailed Mann-Whitney test, data presented as median and 95% Cl. ***
p<0.001, **** p<0.0001.

At 7 weeks of age, the analysis of correlations among different parameters detected
suggested that the putative anxiety-like behaviour observed in Syngap1*- mice was
dependent on the level of horizontal activity. The number of entries in the open arms
did correlate with the distance travelled for both the wild-type and Syngap1*" mice
(Figure 3-9a and b, two-tailed Pearson correlation; wild-type n=14, r12=0.5799,
p=0.0297; Syngap1*/- n=13, r(11)=0.6722, p=0.0118). Similar results were observed for
the distance over the total time spent in the open arms for the Syngap1*- mice while
weak evidence of correlation was observed for the wild-type controls (Figure 3-9c¢
and d; two-tailed Pearson correlation; wild-type n=14, r12=0.4083, p=0.1472;
Syngap1*- n=13, r(11=0.6341, p=0.0005). On the other hand, in both genotypes, a

correlation was observed between the number of entries in the open arms and total
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time spent in the open arms (Figure 3-9e and f; two-tailed Pearson correlation; wild-
type n=14, r(12=0.8271, p=0.0454; Syngapl* n=15, r(11=0.8650, p=0.0002), which
suggested that in both groups more entries could be associated to more time spent

in the open arm.
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Figure 3-9. At 7 weeks of age, the length of time spent in the open arms was
influenced by hyperactivity in Syngap1*/- mice.

Correlation between distance travelled and the number of entries in the open arms
for wild-type (WT) (a) and Syngap1*- (b) mice. Correlation between distance travelled
and time spent in the open arms for wild-type (c) and Syngap1*- (d) mice. Correlation
between time spent and the number of entries in the open arms for wild-type (e) and
Syngap1*”- (f) mice. Circles and squares represent single animals. Mice tested at 7
weeks of age.

Two-tailed Pearson correlation. Wild-type n=14, Syngap1*- n=13.
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Syngap1*- mice presented increased locomotion at 11 weeks of age (Figure 3-10a;
two-tailed Student t-test with Welch’s correction, mean + SEM; wild-type n=18, 1692
+134.0 cm; Syngap1*~-n=17,3170 + 135.3 cm; t32.95)=7.765, p<0.0001) and increased
time in open arms (Figure 3-10b; two-tailed Mann—-Whitney test, median(95% Cl);
wild-type n=18, 8.365(6.864 to 13.38) %; Syngap1* n=17, 33.93(28.94 to 41.34) %;
U=4, p<0.0001).
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Figure 3-10. At 11 weeks of age, Syngapl*/- mice showed increased horizontal
activity and increased time in the open arms.

Total distance travelled (a) and percentage of time spent in the open arms of the
maze (b) by wild-type (WT) and Syngap1*- mice at 11 weeks of age. Circles and
squares represent single animals. Numbers within the bars represent the n of each
group.

a) Two-tailed Student t-test with Welch correction, data presented as mean + SEM.
b) Two-tailed Mann-Whitney test, data presented as median and 95% Cl. ****
p<0.0001

Correlation analysis showed that the entries in the open arm were strongly correlated
with distance travelled in wild-type mice (Figure 3-11a; two-tailed Pearson
correlation; wild-type n=18, r(16=0.8635, p<0.0001) as well as in Syngapl*~ mice
(Figure 3-11b; two-tailed Pearson correlation; Syngapl*- n=17, rus=0.7592,
p=0.0004). Wild-type mice showed a correlation for both distance over total time
spent in the open arms (Figure 3-11c; two-tailed Pearson correlation; wild-type n=18,
ri16)=0.8277, p<0.0001) and the number of entries in the open arms over total time
spent in the open arms (Figure 3-11e; two-tailed Pearson correlation; wild-type n=18,

r16=0.8976, p<0.0001). On the other hand, Syngap1*- mice showed a milder
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correlation for the same parameters (Figure 3-11d and f; two-tailed Pearson

correlation; Syngap1*- n=17, (d) rus=0.6463, p=0.0051; (f) r(15=0.6634, p=0.0037).

Except at 7 weeks of age, the correlation between time spent in the open arms and
distance travelled in the given time was similar between wild-type and Syngap1*-
mice suggesting that the result of the test was overall influenced by the mice's
locomotor activity. Locomotor activity in Syngapl* mice at all ages reflects on a
higher number of entries in the open arms. Except at 4 weeks of age, mice that
perform more entries were also the ones that spent more time in the open arms,
suggesting a higher activity in between equivalent arms (close to close or open to
open), and this seemed to be present in the wild-type as much as in the Syngap1*"

mice.

Overall, it is not possible to exclude that the amount of time spent in the open arms
is influenced by the level of activity in the maze, but results suggest that this is true

for wild-type as well.
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Figure 3-11. At 11 weeks of age, the length of time spent in the open arms was
mildly influenced by hyperactivity in Syngap1*/- mice.

Correlation between distance travelled and the number of entries in the open arms
for wild-type (WT) (a) and Syngap1*/- (b) mice. Correlation between distance travelled
and time spent in the open arms for wild-type (c) and Syngap1*/- (d) mice. Correlation
between time spent and the number of entries in the open arms for wild-type (e) and
Syngap1*/- (f) mice. Circles and squares represent single animals. Mice tested at 11
weeks of age.

Two-tailed Pearson correlation. Wild-type n=18, Syngap1*- n=17.

Opposite of what was observed in the open field, wild-type mice showed habituation
to the elevated plus maze while Syngap1* mice maintained a constant behaviour
across exposures (Figure 3-12; RM Two-way ANOVA, wild-type n=14, 7 weeks 15.62
+2.92 %, 11 weeks 7.28 + 0.96 %; Syngap1*- n=11, 7 weeks 33.61 + 3.39 %. 11 weeks
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31.45 *+ 2.94 %; genotype x time F(1,23=2.601 p=0.1204, time F(1, 23)=7.448 p=0.0118,
genotype F(1, 23=43.47 p<0.0001; Sidak multiple comparisons results are reported in
Table S-6). For this analysis, mice that were not included in the 7 weeks time point
were excluded from the 11 weeks time point and vice versa, a RM Two-way ANOVA
was performed on the modified data set. Habituation was tested only for the

percentage of time spent in the open arms as this is the core phenotype investigated

by this test.
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Figure 3-12. Wild-type mice showed habituation to the elevated plus maze.
Percentage of time spent in the open arms of the elevated plus maze by wild-type
(WT) and Syngapl1*- mice at 7 and 11 weeks of age. Circles and squares represent
single animals, black horizontal bars represent the median. Wild-type n=14,
Syngapl* n=11.

RM Two-way ANOVA. ** p<0.01, **** p<0.0001.

3.4.4 T-maze

Exploration of the novel over already known elements in the environment is a
common trait in rodents. This intrinsic animal behaviour can be used to evaluate
deficits in different types of memory. In particular, the exploration of a novel part of
the maze, defined as spontaneous alternation, has been used to evaluate working
memory (Dember et al., 1958; Montgomery, 1952). It is considered spontaneous
alternation when untrained mice choose to explore a new part of the maze instead

of a previously explored one.
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Previous work showed that Syngapl*- mice present a working memory deficit
(Berryeretal., 2016; Guo et al., 2009; Muhia et al., 2010) as they tend to not alternate

the goal arm of a T-maze in consecutive trials.

In this work, | aimed to replicate previously published data by Berryer et al. (Berryer
et al., 2016). Briefly, mice were tested on three consecutive days, each day was
composed of two trials. During the first trial, mice choose to enter one of the two
goal arms, after the inter-trial period mice were exposed to the maze again and it was
considered a spontaneous alternation if the unexplored arm was chosen. For this test

no reinforcement was used.

Juvenile Syngap1*- mice did not present impairments in the ability to alternate
between the known and novel arm of the maze (Figure 3-13a; two-tailed Mann-
Whitney test, median(95% Cl); wild-type n=9, 67.00(50.34 to 90.55) %; Syngapl*"
n=8, 67.00(62.48 to 88.02) %; U=33, p=0.9506). At 7 weeks of age, although a
percentage of Syngap1*/ mice higher than wild-type fail to alternate across the three
days of testing, the two groups presented an overall similar behaviour in the maze
(Figure 3-13b; two-tailed Mann-Whitney test, median(95% Cl); wild-type n=18,
67.00(52.97 to 84.14) %; Syngapl”- n=19, 67.00(32.03 to 69.76) %; U=127,
p=0.1727). When mice were tested at 11 weeks of age, the median of Syngap1*/ mice
able to perform a correct spontaneous alternation was reduced compared to wild-
type mice but the difference was not significant (Figure 3-13c; two-tailed Mann-
Whitney test, median(95% Cl); wild-type n=18, 67.00(43.67 to 71.22) %; Syngap1*”
n=19, 33(30.97 to 63.77) %; U=141.5, p=0.3633).

The findings described here are in contrast with previously published data. The mice

tested with this paradigm did not show an overall impairment in working memory.
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Figure 3-13. Syngap1*/- mice did not show differences in working memory compared
to wild-type controls.

Percentage of alteration events of wild-type (WT) and Syngap1*/- mice at 4 weeks of
age (a), 7 weeks of age (b) and 11 weeks of age (c). Circles and squares represent
single animals. Numbers within the bars represent the n of each group.

Two-tailed Mann-Whitney test, data presented as median and 95% ClI.

3.4.5 Marble burying

An aspect of Syngapl* mice behaviour not previously explored is repetitive
behaviour. A common sign of repetitive behaviour is increased self-grooming, which
usually manifests with bald patches on the animal. Although in our colony mice

occasionally presented a patch of absent fur, this was not particular to the Syngap1*-

genotype.

Marble burying is a widely used test in which the interaction with the marbles is
guantified based on how many objects have been buried in the bedding after a
defined amount of time. An increased level of burying can be associated with the
presence of repetitive behaviour (Thomas et al., 2009), and this test has been
previously adopted in published works to evaluate the presence of such behaviour in

mouse models of autism (Silverman et al., 2010).

At 4 weeks of age, Syngap1*-mice showed a reduced burying phenotype, with only
2 mice burying one or more marbles out of 10. Wild-type mice tended to interact

more with the marbles, although the number of buried objects resulted low as well
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(Figure 3-14a; two-tailed Mann-Whitney test, median(95% Cl); wild-type n=9, 2(0.64
to 2.92); Syngap1*- n=8, 0.00(-0.25 to 1); U=16.50, p=0.0468).

At 7 and 11 weeks of age, both genotypes interacted more with the marbles
(measured solely by the number of buried marbles) with high intra-group variability.
At 7 weeks, genotypes performed significantly different during the task, with
Syngapl*- mice burying fewer marbles compared to wild-type mice (Figure 3-14b;
two-tailed Mann-Whitney test, median(95% Cl); wild-type n=17, 7.00(4.36 to 7.52);
Syngapl*- n=18, 4.00(1.97 to 5.14); U=79.50, p=0.0136). However, the genotype
difference was not present at 11 weeks with mice of both genotypes burring a similar
number of marbles (Figure 3-14c; two-tailed Mann-Whitney test, median(95% Cl);
wild-type n=18, 7.00(4.14 to 7.52); Syngapl*- n=19, 6.00(3.07 to 6.72); U=144.3,
p=0.4257).

The increased interaction with the marbles in subsequent exposures to the task could
be associated with increased habituation to the setup that would lead to a decreased
cage exploration and to increased attention/interaction with the marbles. Mice at 4
weeks of age were not habituated to the testing cage prior to the exposure to the

marbles and this could explain the observed result.
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Figure 3-14. The marble burying test did not show repetitive behaviour in Syngap1*/
mice.

The number of marbles buried by wild-type (WT) and Syngap1*- mice at 4 weeks of
age (a), 7 weeks of age (b) and 11 weeks of age (c). Circles and squares represent
single animals. Numbers within the bars represent the n of each group.

Two-tailed Mann-Whitney test, data presented as median and 95% Cl. * p<0.05.
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3.4.6 Nest building

As previously discussed in Chapter 1, Syngap1*-mice present a lack of LTP (Kim et al.,
2003; Komiyama et al., 2002; Ozkan et al., 2014) and circuital abnormalities (Clement
et al., 2012; Ozkan et al., 2014) in the hippocampus. Previous work suggested that
dysfunctions in this brain region are linked to the development of hyperactivity (Bast
et al., 2003; Gray et al., 1983) and impairments in the nesting and burrowing ability
(Cunningham et al., 2003). Decreased ability to build complex nests has been widely
described in mouse models of autism (Delorey et al., 2008; El-kordi et al., 2013; Han

etal., 2012; Moretti et al., 2005).

Rodents, like many animals in general, present the innate behaviour to build a nest
using materials found in the environment. For laboratory animals, the complexity and
structure of the nest built using the environmental enrichments present in the cage,
has been used to evaluate mice's well-being and social behaviour (Moretti et al.,
2005). However, as it involves shredding and building, it can also be used to measure

motor functions (Deacon, 2006a).

Mubhia et al. (Muhia et al., 2010) showed that Syngap1*- female mice, but not male,
perform poorly during the rotarod test, with shorter latency to fall. In this published
work, it is unclear if this deficit is the consequence of motor impairments and/or lack
of coordination, or a tendency of the heterozygous mice to jump from the rotating
treadmill. Although this deficit was observed only in female Syngap1*- mice, it was
interesting to evaluate the presence of a motor deficit in our colony. The observed
phenotype may be influenced by hyperactivity, as the rotarod test involves
locomotion and measure motor learning, coordination and balance (Pritchett et al.,
2003). Even though it is difficult to predict how hyperactivity can affect a test in which
locomotion is not part of the measured output, | hypothesised that the nest building
test could be only minimally affected by the increased locomotion present in

Syngap1* mice.
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In this test, a score is assigned to each nest, from 0 (untouched material) to 5 (dome-
like shape) (Chapter 2). An average score lower than that observed in wild-type

controls would suggest motor deficits in the Syngap1*- mice.

At 4 weeks of age, due to the low number of subjects included, the test was likely to
be underpowered therefore no statistical analysis will be presented for this time
point (Figure 3-15a). At 7 weeks of age Syngapl* and wild-type mice behaved
similarly, with an average nest score of ~2 (Figure 3-15b; two-tailed Mann-Whitney
test, median(95% Cl); wild-type n=14, 2.12(1.78 to 2.80); Syngap1*- n=15, 2.00(1.71
to 2.55); U=95, p=0.6681). At 11 weeks of age, the Syngap1* mice nest score was
significantly lower compared to wild-type controls (Figure 3-15c; two-tailed Mann-
Whitney test, median(95% Cl); wild-type n=18, 2.25(2.01 to 2.74); Syngap1*- n=19,
2.00(1.14 to 2.01); U=88.50, p=0.0082).

Overall, although a difference was observed at 11 weeks of age, the absence of a
difference at an earlier time point might suggest that motor functions are not

influenced by genotype.
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Figure 3-15. The nest building test did not identify a strong genotype difference.
Nest of wild-type (WT) and Syngap1* mice at 4 weeks of age (a), 7 weeks of age (b)
and 11 weeks of age (c). Circles and squares represent single animals. Numbers within
the bars represent the n of each group.

Two-tailed Mann-Whitney test result presented as median and 95% Cl. ** p<0.01.

130



3.4.7 Risk-taking behaviour

A decreased sense of risk, such as climbing and jumping from heights, is a
characteristic reported by patients families (Weldon et al., 2018). Interestingly,
ADHD, which is often described in MRD5 patients, has been associated with a

decreased sense of risk and impulsivity (Dekkers et al., 2016).

Risk-taking like behaviour has been recently described in Syngap1*- mice by Kilinc et
al. (Kilinc et al., 2018) by modelling the reduction of fear of heights or reduced
suppression of impulsivity using a platform departure paradigm defined as the cliff
avoidance test. For this test, mice are placed on a high object and allowed to explore
and leave the platform for 10 minutes. It is considered risk-taking behaviour if they

show increased departure compared to wild-type controls.

A possible explanation for this behaviour could be a visual misperception of the drop,
and in this case, an increased number of departures would not be connected to
increased risk-taking behaviour. However, previous work showed that Syngap1*”
mice are able to identify a submerged platform (Morris water maze, Komiyama et al.,
2002) and can perform object recognition tasks (Muhia et al., 2010), suggesting the

absence of vision impairments.

It is important to note that volume reduction in some cortical areas, in particular the
visual cortex, has been described in Syngap1*-mice by Kilinc et al. (Kilinc et al., 2018).
Although Syngap1*- mice are not blind as mentioned before, they might present an
imperfect depth perception.

As depth perception has never been investigated in Syngap1*- mice, | sought to
investigate this using the visual cliff paradigm (Gibson et al., 1960). In parallel, |
investigated if the risk-taking behaviour described by Kilinc et al. (Kilinc et al., 2018)

was reproducible in our colony.

Based on results presented earlier in the chapter, time points for all further tests

were changed to 7 and 15 weeks.
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3.4.7.1 Visual Cliff
The visual cliff, first described by Gibson et al. (Gibson et al., 1960), has been used to
evaluate depth perception in humans and animals. Subjects are placed in an area
composed of a transparent floor under which is placed a patterned floor, usually
checkerboard-like. The arena is then divided into two areas, one where the
transparent floor is placed in direct contact with the patterned floor, here defined as
“shallow”, and one where the patterned floor is placed at 30 cm below the arena
transparent floor, here defined as “deep”, forming the visual cliff. Upon presentation
of the visual cliff, the subject’s behaviour is recorded.
In this paradigm four parameters were recorded:
e total distance travelled in the given time and number of transitions between
the areas, as a measure of hyperactivity.
e time to first in the deep, as a measure of risk-taking behaviour and to assess
depth perception.

e percentage of time spent in the deep, as a measure of anxiety.

The animals tested at 7 and 15 weeks were naive mice with no prior exposure to this

paradigm or any other tests.

As observed in both the open field test and in the elevated plus maze, Syngapl*
mice present a significant increase in distance travelled (Figure 3-16a; two-tailed
Student t-test with Welch’s correction, mean + SEM; wild-type n=17, 1617 £ 161.1;
Syngapl*- n=10, 2682 + 216.0; t(17.95=3.953, p=0.0009) as well as in the number of
transitions between the two areas (Figure 3-16b; two-tailed Student t-test with
Welch’s correction, mean + SEM; wild-type n=17, 18.13 + 2.17; Syngapl*~ n=10,
32.00 + 3.08; t(17.37)=3.678, p=0.0018), indicating that the presence of a cliff did not
limit the activity in both sides of the arena. Although Syngapl*- mice, on average,
spent more time in the deep part of the arena (Figure 3-16c; two-tailed Mann-
Whitney test, median(95% Cl); wild-type n=17, 42.64(36.23 to 47.16); Syngapl*"
n=10, 32.54(26.21 to 39.24); U=33, p=0.0306), the two genotypes appeared to have

a similar response to the presentation of the cliff with a similar time to first in the
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deep (Figure 3-16d; two-tailed Student t-test with Welch’s correction, mean + SEM;
wild-type n=17, 34.37 + 12.61; Syngapl*- n=10, 24.30 *+ 4.71; t(16.41)=0.7481,
p=0.4650). One wild-type subject presented a very high latency to first in the deep
(~180 seconds), compared to the average of the group (~30 seconds), which could be
considered as an outlier. Given the intrinsic variability of behavioural tests, this was

not removed from the analysis.
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Figure 3-16. At 7 weeks of age, Syngap1*/- mice presented a mild preference for the
deep area but time to first in the deep was not affected by the genotype.

Distance travelled after 5 minutes (a), number of transitions between shallow and
deep area (b), percentage of time spent in the deep area (c) and latency to first cross
the border between the shallow and the deep area of the arena (d) by wild-type (WT)
and Syngapl1*- mice at 7 weeks of age. Circles and squares represent single animals.
Numbers within or under the bars represent the n of each group.

a,b,d) Two-tailed Student t-test with Welch correction, data presented as mean +
SEM. c) Two-tailed Mann-Whitney test, data presented as median and 95% Cl.

* p<0.05, ** p<0.01, *** p<0.001.

As discussed before, hyperactivity appears to be the most prominent phenotype in

Syngapl*~ mice. To further investigate how this could potentially influence the
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results of the visual cliff test, the correlation between distance travelled, number of
transitions and time spent in the deep was investigated.

As expected, transitions strongly correlated with the total distance travelled in both
genotypes (Figure 3-17a and b; two-tailed Pearson correlation; wild-type n=17,
r15=0.9513, p<0.0001; Syngap1*/ n=10, rg=0.9808, p<0.0001). In contrast, distance
travelled did not appear to be predictive of the amount of time spent in the deep
area by the wild-type mice (Figure 3-17c; two-tailed Pearson correlation; wild-type
n=17, r15=0.2402, p=0.3530). In Syngap1*/- mice only weak evidence of a correlation
was observed (Figure 3-17d; two-tailed Pearson correlation; Syngapl*” n=10,
rg)=0.4758, p=0.1646). These results did not compose strong enough evidence to
conclude that the phenotype observed during this test was a direct consequence of

the hyperactive phenotype in Syngap1*- mice at this age.
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Figure 3-17. At 7 weeks of age, the length of time spent in the deep area was mildly
affected by hyperactivity in Syngap1*/- mice.

Correlation between distance travelled and number of transitions between areas for
wild-type (WT) (a) and Syngap1*- (b) mice. Correlation between distance travelled
and time spent in the deep area for wild-type (c) and Syngap1*/- (d) mice. Circles and
squares represent single animals. Mice tested at 7 weeks of age.

Two-tailed Pearson correlation. Wild-type n=17, Syngap1*/- n=10.
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Syngapl*- mice tested at 15 weeks of age presented an increased horizontal activity
(Figure 3-18a; two-tailed Student t-test with Welch’s correction, mean + SEM; wild-
type n=17, 1692 + 106.7; Syngap1*/- n=13, 3084 + 208.1; t(18.19=5.951, p<0.0001) and
an increased number of transitions between the areas (Figure 3-18b; two-tailed
Student t-test with Welch correction, mean + SEM; wild-type n=17, 17.35 + 2.89;
Syngapl*- n=13, 35.08 + 1.53; t(1857)=5.413, p<0.0001). Syngap1*/- mice showed also
a preference for the deep area, compared to wild-type controls (Figure 3-18c; two-
tailed Mann—Whitney test, median(95% Cl), wild-type n=17, 25.06(22.55 to 33.72);
Syngapl*~ n=13, 35.19(30.01 to 46.26); U=57, p=0.0249), but there was no
detectable genotype effect in the time to first in the deep area (Figure 3-18d; two-
tailed Student t-test with Welch correction, mean = SEM; wild-type n=17, 25.82 +
4.00; Syngap1*/- n=13, 29.51 % 5.76; t(26.86=0.5261, p=0.6031).

In both genotypes it was observable a strong correlation between the number of
transitions and distance travelled (Figure 3-19a and b; two-tailed Pearson correlation;
wild-type n=17, r15=0.9311, p<0.0001; Syngapl*- n=10, r(11)=0.9030, p<0.0001) but
distance did not show correlation with the total time spent in the deep area of the
arena (Figure 3-19c and d; two-tailed Pearson correlation; wild-type n=17,

r15=0.4418, p=0.0758; Syngap1*/ n=10, r11)=0.3931, p=0.2061).

Overall, these results suggested that Syngap1* mice had a preference for the deep
area, which matched with the observation during the elevated plus maze test,
although the effect size was relatively small for both time points considered
(difference of the mean + SEM; 7 weeks, 9.62 * 3.60; 15 weeks, 10.00 * 4.44). The
correlation study did not present strong enough evidence of a direct effect of the
hyperactive phenotype over the time they spent in the deep area. As for depth

perception, the test did not suggest any difference between genotypes.
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Figure 3-18. Behaviour at 15 weeks recapitulated what was observed at 7 weeks of
age.

Distance travelled after 5 minutes (a), number of transitions between shallow and
deep area (b), percentage of time spent in the deep area (c) and latency to first cross
the border between the shallow and the deep area of the arena (d) by wild-type (WT)
and Syngap1*/ mice at 15 weeks of age. Circles and squares represent single animals.
Numbers within the bars represent the n of each group.

a,b,d) Two-tailed Student t-test with Welch correction, data presented as mean *
SEM. c¢) Two-tailed Mann-Whitney test, data presented as median and 95% ClI.

* p<0.05, **** p<0.0001.
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Figure 3-19. At 15 weeks of age, the length of time spent in the deep area was not
affected by hyperactivity in Syngap1*/- mice.

Correlation between distance travelled and the number of transitions between areas
for wild-type (WT) (a) and Syngap1*/- (b) mice. Correlation between distance travelled
and time spent in the deep area for wild-type (c) and Syngap1*/- (d) mice. Circles and
squares represent single animals. Mice tested at 15 weeks of age.

Two-tailed Pearson correlation. Wild-type n=17, Syngap1* n=13.

3.4.7.2 Platform departure test
Platform departure, or cliff avoidance, test has been previously used to measure
impulsive behaviour in mice (Matsuoka et al., 2005) and more recently to evaluate

risk-taking like behaviour in Syngap1* mice (Kilinc et al., 2018).

As a measure of risk-taking behaviour, two events are recorded: the number of partial
departures, when the mice are looking over the edge of the platform with both
forepaws on the vertical wall; and the number of full departures when the mice leave

the platform with the entire body. The time to the first departure was also recorded.

At 7 weeks of age Syngapl1*- mice showed a significative increase in the number of
partial departures compared to wild-type controls (Figure 3-20a; two-tailed Student

t-test with Welch’s correction, mean + SEM; wild-type n=17, 25.94 + 3.74; Syngap1*-
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n=10, 65.50 * 8.48; t(12.57)=4.266, p=0.0010). While no wild-type mice never
performed a full departure, Syngap1*- mice left the platform multiple times and 50%
did it before 5 minutes (Figure 3-20b; median(95% Cl); wild-type n=17, 0 + 3.17;
Syngapl*-n=10, 9 + 3.17; Figure 3-20c; Log-rank (Mantel-Cox) test, wild-type n=17,
median time to first=undefined; Syngap1*- n=10, median time to first=5.65.
x%1)=13.98, p=0.0002). Due to the absence of variability in the wild-type group in

Figure 3-20, no statistical test was performed on this comparison.
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Figure 3-20. At 7 weeks of age, Syngap1*- mice performed more partial and full
departures compared to wild-type mice.

Number of partial departures (a), full departures from the platform (b) and
percentage of mice remaining on the platform and time to first departure (c)
performed by wild-type (WT) and Syngapl* mice at 7 weeks of age. Circles and
squares represent single animals. Numbers within or under the bars represent the n
of each group.

a) Two-tailed Student t-test with Welch correction, data presented as mean + SEM.
b) Data presented as median and 95% Cl. c) Log-rank (Mantel-Cox) test *** p<0.001.
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| evaluated the effect of hyperactivity on the departures performed during the
platform departure test. In absence of a more appropriate parameter of activity
during this test, the number of partial departures and full departures were correlated
to the total distance travelled during the visual cliff. As the same mice have gone
through the same tests, distance travelled and departures were matched, and

correlation evaluated.

While there was only a mild correlation between the activity in the arena and the
number of partial departures among wild-type mice (Figure 3-21a; two-tailed
Pearson correlation; wild-type n=17, r(15=0.4265 p=0.0878), a strong correlation was
observed in Syngap1*- mice (Figure 3-21b; two-tailed Pearson correlation; Syngap1*-
n=10, r)=0.8267, p=0.0032) suggesting the correlation between the increased
number of partial departures and the hyperactive phenotype. On the other hand, the
number of full departures did not correlate with the distance travelled for both
genotypes (Figure 3-21c and d; two-tailed Pearson correlation; wild-type n=17,
ras)=undetermined, p=undetermined; Syngapl*~ n=10, r=-0.0169, p=0.9630)
suggesting that the observed phenotype could be a genuine increased risk-taking like

behaviour.
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Figure 3-21. At 7 weeks the number of full departures did not correlate with
hyperactivity.

Correlation between distance travelled in 5 minutes in the visual cliff arena and
number of partial departures from the platform for wild-type (WT) (a) and Syngap1*-
(b) mice. Correlation between distance travelled in 5 minutes in the visual cliff arena
and number of full departures for the platform from wild-type (c) and Syngap1*/ (d)
mice. Circles and squares represent single animals. Mice tested at 7 weeks of age.
Two-tailed Pearson correlation. Wild-type n=17, Syngap1*- n=10.

At 15 weeks of age Syngapl1*- mice showed a significantly higher number of partial
departures compared to wild-type controls (Figure 3-22a; two-tailed Student t-test
with Welch’s correction, mean + SEM; wild-type n=17, 14.65 + 1.81; Syngap1*/- n=13,
64.38 + 10.51; t(12.73)=4.663, p=0.0005). Similar was observed for the number of full
departures (Figure 3-22b; two-tailed Mann-Whitney test, median(95%Cl); wild-type
n=17, 0.00(-0.24 to 1.54); Syngap1*/- n=13, 2.00(1.25 to 7.21), U=59.50, p=0.0145).
Furthermore, Syngapl*- mice were more prone to leave the platform sooner
compared to wild-type mice (Figure 3-22c; Log-rank (Mantel-Cox) test; wild-type
n=17, median time to first=undefined; Syngap1*- n=13, median time to first=6.46.

X*(1)= =4.897, p=0.0269).
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Figure 3-22. At 15 weeks of age, Syngapl*/- mice were more prone to perform
partial and full departures compared to wild-type mice.

Number of partial departures (a), full departures (b) and percentage of mice
remaining on the platform and time to first departure (c) performed by wild-type
(WT) and Syngapl*- mice 15 weeks of age. Circles and squares represent single
animals. Numbers within or under the bars represent the n of each group.

a) Two-tailed Student t-test with Welch correction, data presented as mean + SEM.
b) Data presented as median and 95% Cl. c) Log-rank (Mantel-Cox) test * p<0.05, ***
p<0.01.

At 15 weeks of age | observed a weak evidence of correlation between horizontal
activity and partial departures in both genotypes (Figure 3-23a and b; two-tailed
Pearson correlation; wild-type n=17, rs=0.4279, p=0.0866; Syngapl*- n=13,
r11=0.4306, p=0.1419). The high number of wild-type mice remaining on the
platform at 15 weeks of age poses a challenge for the interpretation of the statistical
test that needs to be interpreted with caution. Nonetheless, the analysis showed

weak statistical evidence of also for full departures in both genotypes (Figure 3-23c
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and d; two-tailed Pearson correlation; wild-type n=17, ru5=0.1241, p=0.6351;
Syngapl*- n=13, r11)=0.4283, p=0.1400).

While it is not possible to exclude that hyperactivity influences the number of partial
departures it appeared that number of full departures was less influenced by the

increased locomotion.
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Figure 3-23. At 15 weeks of age, the number of partial and full departures did not
show a strong correlation with hyperactivity.

Correlation between distance travelled in 5 minutes in the visual cliff arena and
number of partial departures from the platform for wild-type (WT) (a) and Syngap1*-
(b) mice. Correlation between distance travelled in 5 minutes in the visual cliff arena
and number of full departures from the platform for wild-type (c) and Syngap1*/ (d)
mice. Circles and squares represent single animals. Mice tested at 7 weeks of age.
Two-tailed Pearson correlation. Wild-type n=17, Syngap1*- n=13.

The subjects used for the two developmental time points presented in this section
were not the same. Mice exposed to the tests at 7 weeks of age were not retested at
15 weeks therefore the 15 weeks group had no previous exposure to the visual cliff
and the platform departure test. For this reason, it was not possible to evaluate
habituation at this stage, but it was evaluated during the therapeutic efficacy study

presented in Chapter 5.
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3.5 DISCUSSION

Since the discovery of the SYNGAP1 protein by Kim et al. (Kim et al., 1998) and later
with the identification of SYNGAP1 as a risk factor for ID/ASD, many animal models
have been created, independently, by several research groups (Kim et al., 2003;
Komiyama et al., 2002; Vazquez et al., 2004) and their behaviour has been extensively

studied.

The work presented in this chapter aimed to identify a robust, highly reproducible
behavioural phenotyping battery to be used in future therapeutic efficacy studies of
candidate viral vectors. To this end, | investigated previously published phenotypes
to evaluate their presence in my colony while also studying novel paradigms.

| demonstrated the presence of hyperactivity, anxiety-like phenotypes and risk-taking
like behaviour but | was not able to reproduce the working memory impairment
observed by Berryer et al. (Berryer et al., 2016). As previously shown (Andrews et al.,
2018; Bailey et al., 2006), many factors influencing animal behaviour that can
potentially impact the reproducibility of phenotypes, such as mouse genetic

background, housing conditions, and testing conditions.

In accordance with published data (Berryer et al., 2016; Guo et al., 2009; Komiyama
etal., 2002; Nakajima et al., 2019; Verma et al., 2019), | showed that during the open
field test, Syngap1*- mice presented a constitutive increased locomotion activity at
all three ages considered, while showing a comparable level of intra-trial habituation
to the arena to wild-type controls (Figure 3-2, Figure 3-3, Figure 3-4). In contrast to
what was previously published (Berryer et al., 2016; Guo et al., 2009; Muhia et al.,
2010; Nakajima et al., 2019), Syngap1* mice did not show a preference for the
centre of the arena, except at 4 weeks of age. Decreased time in the periphery has
been associated with anxiety reduction, and although Syngap1*~ mice spent more

time in the centre, there was not enough evidence of a genotype difference.

As previously reported (Berryer et al., 2016; Guo et al., 2009; Muhia et al., 2010;

Nakajima et al., 2019), Syngap1*- mice, together with increased locomotor activity,
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showed an increased amount of time spent in the open arms of the elevated plus
maze at all considered ages (Figure 3-6, Figure 3-8 and Figure 3-10). As suggested
before by Dawson et al. (Dawson et al., 1995), locomotor activity can affect the
readouts of the elevated plus maze test. To this end, | investigated the correlation
between horizontal activity and various parameters extrapolated from the elevated
plus maze behavioural analyses (Figure 3-7, Figure 3-9 and Figure 3-11). Results
suggested that locomotor activity affects the time spent in the open arms in a similar
fashion in both genotypes. The effect of hyperactivity was stronger at 7 weeks, where
the time spent in the open arms was strongly correlated with distance travelled
among Syngapl*- mice. With all considered caveats, horizontal activity does likely
affect measures of anxiety to some extent, but this is true for both genotypes. Even
though the elevated plus maze is widely considered a valid system for the
investigation of anxiety, the discussion on its reliability in presence of hyperactivity is
still open to question (Guo et al., 2009; Hogg, 1996; Holmes et al., 2000; Kilinc et al.,
2018; Korte et al., 2003; Lister, 1987; Nakajima et al., 2019; Rodgers et al., 1997).

Working memory impairments have been described in Syngap1*- mice by several
groups using different experimental designs (Berryer et al., 2016; Clement et al.,
2012; Guo et al., 2009; Muhia et al., 2010; Nakajima et al., 2019). In this work, | aimed
to evaluate the presence of working memory deficit in my colony using the protocol
described by Berryer et al. (Berryer et al., 2016), in which working memory was
assessed by spontaneous alternations in the T-maze. Despite using the same protocol
and mouse line, | failed to observe the same genotype difference.

An explanation could be found in possible environmental differences in which the
experiment took place. While for the experiment presented in this thesis was

conducted in a dark room, the previous study stated that low light levels were kept.

Another problem that | encountered with the experimental design is the
characteristics of the data collected. As alternation was evaluated over three
consecutive trials, the alternation percentage that each mouse could achieve was 33,

66 and 100%, producing a not normally distributed dataset. Therefore, | used a non-
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parametric test to circumvent the normality issue. It is possible that with such
distribution, a weak genotype difference might have not been detected by the
analysis. Increasing the number of trials that each mouse performed would create a
dataset where each animal can assume a wider spectrum of values, increasing the
chances to identify small differences between groups.

Repetitive behaviours, or stereotypies, have been described in many animal models
of autism. They can assume different forms, in some cases, they manifest as
increased self-grooming, as for Shank3b” mice (Peca et al., 2011). In others they can
be a continuous circling movement that can be driven by increased activity, as in the
case of Scnla* mice (Han et al., 2012). Although stereotypies have been described
in Syngap1*- mice and have been defined as single beam breaks during open field
test (Guo et al., 2009; Nakajima et al., 2019), the presence of repetitive behaviour
was not been investigated before.

The marble burying test has been considered over the years as a mean to measure
anxiety in mice, as it was observed that the administration of anxiolytic drugs led to
a reduction of marble buried in a given time (Borsini et al., 2002; Njung’'e et al., 1991).
More recent studies suggested that the marble burying test measures repetitive
behaviour rather than anxiety induced by novelty (Takeuchi et al., 2002; Thomas et
al., 2009). To this end, Syngapl*- and wild-type mice were tested using marble
burying test, where an increased number of buried marbles compared to wild-type
controls is defined as repetitive or compulsive behaviour. Interestingly, Syngap1*-
mice buried fewer marbles than wild-type littermates when tested at 4 and 7 weeks,
while they presented comparable behaviour at 11 weeks (Figure 3-14). For this test,
simple interaction with the marbles, such as sniffing and whisking, was not recorded.
As a personal observation, Syngap1*- mice were less interested in the object in the
cage and spent most of their time exploring, which is in accordance with the
hyperactive phenotype observed in previous experiments.

An increased repetitive behaviour would lead to the burying of more marbles
compared to its absence. However, Syngap1*- mice appeared to interact less with

the marbles, which allow to exclude the presence of repetitive behaviour in our
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cohorts. It is possible also that the result was a direct consequence of little or no
habituation to the cage for the first two time points, in conjunction with the high
horizontal activity that these mice showed during other tests (open field and elevated
plus maze). Hyperactivity could influence the number of marbles that appear buried,
running around the cage and stepping on the marbles, could cause them to be pushed
under the bedding and, therefore, be counted as buried. However, this was not
observed during this test since the number of marbles buried by Syngap1*- mice was
lower. It is interesting to note that other knockout mouse models for proteins
involved in synaptic maturation/function and neuronal development, that present
hyperactivity and reduction of anxiety, exhibit the same tendency to bury fewer
marbles compared to wild-type controls (Fox et al., 2013; Katayama et al., 2022;
Longatti et al., 2021; Lugo et al., 2014; Moy et al., 2014; Stohn et al., 2016). In
particular, the Grinl knockout mouse model, while showing over-grooming, marble
burying failed to highlight the presence of repetitive behaviour with mutant mice
burying fewer marbles compared to wild-type controls (Moy et al., 2014). This might
again suggest that hyperactivity could influence the readout of the test. On the other
hand, it is possible that the high level of activity reduced the general interest in the

novel object and therefore led to a smaller number of buried marbles.

SYNGAP1 patients, in association with ID, ASD and seizures, may present physical
features such as ataxia and gait instability (Hamdan et al., 2011; Mignot et al., 2016;
Parker et al., 2015; Vlaskamp et al., 2019). While Syngap1*- mice do not present gross
physical abnormalities, although a volume reduction of some brain areas has been
described (Kilinc et al., 2018), previous publications suggested the presence of motor
deficits when tested on the rotarod (Mubhia et al., 2010; Nakajima et al., 2019). Muhia
et al. (Muhia et al., 2010) observed that Syngap1*/- female mice perform poorly on
the rotarod test, with a shorter latency to fall. After the completion of this study,
Nakajima et al. (Nakajima et al., 2019) observed a similar phenotype in male
Syngapl*- mice. In both publications, it was suggested that the phenotype was
caused by motor impairment, although the cause of the fall (jumping from the

moving rod, rolling with the rod, or passively rotating with the rod) was not specified.
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In the same publications, Nakajima et al. (Nakajima et al., 2019) did not observe gait
abnormalities and Mubhia et al. (Muhia et al., 2010) reported no impairments during
the hanging wire test. Excluding gait dysfunctions, lack of gross coordination and
muscle weakness it is possible that the phenotype observed on the rotarod, if not a
direct consequence of hyperactivity, is associated with the loss of more fine motor
control.

The nest building test, based on the innate rodent behaviour to build a nest for
thermoregulation, reproduction and shelter (Deacon, 2006a; Latham et al., 2004), is
generally used to evaluate overall well-being, social behaviour and motor function in
mice (Arras et al., 2007; Deacon, 2006a; Huang et al., 2013; Jirkof, 2014), and deficits
in this test have been extensively described in animal models of autism (Delorey et
al., 2008; El-kordi et al., 2013; Han et al., 2012; Moretti et al., 2005). Interestingly,
and contrary to what was observed for the marble burying test, in the nest building
test Syngap1*/ mice performed as well as the wild-type controls during the first two
time points, while at 11 weeks they underperformed (Figure 3-15). As the phenotype
was not present across ages it is difficult to determine the cause of the difference. If
the underperforming of Syngap1*- mice was due to a genotype effect, we would
expect to see a similar difference at all considered ages. It is worth considering that,
although nest building was chosen because is a system that might not be affected by
hyperactivity, it is not completely possible to exclude its influence. Cage monitoring
showed that Syngapl*- mice present increased activity during the dark phase
compared to wild-type controls (Nakajima et al., 2019). As young mice are overall
more active than older mice, and nest building takes place during the dark phase, it
is possible that hyperactivity influence the ability to build the nest more at earlier

time points.

A reduced sense of risk is a phenotype reported by parents of MRD5 individuals
(Weldon et al., 2018). A previously published paper investigated the presence of this
behaviour with a cliff avoidance paradigm in mice at two different ages, PND21 and
PND60 (Kilinc et al., 2018), and found that Syngap1*- mice perform a higher number

of partial and full departures compared to wild-type controls. Moreover, they
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observed that overall, a higher percentage of Syngapl*” mice depart from the
platform in the given time. Syngap1*- mice can locate a platform (Komiyama et al.,
2002; Muhia et al., 2010), which suggests that they are not blind. On the other hand,
Kilinc et al. (Kilinc et al., 2018) showed that a reduction of volume in certain brain
areas, including many areas related to visual function, is present in Syngap1* mice.
It is possible that this structural modification could lead to visual processing
misfunctions, but the presence or the extent of which is currently unknown.

To test both risk-taking like behaviour and depth perception, Syngap1*- mice were
subjected to the visual cliff paradigm. Although Syngap1*- mice showed an overall
preference for the deep area, they behaved similarly to wild-type controls in terms
of the time taken to first enter the deep zone (Figure 3-16 and Figure 3-18). It is likely
that once the mice entered the deep area and realized that no physical drop was
present, they did not perceive the deep area as different from the shallow area.
Therefore, the time to first in deep was used as an indication of risk-taking behaviour
and to evaluate depth perception. Mice, and rodents in general, are not prone to
jump from heights, and if they are able to correctly understand the presence of the
virtual drop, they should not be prone to cross the shallow-to-deep border. While
impaired depth perception could induce the subject to not avoid the cliff edge (Desai
et al., 2020; Fox, 1965; Niknam et al., 2019), | did not observe differences in this
behaviour which would suggest normal depth perception.

The arena design used for this experiment lacked the tactile stimuli of a physical drop.
In fact, the arena floor was flat, and the sense of drop was induced only by the
difference in the floor pattern. This might have impacted the ability of both wild-type
and Syngapl*~ mice to fully perceive the drop. To improve the design, a raised
platform could be placed over the edge of the cliff, covered with the same pattern

used for the floor.

In the platform departure test, | was able to replicate the result reported by Kilinc et
al. (Kilinc et al., 2018), at both 7 and 15 weeks of age (Figure 3-20 and Figure 3-22).
The number of partial departures was higher in Syngap1*- mice, however, it is not

possible to exclude that these are a direct consequence of the hyperactive
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phenotype, as they showed a strong correlation with the distance travelled during
the visual cliff test at 7 weeks of age (Figure 3-21a and b) but not at 15 weeks (Figure
3-23a and b). On the other hand, results suggested that full departures are mostly
independent of hyperactivity at both ages tested (Figure 3-21c and d, Figure 3-23c
and d). Although it is not possible to exclude the presence of visual processing
impairments, it appeared that platform departure is an appropriate test to model

risk-taking behaviour in this line.

Intra and inter-trial habituation can affect behavioural outcomes by decreasing or
increasing genotype difference if the investigated genotypes respond differently to
re-exposure to the same test. It has been shown that different strains show a
different level of habituation to the open field after three consecutive days of
exposure (Bolivar, 2009). Bolivar and colleagues (Bolivar, 2009) showed that among
the considered strains, C57BL/6J presents high intra and inter-session habituation. As
shown in Figure 3-5, both wild-type mice and Syngapl*- mice did not show
habituation to the open field arena, but the wild-type mice's percentage of time
spent in the open arms of the elevated plus maze decreased after re-exposure (Figure
3-12). The inter-session period given to the animals in this experiment might have
not been sufficient to avoid habituation, which is a recurrent issue in longitudinal

studies such as this.

SYNGAP1 is one of the most abundant protein in the post-synaptic compartment
(Chen et al., 1998; Kim et al., 1998), along with PSD95 (Husi et al., 2001; Migaud et
al., 1998). Via PSD95, and other scaffolding proteins, SYNGAP1 interacts with NMDAR
and works as the principal effector of its signalling pathways (Chen et al., 1998; Kim
et al., 1998). Several studies have shown how SYNGAP1 regulates AMPAR trafficking
and spine morphology in a NMDAR-dependent manner (Carlisle et al., 2008;
Komiyama et al., 2002; Rumbaugh et al., 2006; Vazquez et al., 2004; Walkup et al.,
2015). Due to the close relationship between SYNGAP1 and NMADR, it is possible to
observe a behavioural phenotypic overlap between NMDAR blockade in rodents and

mice carrying mutation of the Syngapl gene, such as, reduced life-span (Forrest et
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al., 1994; Komiyama et al.,, 2002), increased horizontal activity and stereotypic
movements (Berryer et al., 2016; Facchinetti et al., 1993; Guo et al., 2009; Komiyama
et al.,, 2002; Nakajima et al., 2019; Ozkan et al., 2014; Tricklebank et al., 1989;
Wangen et al., 1997), and reduced prepulse inhibition (Guo et al., 2009; Nakajima et
al., 2019; Wiseman Harris et al., 2003). Guo and colleagues (Guo et al., 2009) showed
that treatment with the NMADR antagonist MK-801 modified the horizontal activity
of wild-type mice, while Syngapl*~ mice appeared unaffected, suggesting that
hyperactivity could be a downstream effect of the impairment of the NMADR-
regulated pathways. Further studies will be necessary to understand which
phenotypes are associated to the deregulation of such pathways and which are

caused by separate regulatory activities of SYNGAP1.

3.6 CONCLUSIONS

This work aimed to identify robust behavioural phenotype outcomes that present
throughout development, to allow the testing of therapeutic efficacy at different

ages.

It was identified that 7 and 11 weeks of age were the most appropriate time points
to consider. At 7 weeks, mice are still considered to be juvenile, but they have lost
part of the intrinsic increased activity observable at younger ages. Moreover, testing
mice again at 11 weeks allowed more comprehensive monitoring of phenotype and

possible adverse effects of the treatments.

The hyperactivity phenotype, measured in the open field, and decreased anxiety-like
behaviour, measured in the elevated plus maze, were present in our cohort of
Syngapl* mice at all tested ages. These tests were demonstrated to be effective and
unbiased, as an automated tracking system was used. On the other hand, working

memory deficits, motor impairments or repetitive behaviours using the T-maze, nest
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building and marble burying respectively were not detected. Moreover, the visual

cliff did not show depth perception issues in Syngap1*- mice.

Risk-taking-like behaviour was investigated, and it was present at both considered
ages. Platform departure test proved to be easily replicable, inexpensive and simple
to execute. Although video scoring is not automated, the two recorded events are

easily detectable, limiting experimenter error.

In conclusion, based on the results obtained in this work, | decided that the
behavioural phenotyping battery for the therapeutic efficacy study would be
composed of open field, elevated plus maze and platform departure. Moreover, the
data collected in this preliminary work allowed the refinement of testing conditions

leading to the identification of the age of testing: 7 and 15 weeks.
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CHAPTER 4: IN VITRO TESTING OF CANDIDATE THERAPEUTIC
CASSETTES

4.1 INTRODUCTION

The aim of the work presented in this thesis was the assessment of the feasibility of
a gene therapy approach for the treatment of SYNGAP1 haploinsufficiency-
associated disorder.

Gene therapy is based on the concept that the delivery of a DNA sequence to
patients' cells, using viral or non-viral vectors, can prevent or ameliorate symptoms
associated with the malfunctioning of a gene (Bulcha et al., 2021). Among the
different types of gene therapies available, the work of this thesis aimed to evaluate
if a gene replacement approach, which involves the replacement of an existing non-
working gene with a functional one, can prevent or ameliorate the symptoms
associated with loss-of-function mutations in the SYNGAP1 gene (Blomer et al., 1996;

Bulcha et al., 2021; Ingusci et al., 2019; Shahryari et al., 2019).

To achieve a therapeutic effect, the replacement gene, defined as the transgene,
must be expressed in the appropriate tissue and cell type, and delivered at an
appropriate time point to maximise phenotypic rescue. Moreover, the level of
transgene expression achieved by the therapeutic construct should be as close as
possible to the physiological level. The fulfilment of these requirements pose a
challenge for the development of effective gene therapies; therefore, it is important
to develop rational designs of candidate therapeutic expression cassettes able to

behave as similarly as possible to the wild-type gene.

Human SYNGAP1 encodes for multiple isoforms, all of which contain a common
central region composed of the C2 and GAP domains but differ at the N- and C-
terminals (Figure 1-1). Five different N-termini, termed A1, A2, B, C and D, are

produced by alternative transcription start sites, and four C-termini, a1, a2, 3, and v,
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are produced by alternative splicing events (Figure 1-2) (Chen et al., 1998; Gou et al.,
2020; Kim et al., 1998; McMahon et al., 2012; Moon et al., 2008).

An early study on isoform functions in vitro (McMahon et al., 2012) suggested that
each variable N- and C-terminal of SYNGAP1 contribute, independently, to the
regulation of synaptic function and strength. In particular, they showed that Aol
leads to an overall decrease of synaptic strength, Ba2 to an increase while Aa2

showed a neutral effect.

Studies on the relative abundance of isoforms across development suggest a fine
temporal regulation of their expression (Gou et al., 2020; McMahon et al., 2012).
McMahon and colleagues (McMahon et al., 2012) showed, at the mRNA levels, that
A and B N-terminal isoforms expression is stable during the early stages of
development, to then peak at PND14 and decrease in adulthood. They also showed
that the C isoforms are mostly expressed later in life, with low levels of expression
before PND14 and stable expression in adulthood. Gou et al. (Gou et al., 2020)
instead investigated the temporal expression of C-terminal isoforms. They showed
that al is the most abundant isoform in adulthood while a2 and 3 have a higher

expression during early stages of development.

SYNGAP1 is a large gene spanning ~34 kb on chromosome 6, with a coding sequence
of ~4000 bp, depending on the isoform considered. Large genes impact the choice of
functional elements that can be used to drive and regulate transgene expression
(primarily a promoter and polyA signal), due to packaging constraints of the delivery
vector. AAV has a packaging capacity of ~4700-5000 bp (ITR to ITR), in which a
promoter, transgene and polyA signal must be incorporated (Bulcha et al., 2021).
Therefore, in a SYNGAPI1 therapeutic cassette, most of the AAV genomic space is
taken up by the transgene coding sequence alone. The SYNGAP1 endogenous
promoter, which would be predicted to provide more physiological regulation of
transgene expression, has not yet been fully characterised. Well-characterised,
constitutive promoters commonly used in gene therapy cassettes, such as CAG or CBh

(containing a Cytomegalovirus (CMV) enhancer, chicken beta-actin (CBA) promoter,
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and hybrid intron), would be expected to produce a high level of transgene
expression. However, the use of these promoters (which are 800-1600 kb in size) with
a SYNGAP1 transgene would exceed AAV packaging capacity. Therefore, our choice

was restricted to small promoters, in the range of 200-500 nucleotides.

As SYNGAP1 is primarily expressed in the brain, where it performs its role as a
regulator of synaptic function, it was necessary to use a promoter that is known to
drive expression in neurons. For this reason, the minimal Mecp2 promoter, MeP229
(Gray et al., 2011), was initially considered a candidate promoter to drive SYNGAP1
expression.

MeCP2 is a widely expressed protein that is especially abundant in the CNS, in
postnatal neurons (LaSalle et al., 2001). MeP229 is a minimal promoter based on the
sequence of the core regulatory element of the murine Mecp2 promoter, which was
developed by Gray et al. (Gray et al., 2011) and has been previously utilised to drive

transgene expression in gene therapy constructs (Gadalla et al., 2013, 2017).

JeT is a short synthetic promoter created from the combination of functional
elements of different promoters. It includes the SV40 early promoter, human
ubiquitin C and B-actin promoters transcription binding sites, together with their
respective Sp1 transcription factor consensus sequences (Tornoe et al., 2002). It has
previously been employed for gene therapy approaches due to its activity in the CNS
and relatively high expression compared to promoters of similar size (Bailey et al.,

2018; Chen et al., 2022; Gadalla et al., 2017; Tornoe et al., 2002).
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4.2 AM

The rationale of the work presented in this chapter was to design candidate
therapeutic cassettes and to evaluate their expression in vitro to assess their
appropriateness for further in vivo studies. To this end specific aims were:
e To generate a candidate therapeutic construct expressing the SYNGAP1
transgene.
e To evaluate the ability of the chosen promoters to express the SYNGAP1

protein in vitro.

4.3 STUDY PLAN

Plasmid MeP229-hSYNGAP1_Aal, MeP229-hSYNGAP1_Aa2 and MeP229-
hSYNGAP1_Bal were designed by Dr Ralph D. Hector and were synthetised by
GeneArt (ThermoFisher Scientific, USA). The plasmid JeT-hSYNGAP1_A«l was cloned

in-house as described in Section 2.7.

The ability of MeP229 and JeT promoter to drive the expression of SYNGAP1 was
evaluated via fluorescence immunocytochemistry and immunoblotting as described
in Section 2.10 and Section 2.11. Briefly, HEK293A cells were cultured and transfected
with the appropriate plasmid using Lipofectamine 2000 (ThemoFisher Scientific,
USA). Subsequently, cells were processed for immunocytochemistry (PFA fixation
followed by immunolabelling) or immunoblotting (preparation of cell lysate followed

by protein electrophoresis and immunoblotting).
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4.4 RESULTS

4.4.1 SYNGAP1 expression was detected in vitro after transient
transfection with mammalian expression plasmids

As previously mentioned, McMahon and colleagues (McMahon et al., 2012)
characterised in vitro the activity of three SYNGAP1 isoforms, Aa.2, Aol or Ba2,
suggesting that they modulate synaptic activity differently. Moreover, the expression
of these three isoforms appeared to be differentially regulated during development
suggesting a development-related function. Given the available data, it was
interesting to evaluate the therapeutic effect in Syngap1*- mice of the Aa2, Aal or
Ba2 isoforms, therefore they were used for the initial design of three candidate

therapeutic constructs.

For all constructs, transgene expression was driven by an upstream MeP229
promoter fragment and transcription terminated by the addition of a downstream
Synthetic polyA signal (SpA) (Figure 4-1). The SpA was described for the first time by
Levitt et al. (Levitt et al., 1989), and is a short (50 bp), synthetic polyA signal derived
from the rabbit [3 globin gene.

The Kozak sequence, a conserved nucleotide sequence that serves as protein
translation initiation site (Kozak, 1986), is boosted in these constructs by the addition
of two cytosine nucleotides between the end of the MeP229 promoter and the ATG
start codon of the SYNGAP1 transgene. The addition of these two cytosine
nucleotides to promote transgene expression in a gene therapy cassette was

previously described by Grey et al. (Gray et al., 2011).

To be able to distinguish transgenic SYNGAP1 protein from endogenously expressed
SYNGAP1, a Myc peptide was fused to the C-terminus of the SYNGAP1 transgene
(Figure 4-1 and Figure 4-2).

Gene therapy constructs were synthesised and cloned by GeneArt (ThermoFisher
Scientific, USA) in two different types of backbone:

e Mammalian expression plasmid pMK.
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e AAV expression plasmid pX551.

a b
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Figure 4-1. Schematic representation of the MePP229-hSYNGAP1 plasmids
MePP229-hSYNGAP1_Aa2 (a), Aal (b) and Ba2 (c) plasmids were designed by Dr
Ralph Hector and synthesised by GeneArt (ThermoFisher Scientific, USA). pMK and
pX551 presented the same expression cassette and differ in the backbone sequence
and gene for antibiotic resistance, kanamycin for pMK and ampicillin for pX551.
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Figure 4-2.
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ATGAGCAGGTCTCGAGCCTCCATCCATCGGGGGAGCATCCCCGCGATGTICCTAT
ATGAGCAGGTCTCGAGCCTCCATCCATCGGGGGAGCATCCCCGCGATGTICCTAT

GCCCCCTTCAGAGATGTACGGGGACCCTCTATGCACCGAACCCAATACGTTICATICCCCGTATGATCGIC
GCCCCCTTCAGAGATGTACGGGGACCCTCTATGCACCGAACCCAATACGTTCATICCCCGTATGATCGIC

ATGGGCCTARGGCCTC
CIGGTTGGAACCCTCGGTITCTGCATCATCTCGGGGARCCAGCTGCTCATGCTGGATGAGGATGAG———AT
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CCACCCCATCCCCCTCAGGGGGCTCCTGCTCAGGITCCTTIGCCCCCTC-CTTCCCGCTGCCAGCCTCTCC
ACACCCCCTACTGATCCGGGACCGGAGGAGCGACGTCCAGTCGCRAACARACTGCTGAGACGCACAGTICTCC
ACACCCCCTACTGATCCGGGACCGGAGGAGCGAGTCCAGTCGCRAACARACTGCTGAGACGCACAGTCTCC
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GCC-GTCGCTGCTCTTCCTGCTGCTTTCCGGGGGARTACCAC / / / CGCTCAGGAGAGGCAGCTTICC
GTGCCGGTGGAGGGGCGGCCCCACGGCGAGCATGARTACCAC / / / CGCTCAGGAGAGGCAGCTTICC
GTGCCGGTGGAGGGGCGGCCCCACGGCGAGCATGARTACCAC / / / CGCTCAGAGAGG-CAGCTTICC
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CCCCTTGGGTCCAACARAACCCGCGTIG
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CCACCCCCACCCCGGCTGCAGATTACGGAGAACGGCGAGTTCCGARACACCGCAGACCACGGATCCGGGC
CCACCCCCACCCCGGCTGCAGATTACGGAGAACGGCGAGTTCCGARACACCGCAGACCACGGATCCGGGC
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GATCAGAGTGTGTIGGTTTITIGIGT

T

MeP229-hSYNGAP1 plasmids sequence alignment.

Sequences of MeP229-hSYNGAP1_Aal, Aa2, Ba2 plasmids aligned using Clustal
Omega (EMBL, www.ebi.ac.uk/Tools/msa/clustalo). The promoter sequence is
highlighted in grey. Myc sequence is highlighted in dark red and SpA in black, the
Kozak sequence is indicated by red underlined characters. The coding sequence, in
yellow, is shown only for the 5 and 3’ regions which are isoform-specific, “/ /”
indicates sequence break. * Indicates nucleotides match.
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To evaluate the ability of MeP229 to drive the expression of SYNGAP1, an initial in
vitro experiment was performed using the pMK mammalian expression plasmids. To
this end, HEK293A cells were used as they are easily transfected and can express a
wide range of transgenes (Chow et al., 2011; Thomas et al., 2005). HEK293A cells
were transfected with the MeP229-hSYNGAP1 pMK plasmids and immunolabelled
with anti-SYNGAP1 and anti-Myc antibodies to evaluate transgene expression. Mock-

transfected controls were used to verify the specificity of immunolabelling.

As shown by the immunolabelling of the mock-transfected HEK293A cells (Figure 4-3)
it appeared that SYNGAP1 was not endogenously expressed or expressed at a
subthreshold level. A plasmid expressing MeCP2-Myc (Sinnett et al., 2017) under the
control of the same MeP229 promoter used in the candidate therapeutic constructs,
was used as a positive control for transfection and promoter activity. The signal
associated with the immunolabelling of Myc, in the cells transfected with MeP229-
hSYNGAP1 plasmids, was localised in spheroid bodies. These resulted accumulated in
the cytoplasm as HEK293A cells do not possess the subcellular compartment where
SYNGAP1 is normally shuttled, the synapse. The signal associated with anti-SYNGAP1
antibodies had a similar distribution, although it appeared to be more diffused rather
than restricted to the puncta positive for Myc. This difference in the appearance of
the labelling could be associated with the intrinsic differences in the detection of the

two antibodies more than non-specific labelling.

While MeP229-hMECP2-Myc transfection showed a relatively high number of cells
positive for Myc, only few cells transfected with MeP229-hSYNGAP1 plasmids were
double positive for SYNGAP1 and Myc immunolabelling (Figure 4-4; mean + SEM;
MeP229-hSYNGAP1_Aca2, n=1, 2.40; MeP229-hSYNGAP1_Aal, n=1, 0.64; MeP229-
hSYNGAP1_Ba2, n=1, 1.26; MeP229-hMECP2-Myc, n=1, 14.21). It is important to
note that this experiment was initially designed to be only qualitative, therefore no
replicates were performed. The quantification reported here refers to only a single

experiment with the data points reported in Figure 4-4 referring to the quantification
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of multiple fields of view derived from a single immunolabelled coverslip and not
acquired randomly.

It is known that the size of the transfected plasmid can affect transfection efficiency
(Yin et al., 2005) but, as equimolar amounts of plasmid were used for each
transfection mix, likely the difference in the percentage of positive cells was not
associated with this. A low level of transgene expression could explain the observed
difference. As the image acquisition settings, light source power and exposure, were
set up based on the background signal present in the mock-transfected cells, if the
intensity of the signal was at the same level as the background noise this would result
below detection. Under these circumstances, cells that have been transfected would

appear negative even if some protein was being produced from the plasmid.

Overall, these preliminary results suggested that MeP229 was active in HEK293A
cells, and it was able to drive expression of the three SYNGAP1 isoforms albeit only

to low levels.
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Negative control

[ MeP229-hSYNGAP1_Bo2 || MeP229-hSYNGAPI_Aod || MeP229-hSYNGAPI_Ao2 || MeP229-hMECP2-Myc ||

Figure 4-3. Myc and SYNGAP1 expression was detected in vitro after transfection
with all three mammalian expression plasmids.

Representative fluorescence immunocytochemistry of transfected HEK293A cells.
Negative control indicates mock-transfected cells, MeP229-hMECP2-Myc was used
as a positive control. White arrowheads indicate cells positive for SYNGAP1 and Myc
immunolabelling or only Myc in the case of MeP229-hMECP2-Myc transfected cells.
Blue: DAPI staining; Green: immunolabelling of Myc; Red: immunolabelling of

SYNGAP1. Bars indicate 25um.
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Figure 4-4. The positive control MeP229-hMECP2-Myc presents a number of Myc-
positive cells between 6 and 21x higher than MeP229-hSYNGAP1 plasmids.
Quantification of fluorescence immunocytochemistry of HEK293A cells transfected
with either the MeP229-hSYNGAP1 plasmids or the positive control MeP229-
hMECP2-Myc. The percentage of Myc-positive cells was calculated as the ratio
between Myc-positive cells and the number of DAPI-stained nuclei per field of view
and expressed as mean. Points represent the quantification of single field of views
derived from the same coverslip for each plasmid, data points are not independent.
Fields of views used for the quantification were acquired with the 20x or the 40x
objective.

4.4.2 Development of an alternative candidate therapeutic construct

Preliminary results from the in vitro testing showed that, although the positive
control MeP229-hMECP2-Myc produced a robust expression of the transgene, only
weak expression was obtained from the MeP229-hSYNGAP1 plasmids. Although
MeP229 was able to drive the expression of MeCP2, results suggested that it was less
efficient in the expression of SYNGAP1. For this reason, | decided to assess an
alternative promoter to drive the expression of the therapeutic construct.

JeT (Tornoe et al., 2002) was chosen as a new promoter due to its proven ability to
effectively drive therapeutic transgene expression (Bailey et al., 2018; Chen et al.,
2022; Gadalla et al., 2017). It has been described that the presence of certain intronic
sequences between the promoter and the transgene can also increase expression

(Powell et al., 2015) therefore, in addition to the JeT core, a short synthetic intron of
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156 bp was added downstream to the promoter (Kikuchi et al., 2014; de la Garza-
Rodea et al., 2011) (Figure 4-5).

Several published works have reported an overall increased neuronal excitability in
Syngapl*-mice, which is believed to be one of the underlying causes of the epileptic
phenotype in patients (Clement et al., 2012, 2013; Ozkan et al., 2014). McMahon et
al. (McMahon et al., 2012) showed that expression of the Aa1 isoform in Syngap1”
primary neurons led to a reduction of mEPSC amplitude and frequency. Moreover,
compared to the other two isoforms, the expression of Aal caused the silencing of a
higher portion of transfected neurons.

It is known that the a1 isoforms contain the C-terminal QTRV amino acid sequence
which composes the PDZ binding motif necessary for the interaction with the PSD
complex (Zeng et al., 2016) but it was not clear yet which could have been the most
promising isoform to use for gene therapy application. The presence of the PBM only
in the al-containing isoforms might suggest its prime role in synaptic activity
regulation. For these reasons, | decided to move forward with only the Aol isoform

for the new construct.
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Figure 4-5. JeT-hSYNGAP1_A«al plasmid scheme and sequence.

Plasmid scheme (a) and gene therapy construct sequence (b) of the alternative
therapeutic construct JeT-hSYNGAP1_Aal.5 and 3’ ITRs are highlighted in dark grey
and are shown in lower case characters, JeT core promoter sequence is highlighted
in light grey while the synthetic intron sequence is highlighted in light grey and
underlined. Myc sequence is highlighted in dark red and SpA in black. Kozak sequence
is indicated by red underlined characters. The coding sequence, in yellow, is only
shown for the 5’ and 3’ regions, “/ /” indicates sequence break.

To generate the new JeT-hSYNGAP1_Aal plasmid | used the pX551 AAV expression
plasmid MeP229-hSYNGAP1_Aal.

The backbone, of about 2890 bp, presented a unique Xbal restriction site upstream
of the MeP229 promoter, while the construct presented a unique BspEl between the

end of the promoter sequence and the start of the hSYNGAP1_Aal coding sequence.
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These two sites were used for the removal of MeP229 and the cloning of the new

regulatory sequences.

The MeP229-hSYNGAP1_Aal plasmid was firstly digested using Xbal and BspEl

(Figure 4-6). This allowed the removal of the MeP229 fragment and the linearisation

of the plasmid, verified by gel electrophoresis (Figure 4-7). Subsequently, the purified

linearized plasmid was ligated with JeT promoter fragment, produced as a gBlock

(Integrated DNA Technologies, USA), using the InFusion kit as described in Chapter 2

(Figure 4-6).
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Figure 4-6. Cloning strategy for JeT-hSYNGAP1_Aal construct.

Schematic representation of cloning strategy used to produce JeT-hSYNGAP1 _Acad.
Plasmid coding for SYNGAP1 Aol was digested with Xbal and BspEl for the removal
of MeP229 (1). The ligation reaction was then performed to insert the JeT promoter

in the linearised plasmid (2). Amp= Ampicillin resistance gene.
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Figure 4-7. Enzymatic digestion of MeP229-hSYNGAP1_Acal plasmid.

Predicted (b) and experimentally obtained (c) representative agarose gel showing
bands derived from enzymatic digestion of MeP229-hSYNGAP1_Aal plasmid with
Xbal and BspEl. 1 kb DNA Ladder (New England Biolab, USA) was loaded in Lane 1 as
molecular weight marker.

The ligation reaction was subsequently transformed in competent cells and multiple

colonies were picked for plasmid DNA mini amplification.

To ensure the correct structure of the cloned plasmid, purified DNA from each colony
was enzymatically digested. ITRs are highly recombinogenic sites therefore an
important quality control check is to evaluate that no recombination occurred during
bacterial plasmid replication. To this end, purified plasmids were digested with the
restriction enzyme Smal (Figure 4-8). JeT-hSYNGAP1_A«al presents four cutting sites
for Smal, three inside the two ITRs and one in the coding sequence (Figure 4-8a). As
a further confirmation of the correct plasmid structure, purified DNA was double

digested also with BamHI and EcoRI (Figure 4-8a).

As shown in Figure 4-8b, the pattern and size of fragments obtained matched the

predicted pattern after both Smal and BamHI+EcoRI digestion.
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Figure 4-8. Enzymatic digestion for JeT-hSYNGAP1_Acal plasmid validation showed
the correct insertion of the promoter.

Schematic representation of the JeT-hSYNGAP1_Aal plasmid showing restriction
enzyme sites and expected band-size for Smal, BamHI and EcoRlI (a). Predicted (b) and
experimentally obtained (c) representative agarose gel showing bands derived from
the enzymatic restriction of JeT-hSYNGAP1_A«al plasmid. 1 kb DNA Ladder (New
England Biolab, USA) was loaded in Lane 1 as molecular weight marker.

Correct DNA sequence was also confirmed via MiSeq whole plasmid sequencing

(sequencing reaction was performed by Ms Amanda Morris and sequence analysis by

Dr Paul Ross).
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4.4.3 Myc-tagged protein was detectable in HEK293A cells transfected
with the JeT-hSYNGAP1_Aal plasmid

The earlier pilot study (Section 4.4.1) was conducted using the gene therapy
constructs expressed in the standard mammalian expression plasmid pMK, which do
not contains ITRs (Figure 4-1 and Figure 4-2). For viral vector production the presence
of the ITRs flanking the therapeutic cassette are necessary as they are required for
the viral vector genome packaging. Prior to the viral production, |, therefore,
established whether the AAV expression plasmids, which contain the ITRs (Figure

4-93, b and c), were able to express SYNGAP1 in vitro.

AAV2 ITR

Kozak
x = 229/
G

AAV2 ITR

Kozak
,w%/

= =
MeP229-hSYNGAP1_Aa2 § MeP229-hSYNGAPI_Aal -;2
7251 bp @ 7146 bp @
AAV2 ITR I AAV2 ITR s
R )
Synthetic 1 Synthetic A
polyA polyA
Myc Myc
AAVY TR d Syntetic Intron
Kozak AAV2 ITR | [Kozak
/‘Mepzzs, »se'f i [
= >
MeP229-hSYNGAPI_Bo.2 § JeThSYNGAPL Al | @
7074 bp I3 7262 bp 5
AAV2 ITR 3 >
& AAV2 TR 4
Synthetic 5 <
polyA Synthetic
Myc polyA

Figure 4-9. AAV expression plasmid schematic representation.

pX551 AAV expression plasmids expressing Aa2 (a), Aal (b) and Ba2 (c) retain the
same insert present in the mammalian expression plasmid, but in this case, it is
flanked by AAV2 ITRs. JeT-hSYNGAPI_A«ad plasmid structure (d). Amp=Ampicillin.

The MeP229-hSYNGAP1 AAV expression plasmids were produced, together with the

mammalian expression plasmids, by GeneArt (ThermoFisher Scientific, USA),

however, plasmid DNA was further propagated, by mini amplification, in the
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laboratory. As mentioned before, ITRs are highly recombinogenic therefore the AAV
plasmids were digested with restriction enzymes to verify the integrity of the plasmid
and evaluate possible recombination events. To this end, plasmids were digested
with either Smal or EcoRI+Hindlll, as shown in Figure 4-10. The gel electrophoresis
showed that the pattern of bands obtained after the enzymatic digestion (Figure
4-10e) matched with the expected band pattern (Figure 4-10d), confirming the

correct structure of the plasmids.

HEK293A cells were transfected with equimolar amounts of MeP229-
hSYNGAP1 Aa2, Aal, Ba2 and the JeT-hSYNGAP1_Aal AAV expression plasmid
together with the positive control plasmid MeP229-hMECP2-Myc (Figure 4-11).

Of the five plasmids tested, several Myc-positive cells per field-of-view were detected
in cells transfected with MeP229-hMECP2-Myc while few sparse faint double positive
cells for Myc and SYNGAP1 were detected in cells transfected with JeT-
hSYNGAP1_Aal. As shown in Figure 4-11, no signal associated with either anti-Myc
or anti-SYNGAP1 immunolabelling was detectable in the cells transfected with the

three MeP229 regulated plasmids encoding SYNGAP1 isoforms.

Given that the Myc signal was detected in the positive control MeP229-hMECP2-Myc
and JeT-hSYNGAP1_Aad transfected cells, it is likely that the absence of positive cells
in the MeP229-hSYNGAP1 transfected cells was not related to the transfection
protocol. Nonetheless, although some punctate immunolabeling was detectable for
JeT-hSYNGAP1_Aad, this was relatively faint, especially for the anti-SYNGAP1

antibody-associated signal (Figure 4-11).
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Figure 4-10. Digestion confirms the expected sequence and integrity of the ITRs.
Schematic representation of MeP229-hSYNGAP1_Aa?2 (a), MeP229-hSYNGAP1_Aal
(b), MeP229-hSYNGAP1_Ba2 (c) showing restriction enzyme sites and expected
band-size after Smal, BamHI and EcoRl digestion. Predicted (d) and experimentally
obtained (e) representative agarose gels showing bands derived from enzymatic
digestion. 1 kb DNA Ladder (New England Biolab, USA) was loaded in Lane 1 as
molecular weight marker.
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DAPI Myc SYNGAP1 Merge

Negative control

MeP229-hMECP2-Myc

MeP229-hSYNGAP1
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MeP229-hSYNGAP1
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Figure 4-11. Few sparse cells were detected after HEK293A cells transfection with
JeT-hSYNGAP1_Acal AAV expression plasmid.

Representative images of HEK293A cells transfected with the MeP229-
hSYNGAP1 _Aa2, Aal, Ba2 and JeT-hSYNGAP1_Ac«al expressing plasmid. Negative
control indicates mock-transfected cells, MeP229-hMECP2-Myc was used as a
positive control. White arrowheads indicate cells positive for SYNGAP1 and Myc
immunolabelling or only Myc in the case of MeP229-hMECP2-Myc transfected cells.
Blue: DAPI staining; Green: immunolabelling of Myc; Red: immunolabelling of
SYNGAP1. Bars indicate 25um.
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Similarly, to what was discussed for the fluorescence immunocytochemistry
experiment presented in Section 4.4.1, the absence of SYNGAP1-Myc-positive cells
could be associated with the intrinsic detection threshold of the assay. For this
reason, using the same transfection protocol, | decided to test the presence of
plasmid-derived SYNGAP1 by immunoblot of protein lysate derived from transfected
HEK293A cells.

As shown in Figure 4-12, the positive control MeP229-hMECP2-Myc presented an
intense Myc-positive band at around 70 kDa while a band at around 150 kDa, positive
to both Myc and SYNGAP1, was detected in the protein lysate of JeT-hSYNGAP1_A«xl
transfected cells. The MeP229-hSYNGAP1 plasmids produced band with a lower
intensity around 150 kDa positive to both Myc and SYNGAP1 (Figure 4-12). Total
protein staining, used as a loading control, showed that the amount of total protein

loaded in each lane was similar.

Quantification of the signal associated with SYNGAP1 showed that the expression of
the transgene driven by JeT promoter was between 70x and 260x higher compared
to what was observed in the MeP229 regulated plasmids (Figure 4-13a; mean + SEM;
negative control, n=2, 1.00 * 0.73; MeP229-hSYNGAP1 Aca2, n=2, 3.08 + 1.04;
MeP229-hSYNGAP1_Aal, n=2, 3.34 + 1.60; MeP229-hSYNGAP1_Ba2, n=2, 11.37 +
0.32; JeT-hSYNGAP1_Aal, n=2,803.4 + 159.9).

A similar trend was observable for Myc. Myc signal quantification showed that the
JeT-hSYNGAP1_Aal plasmid-derived SYNGAP1 was lower, ~2x, compared to the
amount of MeCP2-Myc produced by the MeP229-hMECP2-Myc plasmid, but
between 38x and 150x times higher than the amount of Myc-tagged protein
produced from the MeP229-hSYNGAP1 plasmids (Figure 4-13b; mean * SEM;
negative control, n=2, 1.00 + 0.11; MeP229-hSYNGAP1_Acx?2, 3.80 *+ 0.54; MeP229-
hSYNGAP1_Aal, n=2, 6.15 + 4.82; MeP229-hSYNGAP1_Ba2, n=2, 24.09 + 2.69; JeT-
hSYNGAP1_Aal, n=2,928.8 + 181.2; MeP229-hMECP2-Myc, n=2, 1940 + 290.9). It is
important to note that the data points in this experiment refer to technical replicates

and are not independent, therefore should be interpreted with caution.
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As an intense band was detected for the positive control MeP229-hMECP2-Myc, it is
likely that the low amount of protein detected in the protein lysate from MeP229-
hSYNGAP1-Myc transfected cells was not due to the low transcriptional activity of the
promoter. Instead, it is possible that the combination of MeP229 and SYNGAP1 was

the driver of such a scarce level of expression.

Together with the strong band around 150 kDa (molecular weight of Aol isoform is
~148kDa), fainter bands, positive to both Myc and SYNGAP1, of lower molecular
weights were present in the JeT-hSYNGAP1_Aad transfected samples. Apart from the
negative control, bands at the same molecular weight, although with a considerably
lower intensity, were present also in the other samples. These lower molecular
weight bands could have been produced by aberrant transcription or translation of
the plasmid, which would give rise to truncated proteins, or caused by sample
degradation. As no sequence abnormalities were detected after MiSeq whole
plasmid sequencing, samples were likely compromised during preparation and
therefore those low molecular weight bands were associated with protein

degradation.

These results showed that the MeP229 promoter was active in HEK293A cells and
was able to drive the expression of the MeCP2 protein that was detectable above the
noise by both fluorescence immunocytochemistry and immunoblotting. Although the
signal detected during immunocytochemistry from the JeT-hSYNGAP1_Aal plasmid
was relatively low compared to MeCP2 expressing plasmid, few sparse Myc-positive
cells were detectable. Moreover, a clear strong band in the JeT-hSYNGAP1_Aal
plasmid-treated sample, positive for both Myc and SYNGAP1, was detectable in

protein lysates of transfected cells by immunoblotting.

Given these preliminary results, it was decided to not pursue a therapeutic study with
MeP229 regulated constructs and instead focus future efforts using JeT-

hSYNGAPI1_Acd.
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Figure 4-12. Immunoblot of HEK293A transfected cells showed positive bands for all
tested plasmids.

Representative immunoblot of protein lysates from HEK293A cells transfected with
the MeP229-hMECP2-Myc, MeP229-SYNGAP1 Ac2, Aal, Ba2 and JeT-
hSYNGAP1_Aal plasmids. The MeCP2 encoding plasmid was used as a positive
control for transfection and for blotting. The total protein is shown as a loading
control. Image used for quantification is reported in Figure S-26. Replicates refer to
samples derived from different wells seeded with the same transfection mix. The gel
was used at a concentration of bis-acrylamide of 8%.
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Figure 4-13. The JeT promoter was able to drive a higher expression of SYNGAP1
compared to the MeP229 promoter.

Quantification of SYNGAP1 (a) and Myc (b) signal in transfected HEK293A cells protein
lysate. SYNGAP1 and Myc-positive bands relative intensity was first normalised to the
total protein staining and subsequently normalised on the relative signal detected in
the negative control. Negative control indicates mock-transfected cells. Logio scale is
used for the y axes, data are represented as mean + SEM. Points represent technical
replicates.
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4.5 DISCUSSION

The rationale of the work presented in this chapter was to assess the expression of
different SYNGAP1 isoforms, reported to cause physiologically distinct effects,
(McMahon et al., 2012) in a gene therapy context. To this end, constructs expressing
three different SYNGAP1 isoforms, Aal, Ba2 and Aa.2 were designed. Before moving
to the in vivo testing of therapeutic efficacy, the ability of the designed constructs to
express the SYNGAP1 isoform encoded by the transgene was tested in vitro in
HEK293A cells.

The experiments showed that, despite being able to detect plasmid-derived SYNGAP1
from the MeP229 promoter (Gray et al., 2011) regulated mammalian expression
plasmids (Figure 4-3), this result was not reproduced with the AAV expression
plasmids (Figure 4-11). On the other hand, SYNGAP1 protein was detectable from the
plasmid encoding the Aal isoform under the control of the JeT promoter (Figure 4-11

and Figure 4-12) (Tornoe et al., 2002).

The in vitro system chosen to test the ability of the candidate therapeutic cassette to
express SYNGAP1 was HEK293A cells. HEK293 cell lines have been commonly used
for the production of recombinant proteins, among which many neuronal markers
such as neurotransmitter receptors and ion channels, due to their ease of
transfection and ability to perform the post-translational modification and folding
necessary to produce functional proteins (Thomas et al., 2005). HEK293 cells have
also been extensively used for functional studies of opsins (Chow et al., 2011).
Moreover, HEK293T cells were used in several publications for the expression of
SYNGAP1 (Araki et al., 2015, 2020; Zeng et al., 2016). Although the absence of the
synaptic compartment does not allow to study the plasmid-derived protein
subcellular localisation and functionality, as the aim of this work was to only evaluate

therapeutic cassette expression, this system was deemed appropriate for the aim.

An initial pilot study was conducted using the mammalian expression plasmids that
differ from the AAV expression plasmid with respect to the backbone sequence and

the absence of ITRs. This preliminary study showed that, albeit very weakly, the
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MeP229-hSYNGAPI plasmids were able to express the three different SYNGAP1
isoforms. As expected, due to the absence of the synaptic compartment, SYNGAP1
associated signal localised in the cytoplasm, forming spheroid bodies (Figure 4-3). The
signal associated with the staining of the MeCP2-Myc protein, derived from the
positive control MeP229-hMECP2-Myc, appeared to be stronger compared to the
signal derived from the expression of the MeP229-hSYNGAP1 plasmids.
Quantification of the Myc-positive cells showed that the transfection efficiency of
MeP229-hSYNGAP1 plasmids was lower compared to what was observed for the
MeP229-hMECP2-Myc plasmid. As previously mentioned, transfection efficiency can
be influenced by the size of the plasmid transfected (~3500 bp for the MeP229-
hMECP2-Myc plasmid versus the ~6000 bp of the MeP229-hSYNGAP1 plasmids) (Yin
et al., 2005), however, as equimolar amounts of plasmid were used, it is unlikely that
the result was influenced by this phenomenon.

The low number of Myc-positive detected cells can be associated with the intrinsic
characteristic of the assay used. | previously mentioned that light source intensity
and exposure were optimised on the background noise of the mock-transfected cells
to prevent the capturing of background noise in plasmid-transfected cells. If the
signal associated with the immunolabelling is too faint and below the detection
threshold, equal or lower to the background noise, even if transfected cells were
expressing SYNGAP1 they would have appeared negative. More sensitive alternative
methods could have been used for the investigation, such as flow cytometry, but they

were not adopted for the work presented here.

The in vitro fluorescence immunocytochemistry experiment was repeated using the
MeP229-hSYNGAP1 AAV expression plasmids. On this occasion no positive cells were
detected for SYNGAP1 and Myc immunolabelling, while MeCP2, derived from the
expression of MeP229-hMECP2-Myc, was detectable (Figure 4-11). As for the
experiment with the mammalian expression plasmid, the absence of Myc-positive
cells was likely to be associated to a sub-threshold level of therapeutic cassette

expression.

176



When transgene expression was tested via immunoblotting of HEK239A cell protein
lysates, it appeared that a very low level of plasmid-derived SYNGAP1 was achieved
from all three evaluated plasmids (Figure 4-12). Quantification of the Myc-positive
band showed that the positive control plasmid MeP229-hMECP2-Myc was achieving
a protein expression between ~80 and ~600x time more than what produced by the
MeP229-hSYNGAP1 plasmids (Figure 4-13). This result confirms that the failure to
observe cells positive for anti-SYNGAP1 and anti-Myc immunolabelling in the
fluorescence immunocytochemistry experiment was likely to be a result of the
sensitivity of the assay and not to a complete lack of SYNGAP1 expression from the
MeP229-hSYNGAP1 plasmids.

Together with the MeP229-hSYNGAP1 plasmids, the JeT-hSYNGAP1_Aal was tested
in parallel. As seen in Figure 4-13, the level of Myc-tagged SYNGAP1 derived from the
expression of the JeT regulated plasmid was about 2x lower than what was seen with
the MeP229-hMECP2-Myc plasmid, but it resulted considerably higher than what
seen for the MeP229-hSYNGAP1 plasmids (between 38x and 150x times higher).

The difference observed between the levels of Myc-tagged SYNGAP1 and Myc-tagged
MeCP2 could also be associated with a different half-life of the proteins. To my
knowledge, the turn-over of SYNGAP1 has not yet been investigated, but data suggest
that MeCP2 half-life is around 24 hours (Sheikha et al., 2017).

Mutations in the DNA sequence of the expression cassette could impact the
expression levels of the transgene, both at the transcription and translation levels.
All plasmids underwent quality checks which involved enzymatic digestion (Figure 4-8
and Figure 4-10) and whole plasmid sequencing using MiSeq. These systems
confirmed the appropriate structure of the plasmids and excluded deletion or
insertions, even at single nucleotide level. MiSeq is a sensitive technique that allows
to reach higher read depth compared to Sanger sequences due to the high number
of reads generated per single DNA fragment. It is therefore a more reliable technique
for the sequencing of GC-rich regions such as the promoters and the ITRs (which

present about ~70% of GC content).
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It is important to note that the sequence of the JeT-hSYNGAP1_Aa1 plasmid and the
MeP229-hSYNGAP1_Aal plasmid were identical except only for the promoter
sequence, excluding the possibility that the backbone structure and sequence might
have had an impact on the transgene expression.

MeP229 and JeT regulated plasmid contained a subtly different boosted Kozak
sequences at the ATG start codon. Analysis of the sequences present in these
plasmids/expression cassettes showed similar reliability in the usage of the boosted
Kozak sequence across all constructs (a score of ~0.70 for the MeP229-hSYNGAP1
plasmids and ~0.80 for the JeT-hSYNGAP1 plasmids; https://atgpr.dbcls.ip/).

It is known that the minimal promoters based on the murine endogenous Mecp2
promoter are able to efficiently drive the expression of MeCP2 (Gadalla et al., 2013,
2017; Sinnett et al., 2017) and other genes such as CRISPR-Cas9 (Swiech et al., 2015).
However, recent unpublished data shows that MePP29 appears to be unable to drive
high expression of other genes in vitro (unpublished data, personal communication,
Dr Ralph D. Hector). It is therefore possible that the low protein level of plasmid-
derived SYNGAP1 achieved from the expression of the MeP229 regulated plasmids

was a result of an altered, and unexpected, transgene-promoter interaction.

SYNGAP1 is one of the most abundant proteins of the PSD (Hamdan et al., 2011; Zeng
etal., 2016, 2019) and it has been demonstrated to be dosage sensitive as a protein
reduction of about the 50% leads to the development of the SYNGAPI1
haploinsufficiency associated-disorder (Hamdan et al., 2009; Komiyama et al., 2002).
It was therefore important to develop a therapeutic construct able to drive high
expression of the SYNGAP1 protein. Given the apparently weak expression observed
with the MeP229-hSYNGAP1 plasmids, the MeP229 promoter was excluded as a
candidate element in a therapeutic cassette and instead JeT promoter was chosen

(Tornoe et al., 2002).

At the time of the work presented in this chapter, isoform-specific functions were not
well delineated. An early study presented by McMahon and colleagues (McMahon et

al., 2012) suggested that the different N- and C-termini have different roles in the
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regulation of synaptic function and their association gives rise to a characteristic
modulation of synaptic strength. Zeng et al. (Zeng et al., 2016) showed that the CC
domain is important for SYNGAP1-PSD interaction suggesting that the al isoform has
a role in the regulation of synaptic activity. These were the reasons that led to the

choice of Aol as an initial construct for the therapeutic efficacy study.

4.6 CONCLUSION

To summarise, protein from the newly cloned JeT-hSYNGAP1_A«al was detectable
both via fluorescence immunocytochemistry and immunoblotting of HEK293A
transfected cells. On the other hand, MeP229-hSYNGAP1 expressing plasmids
showed little to no expression in vitro. These preliminary results suggested that JeT-
hSYNGAP1_Aal plasmid was the best candidate to move on to the next stage of

therapeutic testing.
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CHAPTER 5: ASSESSMENT OF THE SECOND GENERATION
CANDIDATE GENE THERAPY CONSTRUCT JET-hSYNGAP1_Aal
THERAPEUTIC EFFICACY IN VIVO

5.1 INTRODUCTION

The purpose of the work presented in this chapter was to move into a phase of my
research where | began to assess the therapeutic potential of gene therapy vectors
in mice modelling the SYNGAP1 haploinsufficiency-associated disorder. In particular,
| tested the therapeutic efficacy of the candidate gene therapy cassette JeT-

hSYNGAPI1_Acd.

| introduced in Chapter 4 the rationale behind the use of the JeT promoter and the
choice of the Aol isoform. Briefly, the JeT promoter is a short synthetic promoter
created by the combination of functional elements of different promoters, which is
able to drive the expression of a transgene in the CNS (Bahey et al., 2017; Bailey et
al.,, 2018; Chen et al., 2022; Tornoe et al.,, 2002). To increase the transgene
expression, a short synthetic intron was added between the core promoter region
and the transgene (Kikuchi et al., 2014; de la Garza-Rodea et al., 2011; Powell et al.,

2015).

Based on previously published data, it was decided to clone the JeT promoter and
synthetic intron in the Aal-expressing plasmid among the three originally designed
constructs. This isoform contains the PDZ binding motif that mediates the interaction
with the PSD and presents the highest negative effect on synaptic strength
(McMahon et al., 2012).

Previously published works failed to precisely define the phenotypes rescue window
in Syngap1*~ mice, although data suggest that an early intervention could be the
most promising approach (Aceti et al., 2015; Creson et al., 2019; Ozkan et al., 2014;
Verma et al., 2022). Aceti et al. (Aceti et al., 2015) showed that normalisation of

expression levels at PND1 can prevent the insurgence of haploinsufficiency-
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associated symptoms while normalisation at PND21 rescued only the fear
conditioning phenotype. For this reason, it was decided to deliver the gene therapy

vector at PND1-2.

Gene therapy treatments in vivo can be delivered using different routes of
administration, and the choice of which route to use is based on various factors such
as the target tissue and age of delivery. SYNGAP1 expression is primarily limited to
the brain, where it is expressed at high levels in the cortex, hippocampus, and
striatum (Kim et al., 2003; Knuesel et al., 2005; Moon et al., 2008; Porter et al., 2005;
Tomoda et al., 2004). It was important to use an administration route that ensured
maximal transduction in this tissue and areas of interest. Intravenous administration
has been used before to target the brain (Foust et al., 2009), but this method of
administration causes a large amount of vector to be sequestered in the hepatic
tissue, causing toxicity. Direct brain injections have the advantage to maximise
transduction in the brain and limiting it to other tissues. Among the possible routes
for direct brain delivery, ICV injections allow a brain-wide spread of the vector (Belur
et al., 2021; Galvan et al., 2021; Hughes et al., 2018; MclLean et al., 2014) when
administered at a neonatal stage (Hughes et al., 2018; McLean et al., 2014). Although
it is not considered a translational administration route, ICV is known to allow
efficient transduction of cortical areas, hippocampus and striatum (Chakrabarty et

al., 2013).

AAV has been extensively used for gene therapy applications due to its ability to
infect both dividing and non-diving cells, wide tropism, and ability to induce stable
long-lasting transgene expression (Bouard et al., 2009; Penaud-Budloo et al., 2018).
Compared to other vectors, AAV has a relatively small cloning capacity, ~5000 bp, but
it presents relatively low immunogenicity, low toxicity for the host cell, and does not
commonly undergo recombination with the host genome (Bulcha et al., 2021; Gardlik
et al., 2005; Ritter et al., 2002; Sakuma et al., 2012). AAV9 is the most promising for
CNS-targeted gene therapy approaches as it is able to cross the BBB and has high

tropism for neuronal cells (Foust et al., 2009; Mendell et al., 2017).
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5.2 AmM

The aim of the work presented in this chapter was to evaluate the therapeutic
efficacy of ssAAV9 vector expressing the human SYNGAP1 Aal isoform. To this end
specific aims were:
e To evaluate viral vector-derived transgene expression in vivo in disease-
relevant brain areas such as cortex and hippocampus.
e To evaluate whether the gene therapy vector can ameliorate the behavioural
phenotypes observed in Syngap1*- mice.

e To assess the tolerability of transgene expression in wild-type mice.

5.3 STUDY PLAN

Detailed methodology is provided in Chapter 2. Briefly, the viral vector (Figure 4-5
and Figure 5-1a) was delivered via ICV injections in PND1-2 neonatal wild-type and
Syngapl*”- male mice at three doses: 1E10, 5E10 and 1E11 vg/mouse, or vehicle (PBS)
as control. To reach the desired n for each treatment group, mice were recruited in
groups and the period of injections spanned over four months. Treatments were
assigned to litters as described in Section 2.15. Initially, mice were treated with 5E10
vg/mouse and vehicle, subsequently 1E10 and 1E11vg/mouse doses were added.
Testing of all treatment groups resulted partially overlapped due to the longitudinal
nature of the study.

Mice were monitored and behaviourally phenotyped at 7 and then at 15 weeks of
age using, in this order and in consecutive days, the open field, elevated plus maze
and platform departure test, as described in Figure 5-1b. Mice treated with 5E10
vg/mouse and vehicle were sacrificed between 20 and 22 weeks of age, while mice
treated with 1E10 and 1E11vg/mouse were sacrificed between 28 and 31 weeks of

age.
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The candidate therapeutic viral vector (Figure 5-1a) used for the work presented in
this chapter expresses the human Aol SYNGAP1 isoform under the regulation of the
synthetic JeT promoter. Downstream to JeT was inserted a short synthetic intron
(Kikuchi et al., 2014; de la Garza-Rodea et al., 2011; Powell et al., 2015). To distinguish
between endogenous and viral vector-derived SYNGAP1 protein, a Myc fusion
peptide was added to the C-terminal of SYNGAP1. A variation of the SpA reported by
Levitt and colleagues (Levitt et al., 1989) was used. The construct was vectorised as
ssDNA using AAV9 capsid pseudotyped (when expression cassettes are designed
using ITRs belonging to one serotype then, during viral vector production, the most
suited capsid is chosen, depending on the type of cell to transduce) with AAV2 ITRs
at Barcelona Vector Core (Barcelona, Spain) as described in Section 2.8. The
ssAAV2/9/)eT-hSYNGAP1_Aal-Myc-SpA vector (Figure 5-1a) will be referred as
AAV9/JeT-hSYNGAPI forward in the text while the plasmid will be referred to as JeT-

hSYNGAPI_Acal.

Myc
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|
Synthetic Synthetic
Intron polyA
Tissue
b Lo Collection
Monitoring 1E10 and 1E11 vgimouse
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Figure 5-1. Schematic representation of the AAV9/JeT-hSYNGAP1 and experimental
plan.

Schematic representation of the AAV9/JeT-hSYNGAP1 construct (a) where the
sequence of the Myc-tagged human Aal SYNGAP1 was cloned under the control of
the JeT promoter and the regulation of AAV2 ITRs. The experimental plan (b) involved
the dosing of wild-type and Syngap1*/- mice via ICV injection with 1E10, 5E10 or 1E11
vg/mouse or vehicle as control. As detailed in the methods section, mice were then
monitored and tested on consecutive days using open field (OF), elevated plus maze
(EPM) and platform departure (PD) at 7 and then at 15 weeks of age.
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5.4 RESULTS

5.4.1 Viral vector-derived SYNGAP1-Myc was detectable in cortex and
hippocampus of treated wild-type mice
After confirmation of correct expression in vitro, shown in Chapter 4, the plasmid JeT-

hSYNGAP1_Aal was vectorised as ssDNA and packaged in an AAV9 capsid.

The correct packaged DNA sequence was confirmed by viral vector DNA sequencing
using MiSeq. As shown in Table 5-1, a large percentage of reads, ~96%, aligned on
the construct sequence, while less than 1% of reads covered the plasmid backbone
sequence and the rep-cap sequence of the helper. Moreover, the analysis did not
detect DNA sequences of other origins, such as bacterial genomic sequence, that
could have been associated to contaminants. This experiment confirmed the
correctness of the packaged sequence. MiSeq sequencing was performed by Ms

Amanda Morris and sequence analysis by Dr Paul Ross.

Table 5-1. AAV9/JeT-hSYNGAP1 sequence quality evaluation via MiSeq.

Mapped sequence Percentage of reads
AAV9/JeT-hSYNGAP1 96.08%
AAV9/)eT-hSYNGAP1 plasmid backbone 0.36%
Helper Rep-Cap 0.36%

AAV9/JeT-hSYNGAP1 expression was first tested in vivo in a qualitative pilot study.
The presence of SYNGAP1-Myc was evaluated after five weeks from injection at three
different doses: 5E10, 1E11, and 2E11 vg/mouse. As shown in Figure 5-2, immunoblot
of protein lysate from viral vector-treated wild-type mice cortex and hippocampus
showed the presence of the Myc-tagged SYNGAP1 which migrated at the same
molecular weight as the native SYNGAP1 protein. Protein levels were not quantified
for this experiment as the aim was only to demonstrate viral vector transgene
expression in brain areas of interest: cortex and hippocampus. Viral vector-derived

protein quantification is described in Figure 5-15 and Figure 5-16.
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Figure 5-2. SYNGAP1-Myc derived from AAV9/JeT-hSYNGAP1 expression was
detectable in cortex and hippocampus protein lysates after five weeks from the
injection.

Representative qualitative immunoblot of cortex and hippocampus protein lysates
from wild-type treated tissue after 5 weeks post-treatment with vehicle (Vh) or viral
vector at doses of 5E10, 1E11 and 2E11 vg/mouse. SYNGAP1 endogenous protein
migrates at a molecular weight of ~148 KDa. Similarly, viral vector-derived SYNGAP1-
Myc migrated at a molecular weight of ~148 KDa. Total protein was used as loading
control. The gel was used at a concentration of bis acrylamide of 8%.

5.4.2 AAV9/JeT-hSYNGAPI treatment in Syngapl*” mice showed a
trend toward the amelioration of the risk-taking behaviour

After establishing detectable brain expression in vivo, | moved on to the therapeutic
phase of the study. As shown in Figure 5-1b, wild-type and Syngap1*/- mice were ICV
dosed at PND1-2 with the AAV9/JeT-hSYNGAP1 therapeutic vector at doses of 1E10,
5E10 and 1E11 vg/mouse. These doses were chosen based on the preliminary results
shown by the pilot study presented in Section 5.4.1. As clear expression was
detectable at 5E10 and 1E11 vg/mouse, and 2E11 vg/mouse was not further tested.
Moreover, only Syngapl*- mice were dosed with the highest viral genome per
mouse, 1E11 vg/mouse, to prevent tolerability issues due to SYNGAPI1

overexpression.

Mice were subjected to a behavioural pipeline of assessments defined during the
study presented in Chapter 3. The first of these was the open field test, followed by

elevated plus maze and platform departure tests.

One wild-type mouse injected with 5E10 vg/mouse was removed from the study prior

to testing at 15 weeks for health issues not related to the treatment.
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5.4.2.1 Open Field

A robust hyperactive phenotype is reported for Syngap1*/- mice in several published
works (Aceti et al., 2015; Berryer et al., 2016; Guo et al., 2009; Komiyama et al., 2002;
Mubhia et al., 2010; Nakajima et al., 2019; Ozkan et al., 2014) and this result was
reproduced in my baseline studies (Chapter 3). | therefore next went on to assess the
candidate therapeutic vector AAV9/JeT-hSYNGAP1 ability to prevent or ameliorate
such phenotype using the open field test. Subjects were allowed to explore a square
arena for 1 hour while their behaviour was monitored using the EthovisionXT 12
software (Noldus). After video analysis, the total distance travelled in the given time

and distance travelled per 15 minutes time bins were extrapolated.

Consistent with what was previously observed in published works and with my results
shown in Chapter 3, Syngap1*- mice travelled longer distances when compared to
wild-type controls (Figure 5-3a; two-tailed Student’s t-test with Welch’s correction,
mean + SEM; wild-type n=16, 17833 + 1499 cm; Syngapl1*- n=19, 31796 + 1291 cm;
t31.90=7.059, p<0.0001). Wild-type viral vector-treated mice’s behaviour was
comparable to what was observed in vehicle-treated animals, suggesting that the
treatment did not modify the behaviour (Figure 5-3b; Welch’s ANOVA, mean + SEM;
vehicle n=16, 17833 + 1499 cm; 1E10 vg/mouse n=18, 17937 + 1757 cm; 5E10
vg/mouse n=14, 20258 + 1056 cm; W(2.00, 29.51)=1.149, p=0.3309). However, no
modification of the hyperactive phenotype was observed among viral vector-treated
Syngapl*- mice (Figure 5-3c; Welch’s ANOVA, mean = SEM; vehicle n=19, 31796 +
1291 cm; 1E10 vg/mouse n=13, 37985 + 3434 cm; 5E10 vg/mouse n=17, 36081 + 1706
cm; 1E11 vg/mouse n=14, 35953 + 2178 cm, W(3.00, 28.95)=2.083, p=0.1242).
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Figure 5-3. At 7 weeks of age, AAV9/JeT-hSYNGAP1 treatment did not affect the
hyperactivity phenotype observed during the open field test.

Total distance travelled in 1 hour by vehicle (Vh) treated wild-type (WT) and
Syngap1*~ mice (a) and by wild-type (b) and Syngap1* mice (c) of all treatment
groups at 7 weeks of age. Dotted line represents wild-type behaviour. Circles and
squares represent single animals. Numbers within the bars represent the n of each
group.

Data presented as mean * SEM. a) Two-tailed Student’s t-test with Welch’s
correction. b,c) Welch’s ANOVA. **** p<0.0001.

Increased locomotor activity in Syngap1*- mice appeared to not be associated with
a lack of habituation when compared to wild-type controls at 7 weeks of age, in
agreement with results shown in Chapter 3 (Figure 5-4a; RM Two-way ANOVA;
vehicle(WT), n=16, vehicle(Syngap1*-), n=19; genotype x time F, 99=4.840,
p=0.0035; time F(3, 99)=158.4, p<0.0001; genotype F(1, 33=50.39, p<0.0001; multiple
comparisons tests results are reported in Table S-7). Analysis of viral vector-treated
Syngapl*- mice showed no variation in habituation rate after treatment (Figure 5-4b;
RM Two-way ANOVA; vehicle(Syngap1*°), n=19, 1E10 vg/mouse n=13, 5E10
vg/mouse n=17, 1E11 vg/mouse n=17; treatment x time F(g, 177)=0.2293, p=0.9742;
time F(1.042,114.6)=233.6, p<0.0001; treatment F3,59=1.655, p=0.1866, Tukey’s multiple

comparisons test are reported in Table S-8).
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Figure 5-4. At 7 weeks of age, Syngapl*/- mice presented comparable levels of
habituation to wild-type mice in the open field. AAV9/JeT-hSYNGAP1 treatment did
not affect behaviour over time.

Wild-type (WT) and Syngap1*/ vehicle (Vh) treated mice (a) and Syngap1*/- vehicle
and viral vector-treated mice (b) distance travelled for 15 minutes time bins at 7
weeks of age. Each data point represents the mean distance travelled over the
preceding 15 minutes. Stars (*) above each bin represent the results of multiple
comparison tests between genotypes. Wild-type (Vh) n=16, Syngap1*- (Vh) n=19,
1E10 vg/mouse n=13, 5E10 vg/mouse n=17, 1E11 vg/mouse n=14.

Data presented as mean + SEM. RM Two-way ANOVA with multiple comparison tests.
*d** p<0.0001.

The large difference in distance travelled between wild-type and Syngap1*/ vehicle-
treated mice was present at 15 weeks of age (Figure 5-5a; two-tailed Student’s t-test
with Welch’s correction, mean + SEM; wild-type n=16, 13208 + 701.5 cm; Syngap1*”
n=19, 34876 + 1699 cm; t(23.83=11.79, p<0.0001). Analysis of vector-treated wild-type
mice showed no evident issue with treatment tolerability, as mice of all groups
presented a comparable behaviour (Figure 5-5b; Welch’s ANOVA, mean + SEM;
vehicle n=16, 13208 + 701.5 cm; 1E10 vg/mouse n=17, 14007 + 1633 cm; 5E10
vg/mouse n=14, 13110 + 865.5 cm; W(2.00, 27.68)=0.1194, p=0.8879). Considering
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Syngapl*~ mice treated with the AAV9/leT-hSYNGAPI viral vector, data did not
suggest the presence of treatment effect on the hyperactivity phenotype (Figure
5-5¢; Welch’s ANOVA, mean * SEM; vehicle n=19, 34876 + 1699 cm; 1E10 vg/mouse
n=13, 39964 + 5175 cm; 5E10 vg/mouse n=17, 42659 + 3211 cm; 1E11 vg/mouse
n=14, 38814 + 1727 cm; W(3.00, 20.50)=1.835, p=0.1626).
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Figure 5-5. At 15 weeks of age, AAV9/JeT-hSYNGAP1 treated Syngapl*’- mice did
not show amelioration of the hyperactivity phenotype.

Total distance travelled in 1 hour by vehicle (Vh) treated wild-type (WT) and
Syngapl*- mice (a) and by wild-type (b) and Syngap1*- mice (c) of all treatment
groups at 15 weeks of age. Circles and squares represent single animals. Dotted line
represents wild-type behaviour. Numbers within the bars represent the n of each
group.

Data presented as mean * SEM. a) Two-tailed Student’s t-test with Welch's
correction. b,c) Welch’s ANOVA. **** p<0.0001.

Wild-type mice presented a higher difference in distance travelled per time bins,
while Syngap1*- mice horizontal activity resulted more stable across time (Figure
5-6a; RM Two-way ANOVA; vehicle(WT), n=16, vehicle(Syngap1*/), n=19; genotype x
time Fg, 99)=3.432, p=0.0200; time F(2.199, 72.58)=21.67, p<0.0001; genotype F(,
33)=121.7, p<0.0001; multiple comparisons tests results are reported in Table S-9).

Viral vector treatment in Syngap1*/- mice did not impact the distance travelled in each
15-minutes time bin over time (Figure 5-6b; RM Two-way ANOVA; vehicle(Syngap1*-
), n=19, 1E10 vg/mouse n=13, 5E10 vg/mouse n=17, 1E11 vg/mouse n=17; treatment
x time F(o, 177=1.897, p=0.0550; time F(2.321, 137.0)=10.19, p<0.0001; treatment F,
59=1.300, p=0.2829; Tukey’s multiple comparisons test results are reported in Table

5-10).
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Figure 5-6. AAV9/JeT-hSYNGAP1 treatment did not affect distance travelled over
time during open field when mice are tested at 15 weeks of age.

Wild-type (WT) and Syngap1*/- vehicle (Vh) treated mice (a) and Syngap1*- vehicle
and viral vector-treated mice (b) distance travelled per 15 minutes time bins at 15
weeks of age. Each data point represents the mean distance travelled over the
preceding 15 minutes. Stars (*) above each bin represent the results of multiple
comparison tests between genotypes. Wild-type (Vh) n=16, Syngap1*- (Vh) n=19,
1E10 vg/mouse n=13, 5E10 vg/mouse n=17, 1E11 vg/mouse n=14.

Data presented as mean + SEM. RM Two-way ANOVA with multiple comparison tests.
*¥%% n20.0001.

5.4.2.2 Elevated plus maze

Reduced anxiety, measured as time spent in the open arms of the elevated plus maze,
is a well-established phenotype in Syngap1*- mice (Berryer et al., 2016; Guo et al.,
2009; Mubhia et al., 2010; Nakajima et al., 2019). In accordance with published results
(Berryer et al., 2016; Guo et al., 2009; Muhia et al., 2010; Nakajima et al., 2019), |
showed in Chapter 3 that the increased time spent in open arms was present in the
Syngap1*- mouse line used for this study. |, therefore, proceeded to evaluate the

therapeutic effect of the candidate gene therapy construct AAV9/JeT-hSYNGAP1 on
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such behaviour. Wild-type and Syngap1*- mice were exposed to the elevated plus
maze on the subsequent day after the open field test for 10 minutes (Figure 5-1b).
Videos were analysed using the EthovisionXT 12 software (Noldus) and, distance

travelled, and time spent in the open arms were extrapolated.

As defined in Chapter 2, subjects that jumped out of the maze were excluded from
the analysis. At 7 weeks, two Syngap1*- vehicle-treated mice were excluded. At 15
weeks, three Syngap1*- mice were excluded: one treated with vehicle, one with 5E10

vg/mouse and one with 1E11 vg/mouse.

At both 7 and 15 weeks of age, heterozygous mice showed increased horizontal
activity (Figure 5-7a and Figure 5-8a; two-tailed Student’s t-test with Welch’s
correction, mean + SEM; 7 weeks, wild-type n=16, 2228 + 87.60 cm; Syngap1* n=17,
3167 +131.9 cm; t(27.52=5.933, p<0.0001; 15 weeks, wild-type n=16, 1738 + 94.62 cm;
Syngapl*- n=16, 2448 + 117.4 cm; t(28.70=4.714, p<0.0001) and increased time in the
open arms compared to wild-type controls (Figure 5-7d and Figure 5-8d; two-tailed
Mann-Whitney test, median(95% Cl); 7 weeks, wild-type n=16, 17.48(15.69 to 20.97)
%; Syngapl*” n=19, 41.65(38.20 to 44.83) %; U=2, p<0.0001. 15 weeks, wild-type
n=16, 11.01(9.55 to 17.61) %; Syngap1*- n=19, 27.83(22.76 to 33.73) %; U=33,
p=0.0002).

In wild-type mice at 7 weeks of age, viral vector treatment did not affect activity in
the maze (Figure 5-7b; Welch’s ANOVA, mean + SEM; vehicle n=16, 2228 + 87.50 cm;
1E10 vg/mouse n=18, 2303 + 108.7 cm; 5E10 vg/mouse n=14, 2420 + 92.69 cm; W2.00,
20.79)=1.119, p=0.9275) or percentage of time spent in the open arms (Figure 5-7e;
Kruskal-Wallis test, median(95% Cl); vehicle n=16, 17.48(15.69 to 20.97) %; 1E10
vg/mouse n=18,15.77(12.48 to 19.06) %; 5E10 vg/mouse n=14, 19.59(16.16 to 23.02)
%; H=6.9, p=0.0317; Dunn’s multiple comparisons test results are reported in Table

S-11).

Syngapl*” mice treated with AAV9/JeT-hSYNGAP1 did not show a difference in
activity levels (Figure 5-7c; Welch’s ANOVA, mean + SEM; vehicle n=17, 3167 + 131.9
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cm; 1E10 vg/mouse n=13, 3490 + 292.9 cm; 5E10 vg/mouse n=17, 3340 + 112.9 cm;
1E11 vg/mouse n=14, 3362 + 118.3 cm; W00, 2952=0.5765, p=0.6350) nor
normalisation of the percentage of time spent in the open arms (Figure 5-7f; Kruskal-
Wallis test, median(95% Cl); vehicle n=17, 41.65(38.20 to 44.83) %; 1E10 vg/mouse
n=13, 41.60(34.41 to 51.51) %; 5E10 vg/mouse n=17, 40.86(36.18 to 46.34) %; 1E11
vg/mouse n=14, 38.96(32.42 to 47.21) %; H=0.8910, p=0.8276).
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Figure 5-7. At 7 weeks of age, the time spent in the open arm by AAV9/JeT-
hSYNGAP1 treated mice was comparable to vehicle-treated controls.

Total distance travelled in 10 minutes by vehicle (Vh) treated wild-type (WT) and
Syngap1*~ mice (a) and by wild-type (b) and Syngap1* mice (c) of all treatment
groups in the elevated plus maze at 7 weeks of age. Percentage of time spent in the
open arms by vehicle-treated wild-type and Syngap1*- mice (d) and by wild-type (e)
and Syngapl*- mice (f) of all treatment groups at 7 weeks of age. Dotted line
represents wild-type behaviour. Circles and squares represent single animals.
Numbers within the bars represent the n of each group.

a) Two-tailed Student’s t-test with Welch’s correction. b,c) Welch’s ANOVA. Mean *
SEM.

d) Two-tailed Mann-Whitney test. e,f) Kruskal-Wallis test. Median and 95% ClI.
* p<0.05, **** p<0.0001.

At 15 weeks of age, a significant decrease in the percentage of time spent in open
arms was observed in wild-type mice treated with 5E10 vg/mouse compared to
vehicle controls (Figure 5-8e; Kruskal-Wallis test, median(95% Cl); vehicle n=16,
11.01(9.55 to 17.61) %; 1E10 vg/mouse n=17, 6.60(4.13 to 7.67) %; 5E10 vg/mouse
n=14, 8.67(4.47 to 14.43) %; H=9.76, p=0.0076; Dunn’s multiple comparisons test
results are reported in Table S-12). However, the level of activity in these mice

remained comparable to the one observed in vehicle controls, both during the open
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field (Figure 5-5b) and during the elevated plus maze test (Figure 5-8b; Welch’s
ANOVA, mean + SEM; vehicle n=16, 1738 + 94.62 cm; 1E10 vg/mouse n=17, 1431 +
120.7 cm; 5E10 vg/mouse n=14, 1612 + 133.5 cm; W(2.00, 28.14)=1.957, p=0.1719).

Syngapl*-mice hyperactivity phenotype in the maze appeared to worsen in a dose-
dependent manner (Figure 5-8c; Welch’s ANOVA, mean + SEM; vehicle n=16, 2448 +
117.4 cm; 1E10 vg/mouse n=13,2918 + 257.2 cm; 5E10 vg/mouse n=16, 3017 + 108.1
cm; 1E11 vg/mouse n=13, 3388 + 167.5 cm; W(3.00, 27.68)=7.735, p=0.0044; Dunnett’s
T3 multiple comparison test results are reported in Table S-13) but, similarly to what
was noted in the wild-type group, this was not observed during the open field (Figure
5-5c¢). As no general condition abnormalities were reported for both wild-type and
Syngapl*- viral vector-treated mice, it is likely that these differences were not

associated with the treatment.

Data showed no treatment-related improvement in the percentage of time spent in
the open arms by Syngap1*/ viral vector-treated mice (Figure 5-8f; Kruskal-Wallis
test, median(95% Cl); vehicle n=16, 27.83(22.76 to 33.73) %; 1E10 vg/mouse n=13,
25.64(19.36 to 32.65) %; S5E10 vg/mouse n=16, 35.27(26.52 to 38.83) %; 1E11
vg/mouse n=13, 34.74(26.23 to 37.46) %; H=3.791, p=0.2849).
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Figure 5-8. Treatment did not affect the percentage of time in the open arms in
AAV9/JeT-hSYNGAPI1 treated Syngap1*/- mice at 15 weeks of age.

Total distance travelled in 10 minutes by vehicle (Vh) treated wild-type (WT) and
Syngap1*~ mice (a) and by wild-type (b) and Syngap1* mice (c) of all treatment
groups in the elevated plus maze at 15 weeks of age. Percentage of time spent in the
open arms by vehicle-treated wild-type and Syngap1*- mice (d) and by wild-type (e)
and Syngap1* mice (f) of all treatment groups at 15 weeks of age. Dotted line
represents wild-type behaviour. Circles and squares represent single animals.
Numbers within the bars represent the n of each group.

a) Two-tailed Student’s t-test with Welch’s correction. b,c) Welch’s ANOVA with
Dunnett’s T3 multiple comparisons test. Mean + SEM.

d) Two-tailed Mann-Whitney test. e,f) Kruskal-Wallis test with Dunn’s multiple
comparisons test. Median and 95% ClI.

** p<0.01, *** p<0.01 **** p<0.0001.

5.4.2.3 Platform departure test

Families of SYNGAP1 affected individuals report a reduced sense of risk (Weldon et
al., 2018), phenotype that was observed also in Syngap1*- mice in the form of
increased departures from an elevated platform compared to wild-type littermates
(Kilinc et al., 2018). This represents one of the most promising behaviours as it

appears to be conserved across species, providing an important translatable measure
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to evaluate the therapeutic efficacy of gene therapy constructs. In Chapter 3, |
showed how this behaviour was present in the Syngap1*- mouse line used for this
study; therefore, | proceeded to evaluate the effect of AAV9/JeT-hSYNGAP1
treatment on this behaviour. As described in Chapter 2, mice were placed on a 2-litre
beaker and allowed to explore for 10 minutes; the number of partial and full
departures were counted offline and formed the measures to evaluate the presence
of risk-taking behaviour. As described in Figure 5-1b, this test was performed on the

subsequent day of the elevated plus maze test.

At 7 weeks of age Syngap1*- mice performed a significantly higher number of partial
departures (Figure 5-9a; two-tailed Student’s t-test with Welch’s correction, mean +
SEM; wild-type n=16, 18.69 * 2.85; Syngap1*- n=19, 35.53 + 3.72; t(32.05=3.592,
p=0.0011) and full departures (Figure 5-9d; two-tailed Mann-Whitney test,
median(95% Cl); wild-type n=16, 0.00(-0.8486 to 2.35); Syngap1*- n=19, 5.00(5.427
to 14.57); U=33.50, p<0.0001).

Wild-type mice behaviour was not affected by the treatment for both partial
departures (Figure 5-9b; Welch’s ANOVA, mean + SEM; vehicle n=16, 18.69 + 2.85;
1E10 vg/mouse n=18, 20.83 + 3.46; 5E10 vg/mouse n=14, 14.79 + 2.27; W (2.00,
20.86)=1.227, p=0.3075) and full departures (Figure 5-9e; Kruskal-Wallis test,
median(95% Cl); vehicle n=16, 0.00(-0.85 to 2.35; 1E10 vg/mouse n=18, 0.00(-0.60 to
3.27); 5E10 vg/mouse n=14, 0.00(-0.13 to 1.41); H=1.223, p=0.5424).

Syngapl*~ mice treated with AAV9/JeT-hSYNGAP1 vector did not show a
modification in the number of partial departures (Figure 5-9c; Welch’s ANOVA, mean
+ SEM; vehicle n=19, 35.53 + 3.72; 1E10 vg/mouse n=13, 36.92 + 5.13; 5E10 vg/mouse
n=17, 44.29 + 5.55; 1E11 vg/mouse n=14, 33.86 * 6.28; W(300, 3047)=0.6777,
p=0.5725), however, both low and high dose viral vector-treated mice showed a
reduced tendency to leave the platform (Figure 5-9f; Kruskal-Wallis test, median(95%
Cl); vehicle n=19, 5.00(5.43 to 14.57); 1E10 vg/mouse n=13, 6.00(2.50 to 14.89); 5E10
vg/mouse n=17, 17.00(9.28 to 21.89); 1E11 vg/mouse n=14, 0.50(1.64 to 11.64);

H=6.426, p=0.0926). This effect was more evident when observing the percentage of
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mice leaving the platform in function of time (Figure 5-9g; Log-rank (Mantel-Cox) test;
vehicle(WT) n=16, median time to first=undefined; vehicle(Syngap1*/) n=19, median
time to first=4.16 min, 1E10 vg/mouse n=13, median time to first=6.14 min,
5E10vg/mouse n=17, median time to first=3.49 min, 1E11vg/mouse n=14, median
time to first=8.55 min; vehicle(WT) vs vehicle(Syngap1*) x*1)=22.50, p<0.0001;
vehicle(Syngap1*/-) vs 1E10 vg/mouse x*1)=1.649, p=0.1991; vehicle(Syngap1*") vs
5E10 vg/mouse x%1)=0.1066, p=0.7441; vehicle(Syngap1*) vs 1E11 vg/mouse
X21)=3.837, p=0.0501).

In this experiment, a smaller percentage of mice treated with 1E10 and 1E11
vg/mouse left the platform in the given time. It is interesting to note that, when
tested, the difference between vehicle and 1E11 vg/mouse treated Syngapl*” mice

was close to significance, p=0.0501.
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Figure 5-9. At 7 weeks of age, AAV9/JeT-hSYNGAP1 treated Syngap1*/- mice showed
delayed departure time from the platform.

Number of partial departures performed by vehicle (Vh) treated wild-type (WT) and
Syngapl*- mice (a) and by wild-type (b) and Syngap1*- mice (c) of all treatment
groups at 7 weeks of age. Number of full departures performed by vehicle-treated
wild-type and Syngap1*- mice (d) and by wild-type (e) and Syngap1*- (f) of all
treatment groups at 7 weeks of age. Percentage of vehicle-treated wild-type and
Syngapl*- mice of all treatment groups (g) that remained on the platform and time
to first departure at 7 weeks of age. Dotted line represents wild-type behaviour.
Circles and squares represent single animals. Numbers within or under the bars
represent the n of each group.

a) Two-tailed Student’s t-test with Welch’s correction. b,c) Welch’s ANOVA. Mean *
SEM.

d) Two-tailed Mann-Whitney test. e,f) Kruskal-Wallis test. Median and 95% ClI.

g) Log-rank (Mantel-Cox) test. ** p<0.01, **** p<0.0001.
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At 15 weeks of age, vehicle-treated Syngap1* mice were more prone to perform
partial (Figure 5-10a; two-tailed Student’s t-test with Welch’s correction, mean *
SEM; wild-type n=16, 8.62 + 1.37; Syngapl*~ n=19, 36.32 + 3.79; t(22.53)=6.866,
p<0.0001) and full departures (Figure 5-10d; two-tailed Mann-Whitney test,
median(95% Cl); wild-type n=16, 0.00(-0.46 to 2.33); Syngap1*- n=19, 14.00(8.08 to
16.24); U=28.50, p<0.0001) when compared to wild-type vehicle-treated mice.

Analysis of wild-type viral vector-treated mice showed no difference with vehicle-
treated mice (Figure 5-10b and e; partial departures, Welch’s ANOVA, mean * SEM;
vehicle n=16, 8.62 + 1.34; 1E10 vg/mouse n=17, 5.82 + 2.32; 5E10 vg/mouse n=14,
8.21 + 1.71; W00, 28.26=0.5387, p=0.5894; full departures, Kruskal-Wallis test,
median(95% Cl); vehicle n=16, 0.00(-0.46 to 2.33); 1E10 vg/mouse n=17, 0.00(-0.63
to 8.27); 5E10 vg/mouse n=14, 0.00(-0.58 to 1.58); H=1.669, p=0.4340).

Treatment did not affect the number of partial departures performed by vehicle and
viral vector-treated Syngap1*/ mice overall (Figure 5-10c; Welch’s ANOVA, mean +
SEM; vehicle n=19, 36.32 + 3.79; 1E10 vg/mouse n=13, 25.77 + 6.14; 5E10 vg/mouse
n=17, 37.35 = 6.14; 1E11 vg/mouse n=14, 29.86 * 6.65; W(3.00, 29.87)=0.8996,
p=0.4529). On the other hand, AAV9/JeT-hSYNGAP1 treated Syngapl*- mice
performed a reduced number of full departures compared to vehicle-treated mice
with the vehicle (Figure 5-10f; Kruskal-Wallis test, median(95% Cl); vehicle n=19,
14.00(8.08 to 16.24); 1E10 vg/mouse n=13, 3.00(0.82 to 18.10); 5E10 vg/mouse n=17,
7.00(3.52 to 10.95); 1E11 vg/mouse n=14, 5.00(3.41 to 14.74); H=3.925, p=0.2696).

A shift in the curve of animals departing from the platform was observed, with the
1E10 and 1E11 vg/mouse treatment groups showing the lowest percentage of
Syngapl*- mice departing from the platform (Figure 5-10g; Log-rank (Mantel-Cox)
test; vehicle(WT) n=16, median time to first=undefined; vehicle(Syngap1*/-) n=19,
median time to first=3.16 min, 1E10 vg/mouse n=13, median time to first=6.41 min,
5E10vg/mouse n=17, median time to first=4.59 min, 1E11vg/mouse n=14, median
time to first=6.65 min; vehicle(WT) vs vehicle(Syngap1*") x*1=21.49, p<0.0001;

vehicle(Syngap1*/") vs 1E10 vg/mouse x%1)=3.661, p=0.0557; vehicle(Syngap1*/) vs
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5E10 vg/mouse X%1)=0.4369, p=0.5086; vehicle(Syngap1*-) vs 1E11 vg/mouse
X3(1)=2.649, p=0.1036).

In all treatments, about 50% of mice departed around 5 minutes from the start, while

50% of vehicle-treated Syngap1*- mice left the platform after 3-3.5 minutes.

Due to the nature of the data set presented in Chapter 3, it was not possible to
investigate habituation after re-exposure to the platform departure test. It is possible
that the decreased number of full departures observed in 1E10 and 1E11 vg/mouse-
treated Syngapl* mice was associated with habituation to the test. For this reason,
| investigated whether re-exposure to the task would modify the response in the two
genotype groups, and to this end, | analysed the number of partial and full departures
performed by the vehicle-treated mice. Both wild-type and Syngap1*- mice did not
show habituation in the number of partial departures (Figure 5-11a; RM Two-way
ANOVA; wild-type n=16, 7 weeks=18.69 + 2.85, 15 weeks=8.62 + 1.37; Syngapl*”
n=19, 7 weeks=35.53 + 3.72, 15 weeks=36.32 + 3.80; genotype x time F(1, 33)=3.403
p=0.0741, time F(, 33=2.485 p=0.1245, genotype F(, 33y=40.02 p<0.0001; Sidak

multiple comparison test results are reported in Table S-14).

Only one wild-type subject left the platform at 7 weeks of age, while three did at 15
weeks of age. Such reduced variance in the dataset posed a challenge to the statistical
analysis, nonetheless it appeared that re-exposure to the task did not modify the
behaviour of wild-type nor Syngap1*/- mice (Figure 5-11b; RM Two-way ANOVA; wild-
type n=16, 7 weeks=0.75 * 0.75, 15 weeks=0.93 + 0.65; Syngapl”- n=19, 7
weeks=10.00 £ 2.18, 15 weeks=12.16 + 1.94; genotype x time F(1,33)=0.599 p=0.4446,
time Fq, 33)=0.8482 p=0.3638, genotype Fq, 33)=27.06 p<0.0001; Siddk multiple

comparison test results are reported in Table S-15).

These results suggest that the reduction of departures observed in viral vector-

treated Syngap1*/ mice was not caused by a habituation effect.
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Figure 5-10. 15-weeks-old AAV9/JeT-hSYNGAPI treated Syngap1*/- mice performed
a reduced number of full departures and departed from the platform later in time.
Number of partial departures performed by vehicle (Vh) treated wild-type (WT) and
Syngapl*- mice (a) and by wild-type (b) and Syngap1*- mice (c) of all treatment
groups at 15 weeks of age. Number of full departures performed by vehicle-treated
wild-type and Syngap1*- mice (d) and by wild-type (e) and Syngap1*- (f) of all
treatment groups at 15 weeks of age. Percentage of vehicle-treated wild-type and
Syngapl*- mice of all treatment groups (g) that remained on the platform and time
to first departure at 15 weeks of age.

Dotted line represents wild-type behaviour. Circles and squares represent single
animals. Numbers within or under the bars represent the n of each group.

a) Two-tailed Student’s t-test with Welch’s correction. b,c) Welch’s ANOVA. Mean *
SEM.

d) Two-tailed Mann-Whitney test. e,f) Kruskal-Wallis test. Median and 95% ClI.

g) Log-rank (Mantel-Cox) test. **** p<0.0001.
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Figure 5-11. Wild-type and Syngapl*- mice did not show habituation to the
platform departure test.

Number of partial departures (a) and number of full departures (b) performed by
wild-type and Syngap1*- mice at 7 weeks and 15 weeks of age. Circles and squares
represent single animals. Data related to the vehicle-treated wild-type and Syngap1*-
mice. Dark black bars represent the means. Wild-type n=16, Syngap1*-n=19.

RM Two-way ANOVA. *** p<0.001, **** p<0.0001.
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5.4.3 Biodistribution analysis showed a high number of viral vector
genomes in cortex and striatum while a lower distribution was
observed in hippocampus and thalamus

Following the in vivo phase of the study, | proceeded to assess the viral vector

biodistribution. The aim of this experiment was to relate the functional findings with

viral vector distribution in different brain areas. | quantified the viral vector genome
in the cortex, hippocampus, striatum, thalamus, and cerebellum using gPCR. | used
absolute quantification via the standard curve method, which allowed me to
calculate the number of viral vector genomes per diploid genome measured as the
number of copies of Actb, using standards of known titre. The methodology is
detailed in Chapter 2 and primers sequence and optimization process are reported in

Appendix C, Section C.3.

Cortex and hippocampus were previously identified as regions where levels of
SYNGAP1 are high (Knuesel et al., 2005; Moon et al., 2008; Porter et al., 2005;
Tomoda et al., 2004) and where the majority of circuit and cellular dysfunctions
associated with SYNGAP1 haploinsufficiency were observed (Barnett et al., 2006;
Michaelson et al., 2018; Muhia et al., 2012; Ozkan et al., 2014). SYNGAP1 is also
expressed in striatum (Knuesel et al., 2005; Moon et al., 2008; Porter et al., 2005;
Tomoda et al., 2004). Investigation of biodistribution in thalamus and cerebellum,
where SYNGAP1 is expressed at low levels (Gou et al., 2020; Moon et al., 2008; Porter

et al., 2005), aimed to understand the viral vector spread.

Cortical samples, collected from the somatomotor and motor cortex, presented the
highest levels of vector biodistribution (Figure 5-12a; Welch’s ANOVA, mean + SEM;
vehicle n=3, 4.04E-5 + 2.61E-5 vg/dg; 1E10 vg/mouse n=3, 0.31 + 0.10 vg/dg; 5E10
vg/mouse n=3, 1.65 + 0.75 vg/dg; 1E11 vg/mouse n=3, 4.70 + 0.74 vg/dg; W .00,
3.333)=12.85, p=0.0252; Dunnett’s T3 multiple comparison test results are reported in

Table S-16).
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Low copy number of viral vector genomes were recorded instead in the cerebellum
and thalamus (Figure 5-12e and d; cerebellum, Welch’s ANOVA, mean + SEM; vehicle
n=3, 6.05E-5 + 4.59E-5 vg/dg; 1E10 vg/mouse n=3, 0.0018 + 0.001 vg/dg; 5E10
vg/mouse n=3, 0.017 + 0.006 vg/dg; 1E11 vg/mouse n=3, 0.051 + 0.013 vg/dg; W 3.00,
2.999)=6.128, p=0.0734. Thalamus; Welch’s ANOVA, mean t SEM; vehicle n=3, 0.00017
+ 8.43E-5 vg/dg; 1E10 vg/mouse n=3, 0.026 + 0.011 vg/dg; 5E10 vg/mouse n=3, 2.53
+2.00 vg/dg; 1E11 vg/mouse n=3, 1.11 + 0.49 vg/dg; W s.00, 3.336)=3.027, p=0.1791).

Analysis showed that the hippocampus presented about half the number of viral
vector genomes seen in cortex, suggesting a reduced distribution in this area (Figure
5-12b; Welch’s ANOVA, mean + SEM; vehicle n=3, 1.02E-4 + 5.42E-5 vg/dg; 1E10
vg/mouse n=3, 0.12 + 0.064 vg/dg; 5E10 vg/mouse n=3, 0.84 + 0.44 vg/dg; 1E11
vg/mouse n=3, 2.48 + 1.10 vg/dg; W s.00,3.333)=2.957, p=0.1840).

Similarly it was observed in the striatum (Figure 5-12c; ; Welch’s ANOVA, mean +
SEM; vehicle n=3, 0.0008 * 0.0006 vg/dg; 1E10 vg/mouse n=3, 0.33 * 0.076 vg/dg;
5E10 vg/mouse n=3, 1.02 + 0.18 vg/dg; 1E11 vg/mouse n=3, 3.03 + 0.96 vg/dg; W .00,
3334=14.56, p=0.0210 vg/dg; Dunnett’s T3 multiple comparison test results are
reported in Table S-17).

Overall, the viral vector reached both regions of interest: cortex and hippocampus,
with minimal distribution in areas where SYNGAP1 is normally found in trace

amounts: thalamus and cerebellum.

The high intra-group variability observed could be associated with the quality of the
injections, which depends on the correct placement of the needle or the occurrence
of backflow. The former could result in a higher distribution in regions where only a
limited number of vector copies are detected, such as the thalamus. The latter would
cause the delivery of a reduced number of viral particles, as a portion of the particles
would not reach the tissue, increasing the variability among subjects for the same

brain area.
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Figure 5-12. AAV9/JeT-hSYNGAP1 viral vector biodistribution analysis showed a
dose-dependent trend in cortex, hippocampus and striatum.

Number of viral genomes per diploid genome in cortex (a), hippocampus (b), striatum
(c), thalamus (d) and cerebellum (e). Vh=vehicle.

Points represent single animals. Numbers within or under/above the bars represent
the n of each group.

Data presented as mean * SEM. Welch’s ANOVA with Dunnett’s T3 multiple
comparisons test.
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5.4.4 Viral vector-derived SYNGAP1 was detectable in the synaptic
compartment and showed a dose-dependent expression in cortex
Early rescue studies suggested that the circuit malfunctions observed in forebrain
areas are likely to be one of the main causes of the core phenotypes observed in
Syngapl*- mice (Muhia et al., 2012; Ozkan et al., 2014) while more recent
publications suggest the involvement of SSC and visual cortex in the pathophysiology
of the disease (Kilinc et al., 2018; Michaelson et al., 2018). Although no published
data is available at the moment, it is reasonable to think that restoring SYNGAP1
expression to near wild-type levels in these areas would be necessary to fully rescue

the phenotype observed in Syngap1*/ mice.

To investigate the underlying causes of the modest therapeutic effect observed, |
evaluated the levels of exogenous protein expressed in the hippocampus and cortex
following AAV9/JeT-hSYNGAP1 treatment. Moreover, to evaluate the ability of the
vector-derived protein to localise in the synaptic compartment, where it exerts its

primary functions, | investigated its subcellular compartment distribution.

Antibodies used for the quantification of SYNGAP1 and Myc were optimised to obtain

linearity of detection as shown in Appendix C, Section C.2.

5.4.4.1 Confirmatory experiments showed that Syngap1*/- mice express about half
the amount of SYNGAP1 protein compared to wild-type controls

The mouse model used for this work was generated by the in-frame insertion of a
targeting vector, causing the deletion of the region spanning exon 8, 9 and 10 (for a
detailed description refer to Chapter 2). As a result, Syngap1* mice are reported to
express approximately half the level of SYNGAP1 protein observed in wild-type mice

(Komiyama et al., 2002).

To confirm this finding, | evaluated SYNGAP1 levels in protein lysate from cortex and
hippocampus derived from wild-type and Syngap1*- mice via immunoblotting. As the
5E10 vg/mouse treatment group was sacrificed at 20-22 weeks of age while mice

treated with 1E10 and 1E11 vg/mouse were sacrificed at 28-31 weeks of age, the two
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groups were analysed separately. Endogenous SYNGAP1 level was evaluated in age-

matched groups.

At 20 weeks of age, in the cortex, Syngapl*~ mice showed a ~50% reduction of
SYNGAP1 protein (Figure 5-13b; two-tailed Student’s t-test with Welch’s correction,
mean *+ SEM; wild-type, n=3 1.00 * 0.03; Syngap1*-, n=3 0.48 + 0.02; t(3.939)=13.85,
p=0.0002). A reduction of about half was observed at 28 weeks of age, although the
comparison between genotypes did not result significant (Figure 5-13c; two-tailed
Student’s t-test with Welch’s correction, mean + SEM; wild-type, n=3 1.00 + 0.14;
Syngap1*, n=3 0.60 + 0.11; t(3.795=2.240, p=0.0923).
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Figure 5-13. About 50% reduction of SYNGAP1 protein was detected in protein
lysate derived from cortex of Syngap1*/- mice.

Representative immunoblot of cortex protein lysate from wild-type and Syngap1*
mice cortex at 20 weeks and 28 weeks of age (a) labelled with anti-SYNGAP1
antibody. Immunoblot quantification for samples collected at 20 weeks of age (b) and
28 weeks of age (c). SYNGAP1 signal was normalised to the average signal detected
in wild-type tissue. Total protein was used as loading control. Images used for
guantification are reported in Figure S-27. The gel was used at a concentration of bis
acrylamide of 10%. Circles and squares represent single animals. Numbers within the
bars represent the n of each group.

Data presented as mean * SEM, two-tailed Student’s t-test with Welch’s correction.
*** p<0.001.
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In the hippocampus, at both tested ages, a significant reduction of SYNGAP1 levels
was detected in tissue from Syngapl*- mice relative to wild-type (Figure 5-14b and
c; two-tailed Student’s t-test with Welch’s correction, mean + SEM; 20 weeks, wild-
type n=3 1.00 + 0.12; Syngap1*/-, n=3 0.53 + 0.08; t(3.45¢)=3.10, p=0.0441. 28 weeks,
wild-type n=3 1.00 + 0.03; Syngap1*-, n=3 0.44 + 0.05; t(3.153=8.74, p=0.0026).
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Figure 5-14. A reduction of SYNGAP1 protein of about 50% was detected in protein
lysate derived from hippocampus of Syngap1*/- mice.

Representative immunoblot of hippocampus protein lysate from wild-type and
Syngapl*- mice cortex at 20 weeks and 28 weeks of age (a) labelled with anti-
SYNGAP1 antibody. Immunoblot quantification for samples collected at 20 weeks of
age (b) and 28 weeks of age (c). SYNGAP1 signal was normalised to the average signal
detected in wild-type tissue. Total protein was used as loading control. Images used
for quantification are reported in Figure S-28. The gel was used at a concentration of
bis acrylamide of 10%. Circles and squares represent single animals. Numbers within
the bars represent the n of each group.

Data presented as mean * SEM, two-tailed Student’s t-test with Welch’s correction.
* p<0.05, ** p<0.01.
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5.4.4.2 Increase of absolute levels of SYNGAP1 was observable in cortex but not in
hippocampus of viral vector-treated Syngap1*- mice

| then proceeded to evaluate level of exogenous protein achieved in cortex and

hippocampus of Syngap1*/- treated mice.

In the cortex of Syngap1* mice, at all considered viral vector doses, Myc-tagged
protein was detectable and when the signal associated to Myc immunolabelling was
quantified a dose-dependent increase in expression was detected (Figure 5-15e;
Welch’s ANOVA, mean + SEM; vehicle, n=6 0.01 + 0.003; 1E10 vg/mouse, n=6 0.30
0.11; 1E11 vg/mouse, n=6 1.00 + 0.08; W (2.00, 6.684=68.14, p<0.0001, Dunnett’s T3
multiple comparison test results are reported in Table S-18). Similarly, in 5E10
vg/mouse treated mice, SYNGAP1-Myc was detected above noise level (Figure 5-15c;
two-tailed Student’s t-test with Welch’s correction, mean * SEM; vehicle, n=6 0.03

0.009; 5E10 vg/mouse, n=6 1.00 * 0.15; t(5.033=6.445, p=0.0013).

As the anti-SYNGAP1 antibody recognises both human and mouse-derived protein, it
is possible to compare the absolute level of SYNGAP1 present in viral vector and
vehicle-treated tissue to evaluate if an increase was achieved after viral vector
treatment. The signal observed in viral vector-treated tissue is given by the sum of
the endogenous and exogenous SYNGAP1 protein.

In the tissue treated with 5E10 vg/mouse a significant increase in absolute levels of
SYNGAP1, with a range of 1x to 1.8x of vehicle control, was observed (Figure 5-15b;
two-tailed Student’s t-test with Welch’s correction, mean * SEM; vehicle, n=6 1.00
0.07; 5E10 vg/mouse, n=6 1.42 + 0.11; t(s.447)=3.206, p=0.0116). Cortex derived from
mice treated with 1E11 vg/mouse showed an average, non-significant, increase in
SYNGAP1 protein ranging from 1x to 2.2x of vehicle control, while scarce, if no,
increase was observed for tissue injected with 1E10 vg/mouse (0.3 to 0.9x of wild-
type levels) (Figure 5-15d; Welch’s ANOVA, mean + SEM; vehicle, n=6 1.00 + 0.15;
1E10 vg/mouse, n=6 1.18 + 0.20; 1E11 vg/mouse, n=6 1.51 + 0.22; W2.00,9.702)=1.724,
p=0.2288).
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Figure 5-15. AAV9/JeT-hSYNGAP1 viral vector-derived protein dose-dependent
expression was observed in cortex.

Representative immunoblot of cortex protein lysate labelled with anti-Myc and anti-
SYNGAP1 antibodies (a). Quantification of SYNGAP1 (normalised to vehicle treated)
and Myc (normalised to 1E11 vg/mouse treated) in cortex derived from Syngap1*-
mice treated with vehicle (Vh) or 5E10 vg/mouse (b and c) and vehicle or 1E10 and
1E11 vg/mouse (d and e).

Cortex of mice treated with 5E10 vg/mouse and correspondent controls was
collected at 20-22 weeks of age. Cortex of mice treated with 1E10 and 1E11 vg/mouse
and correspondent control was collected at 28-31 weeks of age. Dotted line
represents wild-type levels. Total protein was used as loading control. Images used
for quantification are reported in Figure S-29. The gel was used at a concentration of
bis acrylamide of 10%. Points represent single animals. Numbers within or under the
bars represent the n of each group.

Data presented as mean * SEM. a,b) Two-tailed Student’s t-test with Welch’s
correction. c,d) Welch’s ANOVA with Dunnett’s T3 multiple comparisons test.

* p<0.05, **p<0.01, ***p<0.001.
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When protein expression was evaluated in hippocampus, tissue treated with viral
vector at a dose of 1E10 vg/mouse showed a very low amount of Myc-tagged protein,
while higher levels were detected in tissue treated with 1E11 vg/mouse (Figure 5-16a
and e). Quantification showed a non-significant difference in relative amounts of the
Myc-tagged protein between low and high doses (Figure 5-16e; Welch’s ANOVA,
mean + SEM; vehicle, n=6 -0.01 + 0.05; 1E10 vg/mouse, n=6 0.12 + 0.05; 1E11
vg/mouse, n=6 1.00 * 0.30; W(.00, 8932=6.157, p=0.0169; Dunnett’s multiple
comparison test results are reported in Table S-19). SYNGAP1-Myc protein was
detected in the lysate of 5E10 vg/mouse treated tissue (Figure 5-16c; two-tailed
Student’s t-test with Welch’s correction, mean + SEM; vehicle, n=6 -0.04 + 0.08; 5E10

vg/mouse, n=6 1.00 + 0.33; t(5.644)=3.034, p=0.0248).

Quantification of absolute levels of SYNGAP1 protein showed that no increase in the
absolute levels of SYNGAP1 was observed in viral vector-treated tissue compared to
vehicle control for all considered doses (Figure 5-16b; two-tailed Student’s t-test with
Welch’s correction, mean + SEM; vehicle, n=6 1.00 + 0.15; 5E10 vg/mouse, n=6 0.81
1 0.08; t(7.959=1.111, p=0.2989. Figure 5-16d; Welch’s ANOVA, mean = SEM; vehicle,
n=6 1.00 * 0.04; 1E10 vg/mouse, n=6 0.60 + 0.14; 1E11 vg/mouse, n=6 0.72 + 0.14;
W (2.00, 7.691)=4.473, p=0.0995).
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Figure 5-16. AAV9/JeT-hSYNGAP1 viral vector-derived SYNGAP1 was detectable in
the hippocampus via immunoblot analysis of protein lysate.

Representative immunoblot of hippocampus protein lysate labelled with anti-Myc
and anti-SYNGAP1 antibodies (a). Quantification of SYNGAP1 (normalised to vehicle
treated) and Myc (normalised to 1E11 vg/mouse treated) in hippocampus derived
from Syngapl*- mice treated with vehicle (Vh) or 5E10 vg/mouse (b and c) and
vehicle or 1E10 and 1E11 vg/mouse (d and e).

Hippocampus of mice treated with 5E10 vg/mouse and correspondent controls was
collected at 20-22 weeks of age. Hippocampus of mice treated with 1E10 and 1E11
vg/mouse and correspondent control was collected at 28-31 weeks of age. Points
represent single animals. Dotted line represents wild-type levels. Numbers within or
under the bars represent the n of each group. Total protein was used as loading
control. Images used for quantification are reported in Figure S-30. The gel was used
at a concentration of bis acrylamide of 10%.

Data presented as mean * SEM. a,b) Two-tailed Student’s t-test with Welch’s
correction. c,d) Welch’s ANOVA with Dunnett’s T3 multiple comparisons test.

* p<0.05.
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5.4.4.3 Vector-derived protein correctly localised in the synaptic compartment

al isoform of SYNGAP1 protein exerts its primary function in the synaptic
compartment (Guo et al., 2009; Komiyama et al., 2002; Krepischi et al., 2010; Walkup
et al., 2016), and although the protein can be identified in other subcellular
compartments depending on the isoform considered (Gou et al., 2020), it is the most

enriched isoform in the synaptic compartment (Araki et al., 2020).

The subcellular expression of the viral vector-derived Myc-tagged SYNGAP1 protein
was assessed by evaluating the presence or absence within the synaptosomal fraction
of hippocampal samples. For this, | used a modification of a previously published
protocol from Bermejo et al. (Bermejo et al., 2014). The original protocol allows the
isolation of a highly enriched PSD fraction via a series of centrifugation steps and a
final step of ultracentrifugation step in the presence of a sucrose gradient. For this
study, obtaining a highly enriched PSD fraction was not necessary. The optimisation
steps are described in Appendix C, Section C.1.

As this protocol was implemented later during the study, only tissue deriving from
animals injected with AAV9/JeT-hSYNGAP1 at the doses of 1E10 and 1E11 vg/mouse

were processed for synaptosomal preparation.

The optimised protocol allowed for better enrichment of synaptic markers in the
synaptosomal fraction compared to the input, but a large amount of protein was lost
during the first step of centrifugation, which caused high contamination of the
nuclear fraction (Figure 5-17). As shown in Figure 5-16, Myc-tagged SYNGAP1 was
detected in hippocampal tissue treated with the 1E10 vg/mouse dose at very low
levels. In the subcellular fractions prepared from 1E10 vg/mouse injected tissue, the
Myc signal was not detectable. Exogenous SYNGAP1 was instead detected in tissue
treated with the 1E11 vg/mouse dose (Figure 5-17). The presence of signal associated
to the Myc fusion peptide in the synaptosome fraction, and its depletion from the
cytosolic fraction, suggested the correct translocation of the viral vector-derived

protein to the synaptic compartment.

213



Syngapl* -+ Vh Syngapl” -+ 1E10 vg/mouse Syngapl* -+ 1E11 vg/mouse

N e o8
\)‘ dé\ 0(_)0\ BQ\_O‘QO \)\' ée\ 0‘30\ aQ\o‘QO \)\' dé\ 050\ BQ\_O":O
a N W T o SO R WO R T g
— — — " — —_—— —— == —-SYNGAP1
150[
1 -Myc
95— mam " —-— o e— — o == e -PSD95
37— — — S — S N D —— — -— _GAPDH
15— ?  —— : — —Histone H3
§ - é -— -— e G — . - * —Total Protein

Figure 5-17. AAV9/JeT-hSYNGAP1 derived SYNGAP1-Myc was present in the
synaptosomal fraction and resulted undetectable in the cytosolic compartment.
Representative immunoblot of synaptosomal preparation of whole hippocampi and
labelled with subcellular fraction-specific markers. Tissue from vehicle (Vh) and viral
vector-treated Syngapl*/mice collected at 28-31 weeks of age. The gel was used at
a concentration of bis acrylamide of 12%.

5.5 DISCUSSION

The aim of the work presented in this chapter was to evaluate the ability of the
second generation candidate gene therapy construct expressing the human SYNGAP1
Aol isoform to rescue the behavioural phenotype observed in the SYNGAPI
haploinsufficiency mouse model. Behavioural phenotyping of Syngapl*- mice
treated with 1E10, 5E10 and 1E11 vg/mouse showed a trend toward the amelioration
of the risk-taking behaviour, while hyperactivity and increased time spent in the open
arms of the elevated plus maze were unaffected. Analysis of absolute levels of
SYNGAP1 showed limited variation, and SYNGAP1 remained at sub-physiological

levels.

As discussed in Chapter 3, hyperactivity emerges to be one of the most prominent
behavioural phenotypes present in Syngap1*- mice. It has been reported in previous
publications that hippocampal dysfunction may lead to increased locomotor activity
and anxiety disorders (Bannerman et al., 2003; Bast et al., 2003; Deacon et al., 2002;
Gray et al., 1983; Pouzet, 1999; Wiley et al., 1995).
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Muhia et al. (Muhia et al., 2012) showed how the total absence of SYNGAP1
expression in the hippocampus of 8-weeks-old mice caused a significant increase of
horizontal activity but not a reduction of anxiety. Ozkan et al. (Ozkan et al., 2014)
showed that induction of haploinsufficiency in forebrain areas induced the
development of the phenotypes typically observed in the germline Syngap1*~mouse
model. The same paper reported that induction of Syngapl expression limited to
forebrain areas was not sufficient to prevent the development of hyperactivity,
suggesting the involvement of extra-cortical areas that have not yet been identified
in the development of such behaviours. Although data are still limited, published
results suggest that the cortex and hippocampus are not the sole players in the
development of hyperactivity, but they are likely to be key elements. It is, therefore,
reasonable to think that to observe an improvement of the hyperactivity phenotype,
itisimportant to reach a high level of transduction and exogenous protein expression

in these areas.

In treated hippocampi, absolute levels of SYNGAP1 protein were not significantly
increased above the sensitivity of the anti-SYNGAP1 assay (Figure 5-16).

Immunoblot staining with anti-Myc antibody showed that tissue treated with the
1E10 vg/mouse dose presented very low levels of Myc-tagged SYNGAP1, which was
in accordance with the result shown by the anti-SYNGAP1 assay (Figure 5-16e). These
findings were consistent with data from the biodistribution analysis, which showed
relatively low copy numbers per diploid genome in the 1E10 vg/mouse-treated tissue.
The low levels of vector-derived protein detected in the hippocampus could explain

the lack of treatment effects on hyperactivity.

Cellular and circuital dysfunction, together with structural abnormalities, have been
described during development in cortex of Syngap1*- mice, particularly in the SSC
and prefrontal cortex (Aceti et al., 2015; Michaelson et al., 2018). Michaelson et al.
(Michaelson et al.,, 2018) observed reduced excitability and connectivity of
glutamatergic neurons in the SSC of Syngap1*/- mice, resulting in a reduction of touch-

related activity. Altered sensory processing is a reported phenotype in SYNGAP1
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patients (Michaelson et al., 2018). Kilinc et al. (Kilinc et al., 2018) showed that cortical
regions, including many related to the visual system and secondary SSC, presented a
reduction in volume. It is possible that these structural and functional changes in
areas of sensory stimuli processing are one of the underlying causes of the increased
impulsivity and risk-taking behaviour observed in Syngap1*" mice.

The variation of absolute levels of SYNGAP1 protein observed in the cortex was in the
range of 0.6 (for 1E10 vg/mouse) to 2.2x (for 1E11 vg/mouse treated mice) the levels
observed in the Syngapl*- vehicle controls Although this increment did not
significantly differ from the vehicle, it is possible that the trend toward the reduction
of the number of full departures performed by viral vector-treated Syngap1*- mice
during the platform departures test (Section 5.4.2.3) was associated to the variation

in SYNGAP1 levels.

It is known that the JeT promoter is a relatively weak promoter compared to more
commonly used regulatory elements such as the CMV promoter (Tornoe et al., 2002).
Despite this, the level of viral vector-derived SYNGAP1 expression achieved in this
experiment was lower than expected, as only in the cortex treated with a viral vector
at a dose of 5E10 vg/mouse was a significant difference observable in absolute levels
of SYNGAP1. The reason for such results could be associated with the intrinsic
technical limitations of the assay used. | demonstrated that SYNGAP1 antibody
detection is linear, but this does not consider the intrinsic sensitivity of the assay. The
non-significant difference seen in the cortex and hippocampus (Figure 5-15 and
Figure 5-16), could be caused by a relatively low sensitivity of the antibody to small

changes in protein quantity.

Another element to consider is that the comparison performed was between the
increment given by the expression of a single isoform over the total of the
endogenous isoforms expressed in the tissue. In fact, the antibody used for this assay
recognises a region of SYNGAP1 that is common to all isoforms, while the viral vector
produces only one isoform, Aal. When the analysis was performed the entire

SYNGAP1 positive band was quantified as it was not possible to distinguish bands
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associated with the single isoforms. It is possible that the small increase caused by
the expression of one isoform was not detectable over the noise presented by the
unrelated isoforms. Consequently, | may have underestimated how much protein
was actually produced from the therapeutic cassette. The use of isoform-specific
antibodies would allow a better understanding of the variation in Aal level in viral
vector-treated mice. C-terminal specific antibodies have been developed in-house by
laboratories studying SYNGAP1 (Araki et al., 2020; Gou et al., 2020) and one al
specific antibody is commercially distributed, but at the time of the work presented
in this thesis, it was not available. Future experiments investigating a1 level with this
antibody would be important for a better understanding of viral vector SYNGAP1

expression.

In addition to what was previously discussed, another assumption made for the
immunoblot quantification is that the antibody can detect vector-derived (human)
and endogenous (mouse) SYNGAP1 with the same efficiency. The protein sequence
is highly conserved between species and, as reported by the antibody manufacturer,
the region where the epitope is localised presents only one amino acid change
between mouse/rat and human. For this reason, and because it is not known if the
amino acid change is localised in the antigenic sequence, we assumed equal affinity.

However, this was not experimentally tested.

The trend toward the reduction of the number of full departures appeared to not be
dose-dependent. The most significant difference was seen with the 1E10 and 1E11
vg/mouse doses, while mice treated with 5E10 vg/mouse were indistinguishable
from controls treated with vehicle. The amount of Myc-tagged protein detected in
tissue treated with 1E10 vg/mouse was about one-third that of the high-dose treated
tissue. Assuming that the amount of protein produced by the 5E10 vg/mouse dose
was intermediate between the other two doses, it remains unclear why the putative
trend toward ameliorating risk-taking behaviour was observed with the lowest dose
and not with 5E10 vg/mouse. It is possible that this trend was due to chance rather

than a genuine effect of the treatment.
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A possible explanation for the absence of a dose-dependent response during the
platform departure test may reside in the distribution of treatments across groups
and time. Initially, only vehicle and 5E10 vg/mouse viral vector dose were injected,
and only later were mice treated with the 1E10 and 1E11 vg/mouse. Due to the
longitudinal nature of this study, even though mice treated with vehicle and 5E10
vg/mouse were injected before starting the injections for the 1E10 and 1E11
vg/mouse doses, the timing of tests for all groups overlapped (15-week-old 5E10
vg/mouse treated mice were tested in the same period as 7-week-old 1E10 or 1E11
vg/mouse treated mice). Although nothing in the housing or testing environment was
different between groups, it is possible that this difference might have impacted to

some extent the behavioural outcome.

SYNGAP1 presents a CC domain at the C-terminus, which allows the protein to
interact with other SYNGAP1 molecules and form trimers. Protein trimerization play
an important role in its ability to interact with PSD95 and the PSD more broadly (Zeng
et al., 2016). As the SYNGAP1 protein expressed by the viral vector presented an
intact CC domain and PDZ binding motif, | hypothesised that the presence of a C-
terminal fused Myc peptide would not impact the normal protein function and
localisation.

More recent publications have provided deeper insight into the importance of an
intact, unmodified C-terminus. Araki et al. (Araki et al., 2020) showed that the al
isoform carrying a mutation in the CC domain, which disrupt liquid-liquid phase
transition and prevent protein trimerization, is less enriched at the synapses and it is
not able to regulate plasticity events. They demonstrated that mutant al behaves
similarly to wild-type P isoform, as its expression can rescue the arborisation
phenotype observed in haploinsufficiency condition and only partially affect LTP.
More recently, Kilinc et al. (Kilinc et al., 2022) showed that mice expressing normal
levels of the wild-type B and a2 isoform but harbouring a a1 carrying missense
mutations in the PBM, present cellular and behavioural phenotypes comparable to

Syngapl*- mice.
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| showed that SYNGAP1-Myc was detectable in the synaptic compartment while it
was depleted from the cytosol, suggesting correct subcellular localisation (Figure
5-17). As LTP and cellular structure were not investigated in this work, it is not clear
if the Myc-tagged SYNGAP1 is able to exert all the functions in which it is involved.
Although the effect of the presence of an extra element at the C-terminus it is still
not elucidated, it is possible that the presence of the Myc peptide may have impacted
the protein's ability to form trimers and therefore affect its ability to rescue the
plasticity and behavioural phenotype (Araki et al., 2020; Kilinc et al., 2022).
Investigating the ability of the C-terminal Myc-tagged SYNGAP1 protein to form
trimers and the same interactome seen in wild-type tissue would allow us to

understand the impact of such modifications.

5.6 CONCLUSION

To summarise, | have shown that viral vector-derived Myc-tagged SYNGAP1 was
detectable in vivo five weeks after the injection of the AAV9/JeT-hSYNGAP1 viral

vector.

| showed that the treatment did not affect behaviour in the open field or in the
elevated plus maze, but a modest therapeutic effect was observed during the
platform departure test. 1E10 and 1E11 vg/mouse treated Syngap1* mice showed a
reduction in the number of full departures and perform the first full departure later

in time.

Dose-dependent expression of vector-derived SYNGAP1 was detected in cortex and
hippocampus using a sensitive anti-Myc antibody. However, quantification of
absolute levels of SYNGAP1 protein showed a not significant increase in cortex, while
no increment was observed in hippocampus. This suggests that only a relatively low
level of viral vector-derived protein was achieved, and the consequent inability to

reach wild-type physiological levels.
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In terms of protein localisation, | demonstrated that viral vector-derived protein was
detectable in the synaptosomal fraction and depleted from cytosolic compartment,

adopting the pattern of subcellular localisation seen with the endogenous protein.

To conclude, the risk-taking behaviour of viral vector-treated Syngap1*- mice showed
a trend toward amelioration. It was not elucidated whether the modest effect was
associated with too little expression of the viral vector-encoded protein or if the
delivered protein was not able to exert the full spectrum of the wild-type protein
functions due to the presence of the C-terminal Myc fusion peptide. For this reason,
a third-generation therapeutic cassette was designed with the aim to improve the

expression of SYNGAPL. This is presented in Chapter 6.
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CHAPTER 6: ASSESSMENT OF THE THIRD GENERATION
CANDIDATE GENE THERAPY CONSTRUCT
hSYN1-hSYNGAP1(opT) Aal THERAPEUTIC EFFICACY IN VIVO

6.1 INTRODUCTION

The therapeutic efficacy study conducted using the second generation AAV9/JeT-
hSYNGAPI1, as detailed in Chapter 5, showed the potential of gene therapy for the
amelioration of risk-taking behaviour. It is possible that the limited effect observed
on behaviour was a consequence of the relatively low expression of vector-derived
protein in disease-relevant brain regions such as the cortex and hippocampus that
could have been associated with the relatively weak strength of the promoter used,
JeT.

With the aim of improving transgene expression, and possibly therapeutic efficacy,
the gene therapy cassette was redesigned by modifying the promoter, regulatory

elements and codon-optimising the transgene sequence.

Synapsins are a family of phosphoproteins expressed in both excitatory and inhibitory
neurons, involved in the regulation of synaptic vesicle trafficking and
neurotransmitter release (Greengard et al., 1993; Song et al., 2016). The human
SYNAPSINI promoter (hSYN1) is a short promoter fragment (~470 bp) with neuronal-
specific activity (Kligler et al.,, 2003). This promoter has been shown to drive
transgene expression in cortical areas of interest for this project, like cortex,
hippocampus and striatum (MclLean et al., 2014). Given the reduced size and the
predicted expression pattern, it was decided to substitute the JeT promoter with the

hSYN1 promoter.

It is well-established that SYNGAP1 forms trimers through the association of its C-
terminal CC domain (Zeng et al., 2016). Mutations in the CC domain prevent

trimerization, limiting the ability of the protein to exert isoform-specific functions and
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to associate with the PSD without completely abolishing the synaptic compartment
localisation (Araki et al., 2020; Kilinc et al., 2022; Zeng et al., 2016).

| demonstrated in Chapter 5, that even in the presence of the C-terminal fusion
peptide Myc, vector-derived protein localised in the synaptic compartment, but | did
not investigate the ability of the tagged protein to form trimers. To circumvent the
theoretical issue that a C-terminal tag could disrupt this important protein-protein
interaction, and therefore function, | decided to design a new vector where the tag,
in this case FLAG, was placed at the N-terminus. A fusion peptide in this position is
not predicted to interfere with other protein-protein interactions. The FLAG peptide,
which is an artificial octapeptide tag (Hopp et al., 1988), is highly hydrophilic,
reducing the likelihood of abnormal folding of the protein to which it is fused (Terpe,

2003).

In the genetic code, each amino acid, except methionine and tryptophan, is encoded
by two or more codons (Crick et al., 1961; Nirenberg et al., 1963). Although
theoretically, each amino acid could be represented in the coding sequence of genes
by any of its respective codons with the same probability, it has been observed that
this was not the case. Codon usage refers to the frequency at which different codons
appear in the DNA, and the non-random usage of each codon is defined as codon
usage bias, which correlates with the relative abundance of tRNA (Air et al., 1976;
Fiers et al., 1975; lkemura, 1981). Optimising a gene sequence by removing rare
codons and substituting them with more commonly used ones, without changing the
amino acid sequence, is defined codon optimisation and it has the ability to improve
protein expression (Burgess-Brown et al., 2008; Disbrow et al., 2003). The process is
widely used in gene therapy constructs where the sequence is optimised for
expression in humans (Brown et al., 2018; Ward et al., 2011). The rationale for such
an approach is to improve the translational application of the construct, but also to
improve the expression of the transgene. Indeed, Brown et al. (Brown et al., 2018)
and Ward et al. (Ward et al., 2011) showed that a codon-optimised sequence for
expression in humans, when tested in mice, produced higher levels of protein

compared to the same non-codon-optimised sequence. For these reasons, in the new
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expression cassette, the codon-optimised sequence for expression in humans of the

Aol isoform was used.

MoSeq is an ethologically relevant technique that allows the analysis of 3D mouse
movements for the identification of single stereotypic behaviours, defined as
“syllables” (short 3D motifs of behaviour spanning about 300 ms), and how they
relate to each other to identify what has been defined as "behavioural grammar"
(Wiltschko et al., 2015). This is possible as the system detects regular elements in the
overall behaviour and uses them to identify syllables and the probability and pattern
of transition between them (Wiltschko et al., 2015, 2021). To this end, MoSeq uses
3D videos captured using a depth camera and a machine learning algorithm that
uncovers underlying modular components of behaviour. An important feature of the
system is that the machine learning is unsupervised, meaning that the system is able
to identify the stereotyped behaviour without the need for the experimenter to
define the behavioural parameters to quantify (Dennis et al., 2021). Thanks to these
characteristics, MoSeq has been used to investigate the genotype effect on core
behavioural elements (Hadjas et al., 2020; Rudolph et al., 2020; Silachev et al., 2022),
understanding how specific circuits shape behaviour (Markowitz et al., 2018;
Pisanello et al., 2017) and evaluate the effects of pharmacological treatments

(Wiltschko et al., 2021).

6.2 AIM

The aim of the study presented in this chapter was to evaluate the ability of a newly
designed third generation ssAAV9 hSYNGAPI1 vector to ameliorate the phenotypes

observed in Syngap1*- mice. To this end specific aims were:

e To evaluate the ability of the chosen promoter to express the SYNGAP1
protein in vitro.
e To evaluate the expression of the transgene in vivo in brain regions relevant

to the disease, such as cortex and hippocampus.
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e To extend the phenotypic characterisation of Syngap1* mice by establishing
a new behavioural paradigm using MoSeq.

e To evaluate the potential of the designed candidate gene therapy cassette to
ameliorate the behavioural abnormalities observed in Syngap1*- mice.

e To evaluate transgene expression tolerability in wild-type mice.

6.3 STUDY PLAN

Detailed methodology is reported in Chapter 2. Briefly, the viral vector (Figure 6-1a)
was delivered via ICV injection in PND1-2 neonatal wild-type and Syngap1* mice at
two doses, 5E10 vg/mouse and 1E11 vg/mouse, or vehicle (PBS) as control. To reach
the desired n for each treatment group, mice were recruited in groups and the period
of injections spanned over five months. Treatments were assigned to litters as
described in Section 2.15.

Mice were monitored and behaviourally phenotyped at 7 and then at 15 weeks of
age using, in this order and in consecutive days, the open field, elevated plus maze
and platform departure test, as described in Figure 6-1c. MoSeq was performed only
at 15 weeks of age, at the end of the behavioural test battery, with at least one day

of rest after the platform departure test. Mice were sacrificed at 25 weeks of age.

The plasmid expressing the human codon-optimised SYNGAP1 Aol isoform was
synthesised by GeneArt (ThermoFisher Scientific, USA) (Figure 6-1a and b). Gene
expression was driven by the hSYN1 promoter, and transcription was terminated by
the addition of a downstream SV40 polyA signal. A FLAG fusion peptide was added to
the N-terminus to enable the detection of the viral vector-derived protein and
discriminate it from native SYNGAP1. Similarly to AAV9/JeT-hSYNGAP1, the Kozak
sequence (Kozak, 1986), indicated in Figure 6-1b with red underlined characters, was
boosted by the addition of two cytosine nucleotides before the first ATG codon. The

hSYN1-FLAG-hSYNGAP1_Aal(opt)-SV40 therapeutic cassette was vectorised as
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ssDNA using AAV9 capsid pseudotyped with AAV2 ITRs using Baculovirus packaging
system by ViroVek (USA) as described in Section 2.8.

The ssAAV2/9/hSYN1-FLAG-hSYNGAPI1_Aal(opt)-SV40 will be referred to as
AAV9/hSYN1-hSYNGAPI in the rest of the chapter, and the plasmid as hSYN1-
hSYNGAPI.

The gene therapy cassette was designed by Dr Ralph D. Hector who also performed
codon optimisation for expression in humans using the GeneOptimiser software

(ThermoFisher Scientific, USA).
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ssAAVO BRI hsYN1 ! hSYNGAPIopt Aol
FLAG SV40 polyA

cctgeaggeagetgegegctegetegetecactgaggecgecegggcaaagecegggegtegggegacctttggtegeceggecteagtgagega
gcgagcgcgeagagagggagtggccaaciccatcactaggggticctGCGGCCGCACGCGTTCTAGACTGCAGAGGGCCCTG

CGTATGAGTGCAAGTGGGTTTTAGGACCAGGATGAGGCGGGGTGGGGGTGCCTACCTGACGACCGACCCCG
ACCCACTGGACAAGCACCCAACCCCCATTCCCCAAATTGCGCATCCCCTATCAGAGAGGGGGAGGGGAAACA

GGATGCGGCGAGGCGCGTGCGCACTGCCAGCTTCAGCACCGCGGACAGTGCCTTCGCCCCCGCCTGGCGGCG
CGCGCCACCGCCGCCTCAGCACTGAAGGCGCGCTGACGTCACTCGCCGGTCCCCCGCAAACTCCCCTTCCCGG
CCACCTTGGTCGCGTCCGCGCCGCCGCCGGCCCAGCCGGACCGCACCACGCGAGGCGCGAGATAGGGGGGC
ACGGGCGCGACCATCTGCGCTGCGGCGCCGGCGACTCAGCGCTGCCTCAGTCTGCGGTGGGCAGCGGAGGA
GTCGTGTCGTGCCTGAGAGCGCAGTCGTCGACGCCACCATG N wiv v crNe ey [crlecle (eI LY.YE
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GGGGATCAATCCCCGCCATGAGCTACGCCCCTTTCAGAGATGTGCGGGGACCTTCTATGCACAGAACACAGTA
CGTGCACAGCCCCTATGACCGGCCTGGCTGGAACCCTAGATTTTGCATCATCAGCGGGAACCAGCTGCTGATG
CTGGATGAGGACGAGATCCATCCTCTCCTGATCCGGGACAGACGGAGCGAAAGCAGCAGAAACAAGTTGTTA
CGAAGAACAGT / / GGACCACCCCGCTATGGCAGAACCCCTGCCTGAACCTAAGAAGCGGTTACTGGATGC

CCAGAGAGGCAGCTTCCCTCCGTGGGTCCAGCAGACAAGAGTTTGAGGTACCGAGCTONYRICINRERLcv.tc
Ll nnc ey ey oy Y [ N S RN LMY TGCGGCCGCTCCGGACACGTGCGGACCGAGCG

GCCGCaggaacccctagtgatggagttggecacteectetetgegegetegetegetcactgaggecgggegaccaaaggtcgeccgacgeee

gegctitgcecgggeggcctcagtgagegagegagegegcagetgectgeagy
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Figure 6-1. Schematic of the new generation gene therapy construct and
experimental plan.

Schematic representation of the AAV9/hSYN1-hSYNGAPI construct (a) and its
sequence (b). 5" and 3’ ITRs are highlighted in dark grey and are shown in lowercase
characters, hSYN1 promoter sequence is highlighted in light grey. FLAG peptide
sequence is highlighted in dark red and SV40 polyA in black. Kozak sequence is
indicated by red underlined characters. The coding sequence, in yellow, is only shown
for the 5" and 3’ regions, “/ / /” indicates sequence break. The experimental plan (c)
involved the dosing of wild-type and Syngap1*- mice via ICV injection with 5E10 or
1E11 vg/mouse or vehicle as control. As detailed in the methods section, mice were
then monitored and tested on consecutive days in open field (OF), elevated plus maze
(EPM) and platform departure (PD) at 7 and 15 weeks of age. Motion sequencing
(MoSeq) was performed at the end of the behavioural pipeline at 15 weeks of age.

226



6.4 RESULTS

6.4.1 Viral vector-derived FLAG-SYNGAP1 protein was detectable in
vitro and in vivo

As part of the quality control pipeline, upon reception from GeneArt (ThermoFisher

Scientific, USA), the hSYN1-hSYNGAP1 (Figure 6-2a) whole plasmid sequence was

confirmed using MiSeq as described in Chapter 2. Moreover, as for the expression

cassettes presented in Chapter 4, before moving to viral vector production, the ability

of the hSYN1 promoter to drive the expression of the transgene was tested in vitro.

hSYN1-hSYNGAP1 was transfected in HEK293A cells and the presence of plasmid-
derived  FLAG-SYNGAP1 protein was investigated by fluorescence
immunocytochemistry. MeP229-hMECP2-Myc was used as positive control for the
transfection experiment (Figure 6-2b). Mock-transfected cells (negative control)

were used to verify the specificity of immunostaining (Figure 6-2c).

Similarly to what was observed in Chapter 4, Myc immunolabelling of the positive
control transfected cells showed multiple Myc-positive cells per field of view (Figure
6-2b), while only a few cells resulted positive for SYNGAP1 and FLAG immunolabeling
in wells transfected with the hSYN1-hSYNGAP1 plasmid (Figure 6-2c). Nonetheless,
this experiment confirmed that hSYN1 can drive the expression of the codon-

optimised hSYNGAP1 in vitro.
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Figure 6-2. FLAG-tagged SYNGAP1 was detectable in HEK293A cells transfected with
the hSYN1-hSYNGAP1 plasmid.

Schematic representation of the plasmid used for transfection (a). Representative
fluorescence immunocytochemistry of HEK293A cells transfected with the positive
control MeP229-hMECP2-Myc plasmid (b) or the hSYN1-hSYNGAP1 plasmid (c).
White arrowheads indicate cells positive for SYNGAP1 and FLAG immunolabelling or
Myc in the case of MeP229-hMECP2-Myc transfected cells. Blue: DAPI staining;
Green: immunolabelling of Myc (b) or FLAG (c); Red: immunolabelling of SYNGAP1.
Bars indicate 50 um.
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Following verification of expression in vitro and confirmation of sequence via MiSeq,
the plasmid was vectorised by ViroVek (USA) using the baculovirus/Sf9 cells

production system.

As part of the quality control process, the integrity of the viral vector AAV9/hSYN1-
hSYNGAP1 DNA sequence was evaluated via MiSeq. As shown in Table 6-1, ~94% of
reads aligned to the construct sequence, indicating that the packaged sequence was
correct. In addition, the analysis did not detect DNA sequence deriving from other
organisms, such as bacteria, which would indicate contamination of the viral vector

preparation.

Whole plasmid and viral vector genome sequencing were performed by Ms Amanda

Morris, and sequence analysis by Dr Paul Ross.

Table 6-1. AAV9/hSYN1-hSYNGAP1 sequence quality evaluation via MiSeq.

Mapped sequence Percentage of reads
AAV9/hSYN1-hSYNGAP1 94.26%
AAV9/hSYN1-hSYNGAP1 plasmid backbone 0.05%
Helper Rep-Cap 0.03%

Before commencing an extended in vivo therapeutic efficacy study for the novel gene
therapy cassette, a qualitative pilot study was conducted in wild-type mice to assess
AAV9/hSYN1-hSYNGAPI expression in vivo. The aim of this study was to evaluate viral
vector transgene expression in disease-relevant brain regions such as the cortex and
hippocampus. The presence of the viral vector-derived protein was evaluated after
five weeks post-injection at two different doses, 5E10 and 1E11 vg/mouse.
Immunoblot of protein lysate from the cortex and hippocampus confirmed the
presence of FLAG-tagged SYNGAP1, which appeared to migrate at the same
molecular height as the endogenous SYNGAP1 (~148 kDa) (Figure 6-3). Quantification

of viral vector-derived protein is described in Figure 6-19 and Figure 6-20.
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Figure 6-3. FLAG-tagged viral vector-derived SYNGAP1 was detectable in cortex and
hippocampus after five weeks from injection.

Representative qualitative immunoblot of cortex and hippocampus protein lysate
from wild-type treated tissue after 5 weeks post-treatment with vehicle (Vh) or viral
vector at doses of 5E10 and 1E11 vg/mouse. SYNGAP1 endogenous protein migrates
at a molecular weight of ~148 KDa. Similarly, viral vector-derived SYNGAP1 migrated
at a molecular weight of ~148 KDa. Total protein was used as loading control. The gel
was used at a concentration of bis acrylamide of 10%.

6.4.2 AAV9/hSYN1-hSYNGAPI treated Syngapl*” mice showed a trend
toward amelioration of the risk-taking behaviour

As shown in Chapter 3, Syngap1* mice present increased horizontal activity, higher

percentage of time in the open arms of the elevated plus maze and have a higher

tendency to leave an elevated platform.

In Chapter 5, it was shown that treatment with AAV9/JeT-hSYNGAP1 resulted in a
trend toward the amelioration of risk-taking behaviour in Syngap1*- mice, with viral
vector dosed Syngap1*/ mice showing a reduced tendency to leave the platform. It
was hypothesised that the limited treatment effect could have been associated with
the low level of viral vector-derived protein expressed in disease-relevant brain

regions such as the cortex and hippocampus.

After confirming the ability of the hSYN1 promoter to express the transgene in vitro
and establishing detectable brain expression of AAV9/hSYN1-hSYNGAP1 in vivo, an
efficacy study was set up to evaluate the ability of SYNGAP1 Aol expression to

ameliorate phenotypes associated with SYNGAP1 haploinsufficiency. The behavioural
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phenotyping battery included open field, elevated plus maze, platform departure test

and MoSeq, as detailed in Chapter 2 and described in Figure 6-1c.

6.4.2.1 Open field

Syngapl*~ mice present an increased locomotor activity, resulting in a higher
distance travelled over time in the open field when compared to wild-type
littermates. Hyperactivity is a highly reproducible phenotype (Aceti et al., 2015;
Berryer et al., 2016; Guo et al., 2009; Komiyama et al., 2002; Mubhia et al., 2010;
Nakajima et al., 2019; Ozkan et al., 2014) and as demonstrated in Chapter 3 and 5,
this phenotype is also observed in the Syngap1*- mouse line used for the work

presented in this thesis.

The effect of the viral vector treatment on the hyperactive phenotype was assessed
using the open field test, as described in Chapter 2. Briefly, mice treated with 5E10
and 1E11 vg/mouse AAV9/hSYN1-hSYNGAP1 were exposed to the open field test for
1 hour, and the distance travelled over the total time and per 15-minutes was

measured.

At 7 weeks of age a clear genotype difference was observed between Syngap1*- and
wild-type mice (Figure 6-4a; two-tailed Student’s t-test with Welch’s correction,
mean + SEM; wild-type n=16, 23763 + 1906 cm; Syngapl1*- n=16, 36870 + 2105 cm;
t(20.71)=4.616, p<0.0001). Wild-type viral vector-treated mice did not show difference
in horizontal activity when compared to vehicle-treated mice, suggesting that the
viral vector treatment did not modify this behaviour (Figure 6-4b; Welch’s ANOVA,
mean = SEM; vehicle n=16, 23763 + 1906 cm; 5E10 vg/mouse n=18, 21417 + 1289 cm;
1E11 vg/mouse n=21, 22694 + 1491 cm; W(2,32.81)=0.5518, p=0.5812).

When comparing viral vector and vehicle-treated Syngap1*- mice, no amelioration of
hyperactivity was observed at either dose (Figure 6-4c; Welch’s ANOVA, mean + SEM;
vehicle n=16, 36870 + 2105 cm; 5E10 vg/mouse n=14, 36169 + 1888 cm; 1E11
vg/mouse n=13, 37930 + 2698 cm; W2,25.61)=0.1404, p=0.8697).
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The hyperactivity observed in Syngap1* mice was not associated with a lack of
habituation as both vehicle-treated genotype groups showed the same level of intra-
trial habituation (Figure 6-5a; RM Two way ANOVA; vehicle(WT), n=16,
vehicle(Syngap1*/), n=16; genotype x time F@, 90=0.509, p=0.6771; time F(.71s,
81.47)=162.0, p<0.0001; genotype F(1,30=27.91, p<0.0001; multiple comparisons tests
results are reported in Table S-25).

The habituation was not affected by viral vector treatment in Syngap1*- mice (Figure
6-5b; RM Two away ANOVA; vehicle(Syngap1*”), n=16, 5E10 vg/mouse n=14, 1E11
vg/mouse n=13; treatment x time F, 120=0.911, p=0.4892; time F(2.1ss, 87.51)=161.7,
p<0.0001; treatment F(, 40=0.155, p=0.8571, Tukey’s multiple comparisons test

results are reported in Table S-26).
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Figure 6-4. At 7 weeks of age, Syngap1*/- mice hyperactivity was not affected by
AAV9/hSYN1-hSYNGAP1 viral vector treatment.

Total distance travelled in 1 hour by vehicle (Vh) treated wild-type (WT) and
Syngapl*- mice (a) and by wild-type (b) and Syngap1*- mice (c) of all treatment
groups at 7 weeks of age. Dotted line represents wild-type behaviour. Circles and
squares represent single animals. Numbers within the bars represent the n of each
group. Data presented as mean + SEM. a) Two-tailed Student’s t-test with Welch’s
correction. b,c) Welch’s ANOVA. **** p<0.0001.
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Figure 6-5. At 7 weeks of age, Syngap1*/- mice habituation was not affected by
AAV9/hSYN1-hSYNGAP1 viral vector treatment.

Wild-type (WT) and Syngap1*/- vehicle (Vh) treated mice (a) and Syngap1*- vehicle
and viral vector-treated mice (b) distance travelled for 15 minutes time bins at 7
weeks of age. Each data point represents the mean distance travelled over the
preceding 15 minutes. Stars (*) above each bin represent the results of multiple
comparison tests between genotypes. Wild-type (Vh) n=16, Syngap1*- (Vh) n=16,
5E10 vg/mouse n=14, 1E11 vg/mouse n=13.

Data presented as mean * SEM. RM Two-way ANOVA with Sidak multiple
comparisons test. *** p<0.001, **** p<0.0001.

At 15 weeks of age the increased horizontal activity observed in Syngap1*/ vehicle-
treated mice (Figure 6-6a; two-tailed Student’s t-test with Welch’s correction, mean
+ SEM; wild-type n=16, 17308 = 1242 cm; Syngapl”- n=16, 40588 + 2351 cm;
t(22.77=8.757, p<0.0001) was not modified by the viral vector treatment at all
considered doses (Figure 6-6¢; Welch’s ANOVA test, mean + SEM; vehicle, n=16,
40588 + 2351 cm; 5E10 vg/mouse n=14, 43997 + 5946 cm; 1E11 vg/mouse n=13,
43518 + 8321 cm; W(2,19.89)=0.1774, p=0.8388).
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Similarly, AAV9/hSYN1-hSYNGAP1 did not induce modification of the behaviour in
wild-type mice (Figure 6-6b; Welch’s ANOVA test, mean + SEM; vehicle n=16, 17308
+ 1242 cm; 5E10 vg/mouse n=18, 16877 * 1335 cm; 1E11 vg/mouse n=21, 20321 +
2437 cm; W(2,34.24)=0.7762, p=0.4681).

At 15 weeks of age, in accordance with the results shown in Chapter 3, wild-type and
Syngap1*-mice showed reduced habituation to the arena (Figure 6-7a; RM Two away
ANOVA; vehicle(WT), n=16, vehicle(Syngap1*/), n=16; genotype x time F, 50=3.550,
p=0.0176; time F(2.039, 61.17)=28.55, p<0.0001; genotype F(1, 30=76.68, p<0.0001;
multiple comparisons tests results are reported in Table S-27).

The viral vector treatment did not modify habituation in Syngap1*- mice, which
resulted comparable to vehicle controls (Figure 6-7b; RM Two away ANOVA;
vehicle(Syngap1*/), n=16, 5E10 vg/mouse n=14, 1E11 vg/mouse n=13; treatment x
time F, 120=1.504, p=0.1824; time F(.590, 63.61)=4.296, p=0.0252; treatment F(,
40=0.111, p=0.8952, Tukey’s multiple comparisons for test results are reported in

Table S-28).
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Figure 6-6. At 15 weeks of age, Syngap1*/- mice hyperactivity in the open field was
not ameliorated by AAV9/hSYN1-hSYNGAP1 viral vector treatment.

Total distance travelled in 1 hour by vehicle (Vh) treated wild-type (WT) and
Syngapl*- mice (a) and by wild-type (b) and Syngap1*- mice (c) of all treatment
groups at 15 weeks of age. Circles and squares represent single animals. Dotted line
represents wild-type behaviour. Numbers within the bars represent the n of each
group.

Data presented as mean * SEM. a) Two-tailed Student’s t-test with Welch’s
correction. b,c) Welch’s ANOVA. **** p<0.0001.
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Figure 6-7. At 15 weeks of age, AAV9/hSYN1-hSYNGAP1 and vehicle-treated
Syngap1*/ mice showed comparable distance travelled over time.

Wild-type (WT) and Syngap1*/ vehicle (Vh) treated mice (a) and Syngap1*/ vehicle
and viral vector-treated mice (b) distance travelled per 15 minutes time bins at 15
weeks of age. Each data point represents the mean distance travelled over the
preceding 15 minutes. Stars (*) above each bin represent the results of multiple
comparison tests between genotypes. Wild-type (Vh) n=16, Syngap1*- (Vh) n=16,
5E10 vg/mouse n=14, 1E11 vg/mouse n=13.

Data presented as mean * SEM. RM Two-way ANOVA with Siddk multiple
comparisons test. **** p<0.0001.

6.4.2.2 Elevated Plus Maze

Several publications have shown that Syngap1*- mice present reduced anxiety levels,
which is evidenced by the increased time spent in the open arms of the elevated plus
maze (Berryer et al., 2016; Guo et al., 2009; Muhia et al., 2010; Nakajima et al., 2019).
In agreement with these works (Berryer et al., 2016; Guo et al., 2009; Mubhia et al.,
2010; Nakajima et al., 2019), | also observed a similar increase in time spent in the
open arms (Chapters 3 and 5), and therefore, | used the elevated plus maze to

evaluate the therapeutic effect of the newly designed AAV9/hSYN1-hSYNGAPI1 on
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this behaviour. As presented in Chapter 5, the elevated plus maze test was conducted
on the day following the open field test, and treated Syngap1*-and wild-type mice
were tested on the elevated plus maze for 10 minutes and, and the distance travelled

and time spent in the open arms were extrapolated (Figure 6-1c).

As defined in Chapter 2, subjects that jumped out of the maze were excluded from
the analysis. At 7 weeks, one Syngapl*- mouse treated with 1E11 vg/mouse was

excluded while at 15 weeks one Syngap1*-mouse treated with vehicle was excluded.

At 7 weeks of age increased horizontal activity was present in Syngap1*/- mice when
compared to wild-type mice, in agreement with the results of the open field test and
previously shown results (Chapters 3 and 5) (Figure 6-8a; two-tailed Student’s t-test
with Welch’s correction, mean + SEM; wild-type n=16, 2462 + 201.5 cm; Syngapl*"
n=16, 3349 + 265.0 cm; t(28)=2.666, p=0.0126).

Viral vector treatment did not alter the distance travelled in the maze by wild-type
mice (Figure 6-8b; Welch’s ANOVA test, mean + SEM; vehicle n=16, 2462 + 201.5 cm;
5E10 vg/mouse n=18, 2349 + 63.08 cm; 1E11 vg/mouse n=21, 2650 + 126.7 cm;
W(2,28.23)=2.242, p=0.1248).

Similarly, Syngap1*- mice behaviour was not affected by the treatment, with the viral
vector injected mice indistinguishable from the vehicle-treated (Figure 6-8c; Welch’s
ANOVA test, mean + SEM; vehicle n=16, 3349 + 265.0 cm; 5E10 vg/mouse n=14, 3228
+141.2 cm; 1E11 vg/mouse n=12, 3665 + 205.9 cm; W2, 24.30)=1.494, p=0.2443).

The percentage of time spent in the open arms was significantly different between
wild-type and Syngapl*~ vehicle-treated mice (Figure 6-8d; two-tailed Mann-
Whitney test, median(95% Cl); wild-type n=16, 21.09(16.38 to 26.94) %; Syngap1*"
n=16, 40.70(33.80 to 47.62) %; U=32, p=0.0001).

Similar to what was observed for total distance travelled, the percentage of time
spent in the open arms of the maze was not affected by the viral vector treatment in
wild-type (Figure 6-8e; Kruskal-Wallis test, median(95% Cl); vehicle n=16, 21.09(16.38
t026.94) %; 5E10 vg/mouse n=18, 21.51(18.71 to 26.03) %; 1E11 vg/mouse n=21,
29.80(22.71 to 36.58) %; H(2=4.728, p=0.0940) and in Syngap1*- mice (Figure 6-8f,
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Kruskal-Wallis test, median(95% Cl); vehicle n=16, 40.70(33.80 to 47.62) %; 5E10
vg/mouse n=14,42.62(38.02 to 51.28) %; 1E11 vg/mouse n=12, 46.68(38.09 to 53.16)
%; H2)=1.664, p=0.4352).
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Figure 6-8. At 7 weeks of age, the percentage of time spent in the open arms of the
elevated plus maze was not altered in AAV9/hSYN1-hSYNGAPI treated Syngap1*
mice.

Total distance travelled in 10 minutes by vehicle (Vh) treated wild-type (WT) and
Syngapl*- mice (a) and by wild-type (b) and Syngap1*- mice (c) of all treatment
groups in the elevated plus maze at 7 weeks of age. Percentage of time spent in the
open arms by vehicle-treated wild-type and Syngap1*- mice (d) and by wild-type (e)
and Syngapl*- mice (f) of all treatment groups at 7 weeks of age. Dotted line
represents wild-type behaviour. Circles and squares represent single animals.
Numbers within the bars represent the n of each group.

a) Two-tailed Student’s t-test with Welch’s correction. b,c) Welch’s ANOVA. Mean *
SEM.

d) Two-tailed Mann-Whitney test. e,f) Kruskal-Wallis test. Median and 95% C.

* p<0.05, **** p<0.0001.

Syngap1*~ mice showed an increased horizontal activity also at 15 weeks of age

(Figure 6-9a; two-tailed Student’s t-test with Welch’s correction, mean + SEM; wild-
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type n=16, 1844 + 149.7 cm; Syngapl*- n=15, 3553 + 307.6 cm; t(2035=4.995,
p<0.0001).

Total distance travelled was not affected by the treatment in both wild-type (Figure
6-9b; Welch’s ANOVA test, mean = SEM; vehicle n=16, 1844 + 149.7 cm; 5E10
vg/mouse n=18, 1955 + 100.2 cm; 1E11 vg/mouse n=21, 2070 + 140.3 cm;
W(2,32.89=0.5969, p=0.5564) and Syngap1*- mice (Figure 6-9c; Welch’s ANOVA test,
mean * SEM; vehicle n=15, 3553 + 307.6 cm; 5E10 vg/mouse n=14, 3571 + 284.7 cm;
1E11 vg/mouse n=13, 3390 + 254.4 cm; W2,25.99)=0.1341, p=0.8751).

Syngap1*~ mice spent more time in the open arms of the maze compared to wild-
type controls (Figure 6-9d; two-tailed Mann-Whitney test, median(95% Cl); wild-type
n=16, 12.85(8.22 to 16.52) %; Syngap1*- n=15, 41.74(26.68 to 45.78) %; U=32,
p=0.0003).

The viral vector treatment did not affect the percentage of time spent in the open
arms by Syngap1*/- (Figure 6-9f; Kruskal-Wallis test, median(95% Cl); vehicle n=15,
41.74(26.68 to 45.78) %; 5E10 vg/mouse n=14, 37.48(30.27 to 48.17) %; 1E11l
vg/mouse n=13, 35.63(25.13 to 46.65) %; H(2=0.2727, p=0.8725) and wild-type mice
(Figure 6-9e; Kruskal-Wallis test, median(95% Cl); vehicle n=16, 12.85(8.22 to 16.52
%); 5E10 vg/mouse n=18, 16.33(12.00 to 22.17) %; 1E11 vg/mouse n=21, 20.15(12.96
to 23.80) %; H(2=2.711, p=0.2578).
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Figure 6-9. At 15 weeks of age, the percentage of time spent in the open arms of
the elevated plus maze was not altered in AAV9/hSYN1-hSYNGAP1 treated
Syngap1*/mice.

Total distance travelled in 10 minutes by vehicle (Vh) treated wild-type (WT) and
Syngap1*~ mice (a) and by wild-type (b) and Syngap1*/- (c) of all treatment groups in
the elevated plus maze at 15 weeks of age. Percentage of time spent in the open arms
by vehicle-treated wild-type and Syngap1* mice (d) and by wild-type (e) and
Syngap1*~ mice (f) of all treatment groups at 15 weeks of age. Dotted line represents
wild-type behaviour. Circles and squares represent single animals. Numbers within
the bars represent the n of each group.

a) Two-tailed Student’s t-test with Welch’s correction. b,c) Welch’s ANOVA. Mean *
SEM.

d) Two-tailed Mann-Whitney test. e,f) Kruskal-Wallis test. Median and 95% C.

*** p<0.001, **** p<0.0001.

6.4.2.3 Platform departure test

As previously shown in Chapter 3, an increased number of departures from an
elevated platform, which has been interpreted as an increase in risk-taking
behaviour, was detectable in Syngapl*- mice when compared to wild-type

littermates. In Chapter 5, | showed that AAV9/JeT-hSYNGAPI treated Syngap1*/- mice
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showed promising results in this test, with a trend towards the reduction of the

number of full departures.

| assessed the therapeutic effect of the AAV9/hSYN1-hSYNGAP1 viral vector using the
same paradigm described in Chapters 3 and 5. Mice were placed on top of a 2-litre
beaker and allowed to explore for 10 minutes, and the number of partial and full
departures were counted. This test was performed at 7 and then at 15 weeks of age

the day after the elevated plus maze test (Figure 6-1c).

Consistent with what has been shown in previous chapters, wild-type and Syngap1*-
mice presented a significant difference in the number of partial departures and total
departure at 7 weeks of age, with the Syngap1*~ mice being overall more active on
the platform (Figure 6-10a and d; partial departures, two-tailed Student’s t-test with
Welch’s correction, mean * SEM; wild-type n=16, 6.00 + 1.26; Syngap1*~ n=16, 21.63
+ 2.94; t(2031)=4.885, p<0.0001. Full departureks, two-tailed Mann-Whitney test,
median(95% Cl); wild-type n=16, 0.00(-0.29 to 1.79); Syngap1* n=16, 8.00(4.54 to
14.71); U=17.50, p<0.0001).

Although 5E10 vg/mouse treated wild-type mice performed significantly more partial
departures compared to vehicle controls, in light of what was observed in previous
tests and based on the fact that the difference between vehicle and 1E11 vg/mouse
did not appear significant, this variation was not considered to be associated with
poor treatment tolerability (Figure 6-10b; Welch’s ANOVA, mean + SEM; vehicle
n=16, 6.00 + 1.26; 5E10 vg/mouse n=18, 12.56 + 1.95; 1E11 vg/mouse n=21, 14.90
3.99; W(2,32.39)=5.304, p=0.0102; Dunnett’s T3 multiple comparisons test results are
reported in Table S-29).

No difference in the number of full departures was observed among AAV9/hSYN1-
hSYNGAP1 viral vector-treated wild-type mice (Figure 6-10e; Kruskal-Wallis test,
median(95% Cl); vehicle n=16, 0.00(-0.29 to 1.79); 5E10 vg/mouse n=18, 0.00(0.33 to
4.11); 1E11 vg/mouse n=21, 0.00(-0.001 to 7.24); H2=1.268, p=0.5305).

Similarly, the number of partial departures performed by viral vector-treated

Syngapl*~ mice appeared to not be affected (Figure 6-10c; Welch’s ANOVA test,
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mean + SEM; vehicle n=16, 21.63 + 2.94; 5E10 vg/mouse n=14, 32.86 + 5.64; 1E11
vg/mouse n=13, 23.23 + 2.65; W(,25=1.542, p=0.2336).

Interestingly, although the general full departures behaviour did not appear modified
by the treatment in Syngapl*- mice, it was possible to observe an increase in the
number of animals that did not perform any departure at all (Figure 6-10f; Kruskal-
Wallis test, median(95% Cl); vehicle n=16, 8.00(4.54 to 14.71); 5E10 vg/mouse n=14,
11.50(6.92 to 15.23); 1E11 vg/mouse n=13, 8.00(3.52 to 14.33); H(»=1.496,
p=0.4734), which was confirmed by the reduced fraction of 1E11 vg/mouse viral
vector-treated Syngapl*- mice departing form the platform shown in Figure 6-10g
(Log-rank (Mantel-Cox) test, vehicle(WT) n=16, median time to first=undefined;
vehicle(Syngap1*/) n=16, median time to first=3.30, 5E10vg/mouse n=14, median
time to first=2.38, 1E11vg/mouse n=13, median time to first=3.78; vehicle(WT) vs
vehicle(Syngap1*/") x?1)=23.64, p<0.0001; vehicle(Syngap1*-) vs 5E10vg/mouse
x%1)=0.057, p=0.8108; vehicle vs 1E11vg/mouse x*1)=1.28, p=0.2581).
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Figure 6-10. At 7 weeks of age, a reduced number of AAV9/hSYN1-hSYNGAP1
treated Syngap1*/- mice left the platform in the given time.

Number of partial departures performed by vehicle (Vh) treated wild-type (WT) and
Syngapl*- mice (a) and by wild-type (b) and Syngap1*- mice (c) of all treatment
groups at 7 weeks of age. Number of full departures performed by vehicle-treated
wild-type and Syngap1*- mice (d) and by wild-type (e) and Syngap1*- (f) of all
treatment groups at 7 weeks of age. Percentage of vehicle wild-type and Syngap1*
mice of all treatment groups (g) that remained on the platform and time to first
departure at 7 weeks of age. Dotted line represents wild-type behaviour. Circles and
squares represent single animals. Numbers within or under the bars represent the n
of each group.

a) Two-tailed Student’s t-test with Welch’s correction. b,c) Welch’s ANOVA. Mean *
SEM.

d) Two-tailed Mann-Whitney test. e,f) Kruskal-Wallis test. Median and 95% ClI.

g) Log-rank (Mantel-Cox) test. * p<0.05, **** p<0.0001.
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At 15 weeks of age vehicle-treated wild-type and Syngapl* mice performed a
significantly different number of partial and full departures compared to wild-type
mice (Figure 6-11a and d; partial departures, two-tailed Student’s t-test with Welch’s
correction, mean + SEM; wild-type n=16, 8.50 + 3.43; Syngap1* n=16, 32.50 + 4.03;
t(29.26)=4.535, p<0.0001. Full departures, two-tailed Mann-Whitney test, median(95%
Cl); wild-type n=16, 0.00(-0.008 to 0.63); Syngapl*- n=16, 8.50(4.87 to 20.01);
U=15.50, p<0.0001).

Partial and full departures were similar between viral vector and vehicle-treated wild-
type mice (Figure 6-11b and e; partial departures, Welch’s ANOVA, mean + SEM;
vehicle n=16, 8.50 + 3.43; 5E10 vg/mouse n=18, 8.11 + 2.35; 1E11 vg/mouse n=21,
8.40 * 33.46; W(2, 3237=0.005, p=0.9949. Full departures, Kruskal-Wallis test,
median(95% Cl); vehicle n=16, 0.00(-0.008 to 0.63); 5E10 vg/mouse n=18, 0.00(0.30
to 4.48); 1E11 vg/mouse n=21, 0.00(-0.50 to 4.50); H2=1.083, p=0.5818).

Although viral vector treatment in Syngapl*” mice did not affect the partial
departures behaviour (Figure 6-11c; Welch’s ANOVA test, mean * SEM; vehicle n=16,
32.50 +4.03; 5E10 vg/mouse n=14, 36.21 + 5.07; 1E11 vg/mouse n=13, 31.31 + 7.03;
W(2,24.44)=0.2167, p=0.8067), analysis of the number of full departures and percentage
of individuals remaining on the platform suggested a treatment effect for the 1E11
vg/mouse viral vector dose group (Figure 6-11f and g), which performed a reduced
number of jumps from the platform, although not significant (Figure 6-11f; Kruskal-
Wallis test, median(95% Cl); vehicle n=16, 8.50(4.87 to 20.01); 5E10 vg/mouse n=14,
9.00(5.65 to 14.21); 1E11 vg/mouse n=13, 3.00(0.38 to 12.08); H(»=3.71, p=0.1564),
and about 30% of subjects did not leave the platform in the given time (Figure 6-11g;
Log-rank (Mantel-Cox) test, vehicle(WT) n=16, median time to first=undefined;
vehicle(Syngap1*") n=16, median time to first=3.59, 5E10vg/mouse n=14, median
time to first=3.73, 1E11vg/mouse n=13, median time to first=3.39; vehicle(WT) vs
vehicle(Syngap1*/") x*1=13.73, p=0.0002; vehicle(Syngap1*-) vs 5E10vg/mouse
x%1)=0.6870, p=0.6870; vehicle(Syngap1*-) vs 1E11vg/mouse X*1)=1.004, p=0.3163).
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Figure 6-11. At 15 weeks of age, AAV9/hSYN1-hSYNGAP1 high dose treated
Syngap1*- mice showed higher propensity to remain on the platform compared to
vehicle-treated controls.

Number of partial departures performed by vehicle (Vh) treated wild-type (WT) and
Syngapl*- mice (a) and by wild-type (b) and Syngap1*- mice (c) of all treatment
groups at 15 weeks of age. Number of full departures performed by vehicle-treated
wild-type and Syngap1*- mice (d) and by wild-type (e) and Syngap1*- (f) of all
treatment groups at 15 weeks of age. Percentage of vehicle wild-type and Syngap1*
mice of all treatment groups (g) that remained on the platform and time to first
departure at 15 weeks of age. Dotted line represents wild-type behaviour. Circles and
squares represent single animals. Numbers within or under the bars represent the n
of each group.

a) Two-tailed Student’s t-test with Welch’s correction. b,c) Welch’s ANOVA. Mean #
SEM.

d) Two-tailed Mann-Whitney test. e,f) Kruskal-Wallis test. Median and 95% ClI.

g) Log-rank (Mantel-Cox) test. **** p<0.0001.
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6.4.3 MoSeq analysis revealed a strong genotype effect but did not
identify behaviour modification after viral vector treatment

As seen in previous chapters, hyperactivity in Syngap1* mice is likely to be the most
prominent phenotype, and it is possible that this strong phenotype influences other
behaviours to some extent. If this is true, discriminating between what is and what is
not a consequence of increased locomotor activity is not possible. To identify novel
systems for performing behavioural phenotyping of Syngap1*- mice and to test the
therapeutic effects of viral vector treatment, experimental cohorts injected with

vehicle or AAV9/hSYN1-hSYNGAP1 were tested using MoSeq (Wiltschko et al., 2015).

As shown in Figure 6-1c, MoSeq was performed at the end of the behavioural battery
at 15 weeks of age. Mice were placed in an open field arena and allowed to explore
for 10 minutes while the behaviour was recorded using a depth camera. Videos were

then analysed using the MoSeq algorithm as detailed in Chapter 2.

After comparing wild-type and Syngap1*- vehicle-treated mice, it was possible to
identify a clear genotype effect in syllable usage (Figure 6-12). The algorithm
identified 51 common syllables of which less than 50% (17 out of 51, statistical results

reported in Table S-30) had a comparable usage between the two genotypes.

The system also analysed the overall horizontal activity, which was consistently

higher in Syngap1*- mice, as observed during other behavioural paradigms.
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Figure 6-12. Syllables usage analysis revealed a clear genotype difference.

Syllable usage in wild-type (WT) and Syngap1*- vehicle (Vh) treated mice. Data are
organised on the base of the level of difference in usage. At the centre are the
syllables with a common level of usage between genotypes. On the left-hand side are
reported the syllables with higher usage in the wild-type, on the right are reported
the syllables mostly used by Syngap1*/- mice.

Data presented as mean * SEM, two-tailed Mann-Whitney test. Wild-type (Vh) n=19,
Syngapl*- (Vh) n=17. Black diamonds indicate a significant difference, p<0.05.

Together with the level of usage of each syllable, the system also allows the
calculation of the syllable-to-syllable probability of transition and pattern. These data
are represented using state maps, as seen in Figure 6-13, where each node represents
a syllable, and the size of the node is proportional to the level of usage. The lines
connecting the syllables represent the likelihood of transition between the connected

syllables: the thicker the line, the more likely the transition will happen.

The comparison of wild-type and Syngap1*-vehicle-treated mice state maps reveals
a large difference in syllable-to-syllable likelihood of transition (Figure 6-13). As seen
in Figure 6-12, syllable 1 is the most used by wild-type mice, with a high probability
of transition to syllable 33 (Figure 6-13a). The opposite is observed in Syngap1* mice,
where syllable 1 shows low level of usage with a scarce probability of transitioning to

syllable 33.

246



WT_Vh

Min P(transition): 0.0001
= Max P(transition): 0.0187

&

Syngap1*-_Vh

Min P(transition): 0.0001
== \ax P(transition): 0.0328

Figure 6-13. Genotype affects, together with the syllable usage, also the likelihood
of syllable-to-syllable transition.

State maps representing syllables (nodes) and the likelihood of transition (edges)
between syllables of wild-type (WT) (a) and Syngap1*/- vehicle (Vh) treated mice (b).
The size of the node is proportional to the syllables level of usage while the thickness
of the connecting lines is proportional to the probability that the indicated transition
will occur. Wild-type (Vh) n=19, Syngap1*/- (Vh) n=17.
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Similar to what showed in previous sections, the effect of viral vector treatment on
behaviour was also evaluated in wild-type mice. The overall syllables usage between
vehicle and viral vector-treated wild-type mice resulted similarly, with only a small
subset of syllables that resulted differentially used between treatments (Figure 6-14,
statistical tests results are reported in Table S-31 and Dunn’s multiple comparison

tests results are reported in Table S-32).
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¢ Vhvs 1E11 vg/mouse
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Syllables usage

0.02

Figure 6-14. Comparison between vehicle and AAV9/hSYN1-hSYNGAP1 injected
wild-type mice did not highlight overt tolerability issues associated with the
treatment.

Syllables usage in vehicle (Vh) and viral vector-treated wild-type (WT) mice.

Data presented as mean + SEM, Kruskal-Wallis test with Dunn’s multiple comparison
test. Vehicle n=19, 5E10 vg/mouse n=18, 1E10 vg/mouse n=21. Diamonds indicate a
significant difference, p<0.05.

Analysis of the state maps generated for vehicle and viral vector wild-type treatment
groups showed a comparable overall pattern of syllable-to-syllable transition (Figure
6-15). Single syllable representation (size of the node), as also seen in Figure 6-13, is

broadly similar.
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Figure 6-15. Syllable transition pattern was comparable among treatment groups
in wild-type mice.

State maps representing syllables (nodes) and the likelihood of transition (edges)
between syllables of wild-type (WT) mice treated with vehicle (Vh) (a), 5E10vg/mouse
(b) or 1E11vg/mouse (c). The size of the node is proportional to the syllables level of
usage while the thickness of the connecting lines is proportional to the probability
that the indicated transition will occur. Vehicle n=19, 5E10 vg/mouse n=18, 1E10
vg/mouse n=21.

As described in the previous section, no behavioural modification was observed

among wild-type viral vector-treated mice, with the only exception for the number

of partial departures at 7 weeks of age. MoSeq is regarded as an extremely sensitive
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technique, able to discern between doses of the same treatment (Wiltschko et al.,
2021). It is possible that although no overt tolerability issues were observed, the
treatment was causing subtle behavioural changes, which caused a modification in a

subset of syllables.

Overall, viral vector treatment did not affect syllables usage among Syngap1*- mice
(Figure 6-16). Only three out of 51 syllables were differentially used among treatment
groups, of which only syllable 45 was originally significantly different between wild-
type and Syngap1*- vehicle-treated mice (statistical results are reported in Table S-
33 and Dunn’s multiple comparison tests results are reported in Table S-34).
Interestingly, among the syllables that had a significant different usage between wild-
type and Syngapl*- vehicle-treated mice, Syngapl*- viral vector-treated mice
showed improvement in five syllables (5, 25, 9, 11 and 7). The difference between
vehicle and viral vector-treated mice was not significant, but these five syllables from
either 5E10 or 1E11 vg/mouse, or both treatment groups, presented a more similar

usage to wild-type rather than to Syngap1*/- vehicle-treated mice.
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Figure 6-16. AAV9/hSYN1-hSYNGAP1 and vehicle-treated Syngapl*- mice
presented a similar syllables usage pattern.

Syllable usage in vehicle (Vh) and viral vector-treated Syngap1*- mice. Diamonds
indicate a significant difference. Black arrows indicate syllables where the usage by
viral vector-treated Syngapl*- mice was similar to the wild-type (WT) usage.

Data presented as mean = SEM, Kruskal-Wallis test with Dunn’s multiple comparison
test. Vehicle n=17, 5E10 vg/mouse n=13, 1E10 vg/mouse n=13. p<0.05.

No clear difference was observed when comparing the state maps of syllable-to-
syllable likelihood of transition of vehicle (Figure 6-17a) and AAV9/hSYN1-hSYNGAP1
treated Syngap1*- mice (Figure 6-17b and c), apart from subtle changes in transition
likelihood of the syllables mentioned before (5, 25, 9, 11 and 7) which appeared more
similar to wild-type vehicle-treated mice (Figure 6-13).

These subtle changes are difficult to quantify, and as they were not present over most
of the syllables and syllable-to-syllable transition, overall, MoSeq analysis did not

suggest the presence of a treatment effect.
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Figure 6-17. The syllable transition pattern was comparable across treatment
groups in Syngap1*/- mice.

State maps representing syllables (nodes) and the likelihood of transition (edges)
between syllables of Syngap1*- mice treated with vehicle (Vh) (a), 5E10vg/mouse (b)
or 1E11vg/mouse (c). The size of the node is proportional to the syllables level of
usage while the thickness of the connecting lines is proportional to the probability
that the indicated transition will occur. Vehicle n=17, 5E10 vg/mouse n=13, 1E10
vg/mouse n=13.
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6.4.4 AAV9/leT-hSYNGAP1 viral vector genome was detected in the
cortex, hippocampus, thalamus and striatum

Post hoc viral vector biodistribution analysis was performed with the aim to correlate

the effects observed during the behavioural phenotyping and the viral vector

distribution in the brain.

Specifically, viral vector biodistribution was assessed in the cortex, hippocampus and
striatum, which are considered to be important regions in the pathophysiology of the
disease (Knuesel et al., 2005; Moon et al., 2008; Porter et al., 2005; Tomoda et al.,
2004). Biodistribution was also analysed in thalamus and cerebellum, which were
chosen to evaluate viral vector spread. To this end, qPCR and absolute quantification,
via standard curve method were used. The methodology is detailed in Chapter 2 and

primer sequences and optimization process is reported in Appendix C, Section C.4.

In all considered regions, no dose-response was observed with an average number of
copies similar between doses. It is to be noted that the dataset was quite variable,
with samples with very few vector copies per diploid genome for both tested viral
vector doses. As expected, cerebellum presented the lowest number of AAV9/hSYN1-
hSYNGAP1 genomes per diploid genomes (Figure 6-18e; Welch’s ANOVA, mean *
SEM; vehicle n=3, 9.64E-6 + 7.40E-6 vg/dp; 5E10 vg/mouse n=5, 0.0046 + 0.00013
vg/dp; 1E11 vg/mouse n=5, 0.0073 + 0.0014 vg/dp; W(2.00, 5.334=16.78, p=0.0050;
Dunnett’s T3 multiple comparison test results are reported in Table S-39).

Cortical samples, collected from the somatomotor and motor cortex, and
hippocampus appeared to have a similar vector distribution (Figure 6-18a and b;

cortex, Welch’s ANOVA, mean + SEM; vehicle n=3, 1.2E-5 + 4.47E-6 vg/dp; 5E10

+

vg/mouse n=5, 0.82 + 0.33 vg/dp; 1E11 vg/mouse n=5, 0.61 = 0.22 vg/dp; W 2.00,
5.333)=5.896, p=0.0446. Hippocampus, Welch’s ANOVA, mean + SEM; vehicle n=3,
2.07E-5 + 1.19E-5 vg/dp; 5E10 vg/mouse n=5, 0.57 + 0.29 vg/dp; 1E11 vg/mouse n=5,
0.58 + 0.15 vg/dp; W(2.00, 5.333=8.443, p=0.0223; Dunnett’s T3 multiple comparison
test results are reported in Table S-35 and Table S-36).

253



Similar viral vector copy number was detected in striatum and thalamus (Figure 6-18c
and d; striatum, Welch’s ANOVA, mean * SEM; vehicle n=3, 5.34E-5 + 3.98E-5 vg/dp;
5E10 vg/mouse n=5,1.01 + 0.71 vg/dp; 1E11 vg/mouse n=5, 0.47 + 0.14 vg/dp; W 2.00,
5.333)=6.070, p=0.0422. Thalamus, Welch’s ANOVA, mean + SEM; vehicle n=3, 8.30E-6
+ 5.65E-6 vg/dp; 5E10 vg/mouse n=5, 0.60 * 0.25 vg/dp; 1E11 vg/mouse n=5, 0.24 +
0.06 vg/dp; W(2.00, 5.333)=9.568, p=0.0172; Dunnett’s T3 multiple comparison test
results are reported in Table S-37 and Table S-38).
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Figure 6-18. Biodistribution analysis showed the presence of the AAV9/hSYN1-
hSYNGAP1 viral vector in the cortex, hippocampus, striatum and thalamus.
Number of viral genomes per diploid genome in cortex (a), hippocampus (b), striatum
(c), thalamus (d) and cerebellum (e). Points on the graphs represent single animals.
Numbers within or under/above the bars represent group n. Vh=Vehicle. Data
presented as mean + SEM. Welch’s ANOVA with Dunnett’s T3 multiple comparisons
test. * p<0.05.
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6.4.5 Viral vector-derived FLAG-SYNGAP1 was detectable in the cortex
and hippocampus and showed a subcellular compartment
localisation comparable to the endogenous SYNGAP1

After completing the behavioural phenotyping, | proceeded to assess the level of

exogenous protein expression achieved with the third generation gene therapy

vector AAV9/hSYN1-hSYNGAPI. The goal was to establish a correlation between
protein levels and behavioural outcomes. Specifically, | measured the levels of FLAG-

SYNGAP1 derived from the viral vector in the cortex and hippocampus of Syngap1*"

mice treated with either the vector or vehicle. Additionally, | investigated the

subcellular localization of the exogenous protein.

In the whole cortex lysates, AAV9/hSYN1-hSYNGAPI1 derived protein signal was
detectable (Figure 6-19a) and signal derived from the immunolabelling of the FLAG
peptide was suggestive of dose-dependent protein expression (Figure 6-19c; Welch’s
ANOVA test, mean + SEM; vehicle n=6, 0.02 + 0.01; 5E10 vg/mouse n=6, 0.51 + 0.24;
1E11 vg/mouse n=5, 1.00 * 0.22; W2, 6.719)=10.53, p=0.0085; Dunnett’s T3 multiple

comparisons test are reported in Table S-40).

When the absolute level of SYNGAP1 protein was quantified in the same samples, no
increase relative to the vehicle control was observed (Figure 6-19b; Welch’s ANOVA
test, mean + SEM; vehicle n=6, 1.00 + 0.16; 5E10 vg/mouse n=6, 1.01 + 0.15; 1E11
vg/mouse n=5, 1.05 + 0.02; W2, 6.911)=0.095, p=0.9102).
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Figure 6-19. AAV9/hSYN1-hSYNGAP1 viral vector-derived SYNGAP1 was detectable
via immunoblot analysis in cortical protein lysate.

Representative immunoblot of cortex protein lysate labelled with anti-FLAG and anti-
SYNGAP1 antibodies (a). Quantification of SYNGAP1 (b, normalised to vehicle
treated) and FLAG (c, normalised to 1E11 vg/mouse treated) signal in tissues treated
with 1E10 and 1E11 vg/mouse or vehicle (Vh).

Tissue from Syngap1*- treated mice was collected at 25-26 weeks of age. Dotted line
represent wild-type levels. Total protein was used as loading control. Images used for
guantification are reported in Figure S-33. Points represent single animals. Numbers
within or under the bars represent the n of each group. The gel was used at a
concentration of bis-acrylamide of 10%. Data presented as mean * SEM. Welch’s
ANOVA with Dunnett’s T3 multiple comparisons test. * p<0.05.

Similar to what was observed for AAV9/JeT-hSYNGAP1 (Chapter 5), in whole
hippocampal preparation, FLAG-SYNGAP1 was detected (Figure 6-20a), however,
vector-derived protein did not cause an increase in absolute levels of SYNGAP1
protein when compared to vehicle-treated Syngapl* tissue (Figure 6-20b; Welch’s
ANOVA test, mean + SEM; vehicle n=6, 1.00 + 0.15; 5E10 vg/mouse n=6, 0.85 + 0.11;
1E11 vg/mouse n=6, 0.74 + 0.15; W2, 9.764)=0.7462, p=0.4994).

Analysis of the signal associated to the FLAG peptide suggested a dose-dependent

trend in the expression of the exogenous protein (Figure 6-20c; Welch’s ANOVA test,
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mean = SEM; vehicle n=6, 0.04 + 0.01; 5E10 vg/mouse n=6, 0.52 + 0.15; 1E11
vg/mouse n=6, 1.00 £ 0.27; W2, 6.755=10.01, p=0.0095; Dunnett’s T3 multiple

comparisons test results are reported in Table S-41).
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Figure 6-20. AAV9/hSYN1-hSYNGAP1 viral vector-derived SYNGAP1 was detectable
via immunoblot analysis of hippocampal protein lysate.

Representative immunoblot of hippocampus protein lysate labelled with anti-FLAG
and SYNGAP1 antibodies (a). Quantification of SYNGAP1 (b, normalised to vehicle
treated) and FLAG (c, normalised to 1E11 vg/mouse treated) signal in tissues treated
with 1E10 and 1E11 vg/mouse or vehicle (Vh).

Tissue from Syngap1*- treated mice was collected at 25-26 weeks of age. Dotted line
represent wild-type levels. Images used for quantification are reported in Figure S-
34. Points represent single animals. Numbers within or under the bars represent the
n of each group. The gel was used at a concentration of bis-acrylamide of 10%. Data
presented as mean + SEM. Welch’s ANOVA with Dunnett’s T3 multiple comparisons
test. * p<0.05.

The subcellular localisation of vector-derived protein was examined using the
synaptosomal preparation protocol as described in Chapter 2.

Immunoblot analysis of subcellular fractions showed the correct localisation of the
vector-derived protein in the synaptic compartment, with little or no signal

associated with the FLAG peptide detected in the cytosolic compartment. This
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subcellular compartment distribution closely resembled the localization of the
endogenous protein (Figure 6-21). As previously noted in Chapter 5, nuclear fraction
contamination by synaptic marker was observed in these preparations, but the
absence of Histone H3 from the cytosolic and synaptosome fractions confirmed the

successful depletion of nuclei.
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Figure 6-21. AAV9/hSYN1-hSYNGAP1 viral vector FLAG-SYNGAP1 resulted present
in the synaptosome fraction and absent from the cytosolic fraction, mimicking
endogenous SYNGAP1 localisation.

Representative immunoblot of synaptosomal preparation of whole hippocampi and
labelled with subcellular fraction-specific markers. Tissue from vehicle (Vh) and viral
vector-treated Syngapl*/mice collected at 25-26 weeks of age. The gel was used at
a concentration of bis acrylamide of 12%.

6.4.6 SYNGAP1 viral vector-derived mRNA molecules were detected in
treated tissue

It has been shown before that codon optimisation can increase transgene expression

when compared to a non-codon-optimised sequence (Brown et al., 2018; Burgess-

Brown et al., 2008; Disbrow et al., 2003; Ward et al., 2011). Therefore, higher levels

of viral vector-derived SYNGAP1 were expected despite the relatively low number of

viral vector genome copies detected in these regions.

To evaluate if the low levels of the vector-derived SYNGAP1 were due to issues during
the therapeutic cassette transcription, the number of viral vector-derived SYNGAP1
transcripts were quantified from total RNA extracted from whole hippocampi using

the absolute quantification via standard curve method.
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To compare the amount of endogenous Syngapl and exogenous SYNGAP1I mRNA
molecules it was necessary to design primers specific for the amplification of the
mouse and the viral vector sequence with no cross-reaction. The presence of
mismatches between endogenous and exogenous sequences, due to intrinsic
differences between human and mouse sequences and the effect of the codon
optimisation, was used to design viral vector and mouse-specific forward primers.
The detailed methodology was presented in Chapter 2 while primer sequence and

reactions optimisation are reported in Appendix C, Section C.5.

To evaluate viral vector-derived SYNGAP1 transcripts in relation to endogenous
Syngapl mRNA, the absolute number of molecules of SYNGAP1 and endogenous
Syngapl mRNA calculated were normalised to the number of Actb mRNA molecules
for each sample (this normalisation is indicated in figures and figure legends as
Syngapl/Actb or SYNGAP1/Actb). This corrects for any variation in the RNA input.

Further normalisations are specified for each comparison.

Confirmatory quantification of endogenous Syngapl mRNA showed that, as
expected, Syngapl*” mice presented a reduction of about 50% of Syngapl mRNA
molecules compared to wild-type controls (Figure 6-22; Student’s t-test with Welch’s
correction, mean = SEM; wild-type n=3, 1.00 + 0.15; Syngap1* n=3, 0.44 + 0.04;
t(2.226)=3.521, p=0.0616). These data were in accordance with what was observed at
the protein level shown in Chapter 5, with Syngap1*- mice expressing about half the

amount of SYNGAP1 protein present in wild-type controls.
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Figure 6-22. Syngap1*/- mice, compared to wild-type controls, showed a reduction
of Syngap1l mRNA molecules of about half compared to wild-type controls.
Syngapl/Actb molecules in wild-type (WT) and Syngap1*/ vehicle-treated mice
normalised to the average number of Syngapl mRNA molecules present in the wild-
type control. Tissue from whole hippocampi of 25 weeks old vehicle-treated mice,
dots represent single animals. Numbers within the bars represent the n of each
group. Data presented as mean + SEM, Student’s t-test with Welch’s correction.

When the Actb normalised absolute copies of viral vector-derived SYNGAP1 mRNA
were compared between treatment groups, results were suggestive of a dose-
dependent response (Figure 6-23a; Welch’s ANOVA test among treated Syngap1*”
mice, mean * SEM; Syngap1+/' Vh n=3, 0.00003 + 0.00003; 5E10 vg/mouse n=3, 0.01
+0.0.003; 1E11 vg/mouse n=3, 0.02 + 0.012; W2, 2.667)=5.173, p=0.1203).

To evaluate the fold-change of viral vector-derived SYNGAPI1 transcripts in
comparison to the wild-type Syngapl mRNA molecules, Actb normalised SYNGAP1
MRNA molecules of each group were normalised over the Syngapl/Actb mRNA
molecules present in the wild-type controls. A 2.5-fold and a 6-fold increase over
wild-type level was observed for 5E10 vg/mouse and 1E11 vg/mouse viral vector-
treated Syngapl*/ mice respectively (Figure 6-23b; mean + SEM; wild-type Vh n=3
0.0001 * 7.87%-5; Syngap1*-Vh n=3 0.007 + 0.007, 1E11 vg/mouse n=3 2.56 + 0.86,
5E10 vg/mouse 6.28 + 3.12). It was possible to perform this comparison as the
absolute quantification considers the different efficiency of amplification of the
different reactions by calculating the number of mRNA molecules based on known

standards.
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Data showed that mRNA derived from the transcription of the viral vector was
detectable and that, at the highest viral vector dose tested, a 6-fold increase was

observed.
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Figure 6-23. At both AAV9/hSYN1-hSYNGAP1 viral vector doses tested, a higher
number of exogenous derived SYNGAP1 mRNA was detected compared to the wild-
type control.

Syngap1/Actb mRNA molecules in wild-type (WT) and Syngap1*/ vehicle (Vh) treated
mice (left panel); SYNGAP1/Actb mRNA molecules in Syngap1*- vehicle and viral
vector-treated mice (right panel) (a). Fold increase of SYNGAP1/Actb mRNA
molecules normalised over the average of the wild-type (WT) vehicle (Vh)
endogenous Syngap1/Actb mRNA molecules (b). Tissue from whole hippocampi of 25
weeks old vehicle and viral vector-treated mice. Circles and squares represent single
animals. Numbers within or under the bars represent the n of each group. Data
presented as mean + SEM, a) Student’s t-test with Welch’s correction.

6.4.7 Quality control of therapeutic viral vector preparation showed
correct ratio among viral vector capsid protein, but alkaline gel
suggested viral genome packaging issues

The quality of the viral vector preparation is defined by several parameters such as

the presence of empty capsids, incomplete encapsidation, encapsidation of

fragmented genomes or DNA fragments derived from the production system or
contaminants. All these factors can strongly influence transduction efficiency

(Schnodt et al., 2017).
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Using next generation sequencing to analyse the sequence composition of the AAV
prep, encapsidation of DNA derived from the production system and contaminants
was shown to be minimal. As previously shown in Table 6-1, 94% of sequence reads
aligned to the construct sequence (ITR to ITR). Less than 1% of all reads aligned to the

rep-cap, helper and plasmid backbone sequences.

The formation of an empty capsid is caused by a failure during DNA packaging and it
is considered a contaminant of viral vector preparations, as their presence decrease
transduction efficiency and increase the chances of an immune response (Gao et al.,
2014; Hosel et al., 2012). A strategy to decrease empty capsid contamination is to
purify the viral vector preparation using Caesium chloride density gradient
ultracentrifugation. As the AAV9/hSYN1-hSYNGAP1 vector was purified using this
strategy it is likely that the observed low vector distribution was not associated with

the presence of a high percentage of the empty capsids.

The outer shell of AAV is composed of three viral capsid proteins, VP1, VP2 and VP3,
arranged in an icosahedral structure with a ratio among proteins of 1:1:10 (Naso et
al., 2017). Recent studies have shown that vector capsid follows a stochastic
assembly which leads to the formation of capsid with a variable ratio between VP1,
VP2 and VP3 (Worner et al., 2021). Moreover, it was shown that different viral vector
production systems can differently affect the VP ratio (Kohlbrenner et al., 2005;
Mietzsch et al., 2015). A large difference between the expected ratio and the
observed one can be an indication of a problem during viral vector preparation and
low quality.

SDS-PAGE gel electrophoresis followed by Coomassie staining, as detailed in Chapter
2, was performed to evaluate the VP ratio of the AAV9/leT-hSYNGAP1 and
AAV9/hSYN1-hSYNGAPI viral vector (Figure 6-24), and the resulting image was
subsequently visually inspected by a collaborator. AAV9/JeT-hSYNGAP1 presented a
fourth band, around 60 kDa, which could be associated with partial degradation of
the viral vector preparation. This degradation could be due to the relatively long time

passed between the viral vector production and this test (~2 years). AAV9/hSYN1-
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hSYNGAP1 vector presented a smaller amount of VP1 and 2 compared to VP3 but the

difference was not large enough to suggest issues in capsid formation.
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Figure 6-24. SDS-PAGE of the candidate therapeutic viral vector showed correct
proportion among viral vector capsid proteins.

Coomassie staining of SDS-PAGE of AAV9/JeT-hSYNGAP1 and AAV9/hSYN1-
hSYNGAP1 viral vectors showing the three viral vector capsid proteins, VP1, VP2 and
VP3.

Exceeding the packaging capacity of wild-type AAV can also lead to packaging
problems. Wild-type AAV genomic DNA has a total size of ~4700 bp (including ITRs),
however, several studies have been conducted to evaluate if larger cassettes can be
packaged into AAV capsid (Dong et al., 1996; Grieger et al., 2005; Wu et al., 2006).
Although one study claimed that cassettes up to 8000 bp could be packaged intact
(Allocca et al., 2008), more recent works showed that only genomes smaller than
5000 bp can be efficiently packaged in AAV capsid without genomic fragmentation
(Dong et al., 2010; Wu et al., 2010).

AAV9/JeT-hSYNGAP1 has a genome size of 4654 bp, including ITRs, which is
comparable to wild-type AAV. AAV9/hSYN1-hSYNGAPI has a genome size of 4970 bp,
which exceeds wild-type AAV capacity, but is still under the 5000 bp limit frequently
identified in the literature (Dong et al., 1996; Grieger et al., 2005; Wu et al., 2006). At
this upper limit, it is possible that packaging problems occurred during AAV9/hSYN1-

hSYNGAP1 production. The presence of fragmented genomes in the viral vector
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preparation could, in part, explain the low viral vector copy number seen with the
biodistribution assay because fragmented genomes would be unable to complete cell
transduction. Alkaline gel electrophoresis can be used to evaluate viral genome
fragmentation (Schnodt et al., 2017). An intact, well-packaged genome would be
visualised as a single strong band at the expected genome size (ITR to ITR). As shown
in Figure 6-25, AAV9/JeT-hSYNGAP1 was visualised as a strong band of ~4700 bp, with
a smear underneath, indicating that most capsids contain the full-length genome, but
partial/fragmented species are present. For AAV9/hSYN1-hSYNGAP1 the expected
band of ~5000 bp was weaker, with a stronger smear underneath, indicating a higher
proportion of partial/fragmented species present in this preparation.
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Figure 6-25. Alkaline gel electrophoresis of AAV9/hSYN1-hSYNGAP1 genomic DNA
did not show a single clear band.

Alkaline gel electrophoresis of AAV9/JeT-hSYNGAP1 (lane 2) and AAV9/hSYN1-
hSYNGAP1 (lane 5) viral vectors. 250 ng of viral DNA were loaded. DNA processing
and alkaline gel electrophoresis were performed by Ms Amanda Morris.

Overall, the quality controls showed that, while both vectors presented a normal

capsid protein ratio, AAV9/hSYN1-hSYNGAP1 showed packaging issues which could

explain the results presented in the previous sections.
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6.5 DISCUSSION

The aim of the work presented in this chapter was to evaluate a new gene therapy
construct designed to improve the therapeutic outcome observed with the
AAV9/JeT-hSYNGAPI viral vector presented in Chapter 5. However, behavioural
analysis of the new AAV9/hSYN1-hSYNGAP1 viral vector-treated Syngapl*- mice
showed only a limited treatment effect. Mice treated with 1E11 vg/mouse exhibited
a trend toward amelioration of the behaviour during the platform departure test, but
hyperactivity and time spent in the open arms of the elevated plus maze appeared
unaffected. Additionally, post hoc analysis of protein expression showed no increase

in absolute levels of SYNGAP1 in cortical areas and hippocampus.

As shown in Chapter 5, Myc-tagged SYNGAP1 was detectable in both cortex and
hippocampus, although viral vector expression only led to a subtle increase of
absolute levels of SYNGAP1 protein. For this new construct, regulatory elements
were modified with the aim of increasing protein expression. Firstly, the hSYN1
promoter, which has neuronal-specific activity and high levels of expression in brain
regions of interest such as the cortex, hippocampus and striatum, was used (McLean
etal., 2014). Secondly, the polyA signal was modified by substituting the SpA with the
SV40 polyA. Studies have shown that the SV40 polyA signal increases transgene
expression by 2.5-fold compared to SpA (Choi et al., 2014). In association to the
modification of the regulatory elements, another important change consisted in the
usage of a codon-optimised SYNGAP1 sequence instead of the wild-type human
sequence used for the JeT-hSYNGAP1 construct. In particular, the sequence was
codon-optimised using the codon usage found in the human genome. Mouse and
human codon usage are similar and this approach has been applied before for other
gene therapy cassette designs (Brown et al., 2018; Ward et al., 2011). Lastly, the tag
element necessary to distinguish the vector-derived protein from the endogenous
SYNGAP1 was changed to FLAG and positioned at the N-terminal of the protein. This

was done to avoid possible impacts on protein trimerization that could lead to
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impairment of protein functions (Araki et al., 2020; Kilinc et al., 2022; Zeng et al.,
2016).

Although the vector was designed to improve the level of expression observed with
the previous construct, post hoc analysis of treated tissue showed no increase in the
absolute levels of SYNGAP1 protein when compared to vehicle-treated mice, in both
the cortex and hippocampus. Quantification using the anti-FLAG antibody showed
that the difference in levels of expression, although not statistically significant, had a
dose-dependent trend, with 5E10 vg/mouse dose producing about half the amount
seen with 1E11 vg/mouse (Figure 6-19 and Figure 6-20). However, the large spread

of the dataset made drawing conclusions challenging.

There are several possible reasons why such a limited amount of viral vector-derived
protein was observed, such as the level of transcription, translation and protein
stability. Moreover, as discussed in Chapter 5, a low assay sensitivity or the lack of an

isoform-specific antibody could lead to an underestimation of protein levels.

To evaluate the level of transcription, | quantified the mRNA copies produced by the
viral vector and compared them to the level of endogenous mRNA. As shown in Figure
6-23, the hippocampi of Syngap1*- mice treated with the AAV9/hSYN1-hSYNGAPI at
the higher dose (1E11 vg/mouse) showed a 6-fold increase over wild-type
endogenous Syngapl mRNA levels, while 5E10 vg/mouse treatment led to a 2.5-fold
increase. It appeared from this analysis that a dose-response, although not
significant, was present between treatments, and that the amount of mRNA
produced from the expression of the viral vector was higher than wild-type
endogenous Syngap1 transcript. Correlation between mRNA levels and protein levels
is widely discussed; studies demonstrated that correlation between mRNA and
protein is not high, at least not for every transcript (Liu et al., 2002; Tian et al., 2004).
There are many steps between the synthesis of an mRNA molecule and the
guantification of a protein, such as the availability of ribosomes, mRNA degradation
and protein half-life (Liu et al., 2002; Tian et al., 2004). Moreover, it is important to

consider, as mentioned before, the sensitivity of the assays used, which can
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considerably impact the result. It is therefore not surprising to observe a discrepancy

between mRNA and protein level.

The FLAG signal was detected in protein lysate of tissue treated with both doses,
confirming that mRNA molecules were translated to some extent. Although a
compromised 3D protein structure could lead to the targeting of the produced
protein for degradation (Kriegenburg et al., 2012), the intrinsic chemical property of
the FLAG peptide (Terpe, 2003) make this event unlikely. However, codon

optimization of the DNA sequence could have affected the translation process.

The codon optimisation process assumes that the usage of synonymous codons does
not affect the protein structure. The velocity at which mRNA is read and translated
by ribosomes is important for protein folding, and substitution of specific pausing
signals could potentially compromise protein structure (Spencer et al., 2012; Tsai et
al., 2008) leading to misfolding and degradation. The detection of FLAG-SYNGAP1 in

treated tissue suggested that this did not occur for the translation of all transcripts.

The codon adaptation index (CAl) is a measure of the synonymous codon usage bias
and is used to predict gene expression levels (Sharp et al.,, 1986). A CAl of 1 is
considered optimal, therefore the closer the calculated CAl is to 1, higher is the
predicted level of expression. The wild-type and codon-optimized SYNGAP1
sequences had similar CAl values: 0.79 for the wild-type sequence and 0.91 for the

codon-optimized gene (GenScript Rare Codon Analysis tool, GeneScript, USA).

Viral vector biodistribution analysis showed no significant difference in the number
of viral vector copies per diploid genome between the two doses (Figure 6-18) across
all brain regions. The relatively small increase of 2x between the low and the high
dose may explain the absence of a clear dose-response effect between 5E10 and 1E11

vg/mouse.

The viral vector distribution appeared relatively homogeneous in the different brain
areas, except for the cerebellum, where a lower transduction efficiency was

observed. High intra-group variability was observed, which could be associated with
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variable injection quality, determined by the correct placement of the needle or the
occurrence of backflow. However, this would only partially explain the absence of a
difference between doses. For example, in the case of the 5E10 vg/mouse treatment,
the samples corresponding with the highest and second-highest genome copies per
diploid genomes for each area always corresponded to the same two animals. If the
variability was solely associated with sub-optimal injections, such as misplacement of
the needle leading to direct injection into the neuropil, we would expect to see a high
number of viral genomes in an unexpected area, such as the thalamus, and a low
number in an area that is usually well transduced, such as the cortex. In the case of
backflow, the viral particles injected into the tissue would be less than the estimated
amount, leading to a reduced number of transduced cells. The injection protocol was
developed to prevent backflow, but this can still occur.

The alkaline gel electrophoresis analysis indicated a possible packaging issue. As
shown in Figure 6-25, a large portion of viral particles appeared to contain
fragmented versions of the gene therapy cassette, as only a faint band was visible at
the expected molecular weight. This result may explain the viral vector
biodistribution results and the low level of protein detected in both doses. Particles
with fragmented genomes are not transcriptionally active and cannot transduce cells
unless a rare recombination event occurs (Wu et al., 2010), in which multiple viral
particles with complementary genomic fragments enter the same cell at the same
time.

Although the MiSeq sequencing results indicated that viral vector preparation did not
contain contaminants, this assay is not suitable for evaluating the presence of
truncated genomes. To confirm the presence of fragmented genomes, a more
appropriate system would have been needed, such as digital droplet PCR (ddPCR) or

charge detection mass spectrometry (CDMS).

The analysis of the behavioural outcome of treated Syngap1*/- mice showed that viral
vector treatment did not impact the hyperactive phenotype or the anxiety-like
behaviours. If the hippocampus is to be considered a key area for the development

of hyperactivity and anxiety disorders (Bannerman et al., 2003; Bast et al., 2003;
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Deacon et al., 2002; Gray et al., 1983; Mubhia et al., 2012; Ozkan et al., 2014; Pouzet,
1999; Wiley et al., 1995), the low level of expression of the viral vector-derived

SYNGAP1 in the area would explain the lack of treatment effect (Figure 6-20).

A trend toward amelioration was instead observed in the risk-taking like behaviour.
For partial departures, no difference was observed as AAV9/hSYN1-hSYNGAPI-
treated Syngapl* mice performed a comparable number of partial departures to
vehicle control mice (Figure 6-10c and Figure 6-11c), while the number of full
departures appeared affected by the viral vector treatment. At 7 weeks of age, a
smaller percentage of 1E11 vg/mouse treated Syngapl* mice departed from the
platform compared to vehicle-treated controls (Figure 6-10f). Comparing the shape
of the Kaplan-Meier curves (Figure 6-10g), vehicle and viral vector-treated mice
departed from the platform at a similar rate, while after 5 minutes, almost all vehicle-
treated Syngapl*~ mice departed, about 50% of 1E11 vg/mouse treated mice were
still on the platform. At 15 weeks of age, a higher percentage of 5E10 vg/mouse
treated mice did not perform any full departures compared to vehicle controls and
mice treated with 1E11 vg/mouse appeared to perform a lower number of full
departures compared to vehicle-treated controls (Figure 6-11f). Although the
differences observed were not significant, it was suggestive of a modification of the
phenotype. As seen in Chapter 5, it is possible that due to the lack of statistical
evidence, the trend observed is associated with a spurious effect rather than to a

treatment effect.

MoSeq is a highly sensitive, ethologically-relevant, system that allows for the
evaluation of the 3D mouse behaviour in a fully automated and unbiased way
(Wiltschko et al., 2015). Here, | showed, for the first time, the use of this system to
phenotype Syngapl*~ mice. MoSeq highlighted the presence of a genotype
difference (Figure 6-12), characterised by the differential usage of a large portion of
the identified syllables (34 out of 51 identified syllables were differentially used
between genotypes). State maps showed that the likelihood of syllable-to-syllable

transition was also affected by the genotype (Figure 6-13).
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When comparing vehicle and viral vector-treated Syngapl*- mice, no treatment
effect was observed. Three syllables were statistically different between vehicle and
1E11 vg/mouse treated Syngapl*~ mice, and one between vehicle and 5E10
vg/mouse treated mice (Figure 6-16 and Figure 6-17), but for all of them, the overall
usage did not result in a pattern more similar to the wild-type.

Among the syllables in which usage was statistically different between wild-type and
Syngap1*/-vehicle-treated mice, for five (Figure 6-16, indicated by the black arrows),
the usage by viral vector-treated Syngap1*- mice resulted more similar to wild-type
vehicle mice usage. Syllable-to-syllable likelihood of transition was not considerably
impacted by the treatment, suggesting that viral vector expression did not modify the
general grammar used by the Syngap1*- mice (Figure 6-17).

Comparison between vehicle and viral vector-treated wild-type mice (Figure 6-14)
showed that the usage of a few syllables was different after treatment but none of
them was differentially used by both treatments at the same time. As there was no
overlap between treatments and there was also no dose-dependent response, it is
difficult to interpret the results, but it is possible that the treatment causes subtle

behavioural changes not detectable with other tests.

6.6 CONCLUSION

To summarise, | showed that the newly designed hSYN1-hSYNGAP1 therapeutic
cassette was expressed in vitro and that SYNGAP1 derived from the expression of the
AAV9-hSYN1-hSYNGAP1 viral vector was detected in vivo after five weeks post-

injection.

| showed that no increase in absolute levels of SYNGAP1 was observed in cortex and
hippocampus of AAV9/hSYN1-hSYNGAP1 treated mice when compared to vehicle
controls but viral vector-derived protein was detected in this tissue using the highly

sensitive anti-FLAG immunoblot assay. Despite the low level of protein detected, the
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MRNA produced from the viral vector transcription was 6-fold higher than the level

of endogenous Syngapl mRNA produced in wild-type tissue.

Quality control of viral vector preparation showed a capsid composition in the normal
range, but alkaline gel electrophoresis highlighted a concerning potential issue with

the viral vector genome packaging.

Behaviourally, | showed that hyperactivity and anxiety-like phenotypes were not
rescued by the treatment, but a dose-dependent trend toward amelioration was
observed for the risk-taking behaviour. | also demonstrated that MoSeq can be a
powerful tool for the investigation of the phenotypes caused by SYNGAPI
haploinsufficiency. The test highlighted a strong genotype difference but failed to
show a clear treatment effect. Interestingly, the usage of five syllables appeared
ameliorated by the treatment but the difference with the vehicle-treated controls

was not significant.

To conclude, given the limited effects observed and the challenges encountered with
the vector presented in this chapter, this therapeutic cassette will not be used for
future studies. Improvements of the design are needed to generate a therapeutic

construct able to drive robust expression of SYNGAP1 in brain areas of interest.
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CHAPTER 7: GENERAL DISCUSSION

The aim of the work presented in this thesis was to evaluate the potential of a gene
therapy approach to prevent or ameliorate the behavioural phenotypes observed in

the mouse model of SYNGAP1 haploinsufficiency-associated disorder.

SYNGAP1 haploinsufficiency-associated disorder, characterised by ID, seizures, ASD
and sleep disorders, and for which no canonical therapies are currently available, is
caused by loss-of-function mutations in the SYNGAP1 gene (Agarwal et al., 2019;
Berryer et al., 2013; Hamdan et al., 2009, 2011; Mignot et al., 2016; Vlaskamp et al.,
2019; Weldon et al., 2018).

In this chapter, | will summarise and discuss more broadly the major findings
presented in this thesis and their significance in respect to the current and future
studies on gene therapy approaches for SYNGAP1 haploinsufficiency-associated
disorder. | will also discuss the limitations of the methodology used, the technical
difficulties encountered and future experiments that would integrate and extend the

work presented here.

7.1 IDENTIFICATION OF A ROBUST BATTERY OF BEHAVIOURAL PHENOTYPES

In Chapter 3, | assessed several behavioural phenotypes in Syngap1*- mice with the
aim to develop a robust battery of behavioural tests to use for the evaluation of the

putative therapeutic effects elicited by the gene therapy treatments.

| evaluated the following: hyperactivity, anxiety, working memory, motor skills,
repetitive behaviour, risk-taking behaviour and depth perception. In Chapter 6, | also
presented the results of the MoSeq experiment, a newly developed machine-learning
analysis system that allows the evaluation of mouse behaviours in an ethologically

appropriate way (Wiltschko et al., 2015).
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In accordance with published studies (Aceti et al., 2015; Berryer et al., 2016; Clement
et al., 2012; Guo et al., 2009; Mubhia et al., 2010; Nakajima et al., 2019), | showed a
strong genotype effect in the distance travelled over time using the open field test
and | investigated the intra and inter-trial habituation to the test (Figure 3-2, Figure
3-3, Figure 3-4 and Figure 3-5). | also demonstrated the presence of an anxiety
reduction phenotype, which has been previously described in the literature (Aceti et
al., 2015; Berryer et al., 2016; Clement et al., 2012; Guo et al., 2009; Muhia et al.,
2010; Nakajima et al., 2019) and is defined as the increased time spent in the open
arms of the elevated plus maze (Figure 3-6, Figure 3-8 and Figure 3-10). In order to
evaluate if hyperactivity influences this phenotype, | evaluated the correlation
between the distance travelled and time spent in the open arms (Figure 3-7, Figure

3-9 and Figure 3-11).

Several publications link hyperactive behaviour, as well as anxiety disorders, to
hippocampal dysfunctions (Bast et al., 2003; Deacon et al., 2005; Gray et al., 1983;
Hannigan et al., 1984; Pouzet, 1999). The investigation of the connection between
dysfunction of brain areas and behavioural phenotype observed in Syngap1* mice
showed that hippocampus, together with other forebrain areas, appear to be
involved in the development of hyperactivity (Muhia et al., 2012; Ozkan et al., 2014).
Basal ganglia, together with striatum and the nucleus accumbens are considered
fundamental structures for motor control (Jones et al., 1980; Markowitz et al., 2018;
Nicola, 2007; Roseberry et al., 2016) and it is possible that functional impairments of
these brain regions could, in part, be the driver of locomotor abnormalities. While
SYNGAP1 expression has been observed in the basal ganglia during embryonic
development (Porter et al., 2005), in adulthood, it is mostly expressed in the cortex,
hippocampus, striatum, and, at relatively low levels, in the olfactory bulb and
cerebellum (Gou et al., 2020; Porter et al., 2005). The striatum and the nucleus
accumbens are other regions that could potentially drive the development of

hyperactivity.
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Other previously reported phenotypes in Syngap1*- mice include working memory
deficits and risk-taking behaviours (Berryer et al., 2016; Guo et al., 2009; Kilinc et al.,
2018; Muhia et al., 2010; Nakajima et al., 2019).

| investigated the presence of memory impairments using the protocol presented by
Berryer and co-workers (Berryer et al., 2016) based on a spontaneous alternation
paradigm. In contrast to the results previously published, | showed that at all ages
tested, Syngap1*” mice presented a behaviour comparable to wild-type control mice
(Figure 3-13). It is known that behavioural tests outcomes can be influenced by many
factors such as the age of testing, housing condition and experimental room
condition (Andrews et al., 2018; Bailey et al., 2006; Crawley et al., 1997; Montagutelli,
2000; Wolfer et al., 2002). Although the age of testing was not specified, it appeared
that Berryer et al. (Berryer et al., 2016) used juvenile mice around 5 weeks of age,
which match the age of mice used in this work. The major difference between the
two experimental setups, and possibly one of the causes of the different results,
could be the level of light in the room. Berryer et al. (Berryer et al., 2016) performed
the experiment with a low level of light while this experiment was performed in a

dark room with only one source of red light.

The identification of behavioural phenotypes conserved across species is very
important for the evaluation of the viral vector therapeutic efficacy. The increased
propension to risky behaviours has been described in both SYNGAP1 patients
(Weldon et al., 2018) and in the mouse model of SYNGAP1 haploinsufficiency-
associated disorders (Kilinc et al., 2018). | was able to observe the same phenotype
at both ages tested, 7 and 15 weeks (Figure 3-20 and Figure 3-22), in which Syngap1*-
mice performed a significant higher number of partial and full departures from the
platform. Moreover, | showed that the number of full departures performed by
Syngapl*- mice did not appear to be a direct consequence of hyperactivity (Figure

3-21 and Figure 3-23).

It is possible that the increased risk-taking behaviour observed in SYNGAP1 patients

and Syngap1* mice results from the combination of multiple factors, such as
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structural, circuital, and cellular changes in areas responsible for processing sensory
and visual stimuli (Carrefio-Munoz et al., 2021; Michaelson et al., 2018), as well as a
consequence of other behavioural impairments such as ADHD.

ADHD, which has been found comorbid in a high proportion of SYNGAPI
haploinsufficiency-associated disorder patients (Agarwal et al., 2019; Holder et al.,
2018; Klitten et al., 2011; Weldon et al., 2018), has been associated in many cases
with risk-taking behaviour and increased impulsivity (Dekkers et al., 2016). The
etiology of this disorder has not been elucidated yet, although mutations in several
genes have been identified in affected individual (Faraone et al., 2005; Lasky-Su et
al., 2007; Mortimer et al., 2019; Won et al., 2011). Given the complexity of the
disorder, the identification of a specific brain region involved in its pathophysiology
is difficult, but it is likely multiple areas are affected. Several studies have suggested
the involvement of the prefrontal cortex, striatum, basal ganglia, and cerebellum
(Castellanos et al., 2012; Cortese et al., 2012; Durston et al., 2011; Giedd et al., 2001;
Leo et al., 2013; Mortimer et al., 2019).

Impairments in tactile stimuli processing have been described both in patients and in
Syngapl*- mice by Michaelson and colleagues (Michaelson et al., 2018), who
demonstrated the inability of Syngap1*- mice to use tactile stimuli to discriminate
objects in an object recognition task. Additionally, hypoexcitability of excitatory
neurons of layers 2 and 3 of SSC, which is associated with impaired experience-
induced plasticity, has been described (Michaelson et al., 2018).

Vision impairments have not been commonly observed as a phenotype in SYNGAP1
affected individuals (Kilinc et al., 2018; Weldon et al., 2018). However, a recent study
suggested the presence of an alteration of visual and auditory stimuli processing in
humans (Carrefio-Mufioz et al., 2021). Syngap1*- mice blindness has been excluded
as they are able to navigate in the Morris water maze test (Komiyama et al., 2002;
Mubhia et al., 2010); however, to the best of my knowledge, there are no published
studies investigating visual acuity. Furthermore, Syngap1*/- mice are able to perform
the object recognition test (Muhia et al., 2010), but when tested in a visual

discrimination task, they showed a deficit in the ability to discriminate between
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different visual stimuli (Horner et al., 2021). However, analysis of depth perception
using the visual cliff test (Gibson et al., 1960) did not reveal a difference between
wild-type and Syngapl1*- mice (Figure 3-16 and Figure 3-18). These data suggested
that the increased number of partial and full departures are not associated to visual
impairment but, rather, could be a consequence of an impairment in the processing

of these stimuli.

| demonstrated that Syngap1*- mice do not present stereotypic behaviour (Figure
3-14) and motor skills impairments (Figure 3-15). However, they exhibit a statistically

significant different syllables usage compared to wild-type mice.

The MoSeq test allows researchers to identify short, stereotyped elements in the
mouse behaviour, defined as syllables, using 3D videos of mice that move freely in an
open field arena (Wiltschko et al., 2015). As shown in Chapter 6, the comparison of
syllables usage in wild-type and Syngapl*~ mice showed a profound genotype
difference (Figure 6-12). Similarly, differences were observed between the genotype
groups in the syllable-to-syllable likelihood of transition (Figure 6-13).

As a large number of brain circuits affected by Syngap1 haploinsufficiency have been
described, it was not surprising to observe such a large genotype effect on syllable
usage and in the syllable-to-syllable transition pattern. As mentioned earlier, striatum
plays a crucial role in motor functions (Nicola, 2007), and it is known that lesions in
the dorsolateral striatum affect the pattern of actions sequencing (Berridge et al.,
1987). A recent publication showed how lesions in the striatum can significantly
modify the representation of individual syllables and the syllable-to-syllable
likelihood of transition (Markowitz et al., 2018). As mentioned previously, SYNGAP1
expression in the striatum begins early in development and its expression is
maintained into adulthood (Gou et al., 2020; Porter et al., 2005). It is plausible that
haploinsufficiency in this brain region is the primary driver of the phenotype

observed with the MoSeq.
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7.2 IN VIVO THERAPEUTIC EFFICACY TEST HIGHLIGHTED THE CHALLENGES
FOR THE DEVELOPMENT OF A GENE REPLACEMENT THERAPY FOR
SYNGAPI HAPLOINSUFFICIENCY-ASSOCIATED DISORDER

This first proof-of-concept study highlighted the many difficulties posed by the
SYNGAP1/SYNGAP1 biology for the development of an effective gene therapy

treatment, some of which are summarised in Table 7-1.

Table 7-1. Challenges posed by SYNGAP1 biology.

SYNGAP1/SYNGAP1 characteristic

Challenge

SYNGAP1 coding sequence is about
3900 bp.

The length of the coding sequence
strongly limits the choice of regulatory
elements to use for the therapeutic
cassette.

Different SYNGAP1 haploinsufficiency
phenotypes show a different rescue
window but this is likely to close early
in life for core behavioural
abnormalities.

The therapeutic cassette needs to be
delivered very early in life and needs to
reach high level of protein expression
quickly.

SYNGAP1 expression levels vary during
development and result different in
different areas of the brain.

Delivering the therapeutic cassette in
the brain areas more likely to drive the
behavioural abnormalities.

SYNGAP1 presents multiple isoforms
which exert different functions and are
differently regulated during
development in different areas of the
brain.

Only the coding sequence of one
isoform can be delivered.

The need to deliver the appropriate
isoform in the appropriate brain region
at the right age.

SYNGAP1 is dosage sensitive.

SYNGAP1 haploinsufficiency phenotype
is caused by a too low amount of
SYNGAP1, it is therefore likely that to
restore normal functions the
therapeutic cassette will need to reach
close to physiological levels of
expression.

No information are available regarding
overt toxicity caused by the
overexpression of SYNGAPI.
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SYNGAP1 coding sequence (~3900 bp) considerably limits the choice of regulatory
elements to be used in a gene therapy cassette (Bulcha et al., 2021).

To achieve an expression pattern and temporal regulation as close as possible to that
of the endogenous protein, the ideal regulatory element would be the endogenous
promoter. However, early work on SYNGAP1 by McMahon and colleagues (McMahon
etal., 2012) suggested that the SYNGAP1 promoter presents a complex sequence and
composition, and proposed the existence of at least two different promoters that
drive and regulate the expression of different isoforms. More recently, investigation
of the promoter structure and sequence (personal communication, Dr Ralph D.
Hector) revealed that the SYNGAP1 promoter, 3'UTR and regulatory elements
(intronic and distal) span over a length of several kilobases. Furthermore, the
presence of a neighbouring gene poses a serious challenge to identifying the
regulatory elements necessary for SYNGAP1 expression. The absence of a well-
characterised promoter sequence and the large size make the SYNGAP1 endogenous
promoter not suitable for a gene replacement approach.

As SYNGAP1 expression in adulthood is limited to the brain (Porter et al., 2005),
promoters were chosen to maximise expression in neuronal cells. For the first
generation constructs, expressing the Aoal, Aa2 or Ba2 SYNGAP1, the minimal
MeCP2 promoter, MeP229 promoter, was chosen (Gray et al., 2011). Due to the
promoter's relatively small size (229 bp) and activity in post-mitotic neurons, it was
considered a good candidate to regulate SYNGAP1 expression.

For the second generation construct, the JeT promoter was used instead, which is
active in neuronal cells and has been proven successful in the gene therapy context
(Bailey et al., 2018; Chen et al., 2022; Gadalla et al., 2017; Tornoe et al., 2002). For
the third-generation construct, a neuronal-specific promoter, human SYNAPSIN1,
was used. hSYN1 is active in both excitatory and inhibitory neurons and brain regions
of interest for SYNGAP1 (Kiigler et al., 2003).

Post hoc analysis of treated cortex and hippocampus showed that both JeT and

hSYN1 led to a low level of viral vector-derived protein. Many factors, which | will
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discuss further on, might have contributed to this, but investigating alternative

regulatory elements might be necessary to obtain higher levels of expression.

| previously described the spatial and temporal SYNGAP1 expression pattern during
development (Gou et al., 2020; Kim et al., 2003; Knuesel et al., 2005; Moon et al.,
2008; Porter et al., 2005; Tomoda et al., 2004). | also discussed that various
behavioural phenotypes appear to present different rescue windows, but core
behaviours such as hyperactivity and reduced anxiety are likely rescuable only early
in life (Aceti et al., 2015; Clement et al., 2012; Creson et al., 2019; Verma et al., 2019).
Therefore, delivering the gene therapy cassette expressing SYNGAP1 as early as
possible would be ideal to prevent the insurgence of the highest number of
behavioural abnormalities. Although prenatal gene therapy delivery is possible, it was
not considered at this stage due to the scarce possibility to translate it into the clinic
(Massaro et al., 2018; Peranteau et al., 2020; Rashnonejad et al., 2019). It was
demonstrated that restoring SYNGAP1 expression at PND1 can prevent the
development of core phenotypes such as hyperactivity and reduced anxiety (Aceti et

al., 2015), which demonstrates the feasibility of postnatal treatment.

In Chapter 1, | presented the various types of viral vectors commonly used for gene
therapy and their characteristics (Bulcha et al., 2021; Gardlik et al., 2005; Lee et al.,
2017; Palella et al., 1988; Ritter et al., 2002). To maximise neuronal transduction,
obtain a broad spread in the brain and achieve a stable long-term expression of the
transgene, | used AAV vectors, and in particular the serotype 9. These vectors are the
gold standard for CNS-targeted gene therapy approaches (Bouard et al., 2009;
Penaud-Budloo et al., 2018) and have successfully been used in several gene therapy
treatments (Bailey et al., 2018; Chen et al., 2022; Gadalla et al., 2013; Hughes et al.,
2018; Massaro et al., 2020; Presa et al., 2021; Rashnonejad et al., 2019; Wang et al.,
2017).

Following ICV injection, AAV9 genomes are primarily detected in the brain and spinal
cord, with traces found in heart, liver, and muscular tissue (Presa et al., 2021;

Tanenhaus et al., 2022). When evaluating viral vector biodistribution in the brain, the
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highest amount of viral vector occurs in the cortex, olfactory bulb, striatum, and
hippocampus, but it can be detected also in other brain regions such as the thalamus
and brainstem (Belur et al., 2021; Chakrabarty et al., 2013; Hughes et al., 2018;
McLean et al., 2014). It was observed that the extent of the distribution in the brain
was also dependent on the age of administration with a wider spread at a younger
age (PNDO) (Chakrabarty et al., 2013). Due to the SYNGAP1 profile of expression in
adulthood (Gou et al., 2020; Kim et al., 2003; Knuesel et al., 2005; Moon et al., 2008;
Porter et al., 2005; Tomoda et al., 2004), ICV was adopted for this work.

The results of viral vector biodistribution for AAV9/JeT-hSYNGAP1 (Figure 5-12) were
overall in accordance with the literature (Belur et al., 2021; Chakrabarty et al., 2013;
Hughes et al., 2018; McLean et al., 2014), with the highest viral vector copy number
in the cortex, hippocampus and striatum and little to no distribution to the thalamus
and cerebellum. However, the number of viral vector genomes of AAV9/hSYN1-
hSYNGAP1 in the cortex, hippocampus, striatum, and thalamus were very similar
(Figure 6-18). It is possible that not enough vector reached important regions, such
as the hippocampus, even though both viral vectors distributed in brain regions of
interest for SYNGAP1. To address this issue, alternative AAV capsids could be
investigated. In recent years, there have been many efforts to develop highly
penetrating AAV capsids with high tropism for neuronal cells, broader spread in the
brain, and de-targeting of other tissues such as the liver (Challis et al., 2022;

Chatterjee et al., 2022; Meng et al., 2021; Yao et al., 2022).

Studies aimed to understand isoforms-specific subcellular localisation, timing of
expression, and functions (Araki et al., 2020; Gou et al., 2020; Kilinc et al., 2022; Li et
al., 2001; McMahon et al., 2012; Moon et al., 2008; Zeng et al., 2016) have suggested
that isoforms containing al/a2 C-terminus are primarily involved in regulating
synaptic function and are the most enriched in the synaptic compartment/PSD. The
B isoform, which is less enriched at PSD, is the dominant isoform in the cytoplasm
and is involved in the regulation of cellular structure (Araki et al., 2020; Gou et al.,

2020; Kilinc et al., 2022; Zeng et al., 2016).
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Less information is available regarding the functionality and temporal expression
pattern of the N-terminal isoforms and how they are associated to the different C-
terminal (Gou et al., 2020; McMahon et al., 2012). McMahon and colleagues
(McMahon et al., 2012) investigated the developmental-dependent expression of
three different N-terminal variants at the mRNA level. Their data suggested that A
and B are more involved in early stage of development, while C is more critical later
in life. As the aim of this project was to express SYNGAP1 early in life to prevent or
ameliorate the insurgence of haploinsufficiency-associated phenotype, it was
reasonable to express an isoform that has a high level of expression in early stages of
development. Based on the information provided by the work from McMahon and
colleagues (McMahon et al., 2012), three constructs were initially designed to
express respectively the Aal, Aa2 or Ba2 isoform. In parallel, the second generation
of expression cassette was generated, but initially, only the Aol expression cassette
was produced. Based on more recently published works (Araki et al., 2020; Gou et
al., 2020) it was decided to maintain the Aal isoform for the third generation
construct.

It is possible that the N-terminal variants play crucial roles during the period between
its peak of expression at PND14 and adulthood and that it is required for the correct
synaptic function later in life. Therefore, the limited treatment effect observed could
be a consequence of the isoform chosen. More information on N-terminal isoforms-
specific function and how they associate with different C-terminal variants is needed

for a more rational development of future therapeutic cassettes.

A trend toward the amelioration of the risk-taking behaviour was observed in
Syngapl*~ mice treated with AAV9/JeT-hSYNGAP1 and AAV9/hSYN1-hSYNGAP1
candidate therapeutic vectors. Interestingly, the effect observed was similar for both
viral vectors, with an apparent reduction of the percentage of mice departing from
the platform and in the total number of full departures, but no effect was seen on

the number of partial departures.
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| previously discussed the possible involvement of the cortex in the pathophysiology
of the risk-taking behaviour. It is possible that the observed trend toward the
amelioration in viral vector-treated mice is correlated to the higher biodistribution of
the therapeutic vector and the level of expression of viral vector-derived SYNGAP1
protein in this area. It is worth noting that the cortical samples used for
biodistribution analysis and protein quantification corresponded to the somatomotor
and motor cortex and they did not include SSC and visual cortex areas. Therefore, it
is not possible to infer distribution or expression in these regions.

The evaluation of viral vector-derived SYNGAP1 expression in cortical areas showed
that tissues treated with 1E11 vg/mouse of AAV9/leT-hSYNGAP1 showed an absolute
level of SYNGAP1 protein in the range of 1x to 2.2x (average 1.5x) protein levels
observed in the Syngap1*- vehicle-treated control. Interestingly, tissue treated with
5E10 vg/mouse showed a similar increase in SYNGAP1 levels (between 1x and 1.8x,
average of 1.4x over vehicle control), but no modification of the risk-taking behaviour
(Figure 5-15).

For AAV9/hSYN1-hSYNGAPI, a very low amount of exogenous protein was detected
in the cortex of viral vector-treated Syngap1*- mice. The highest dose tested, 1E11
vg/mouse, produced an average of only about 1.05x of vehicle control, while 5E10
vg/mouse produced 1x the amount of absolute SYNGAP1 level observed in Syngap1*/
vehicle-treated mice (Figure 6-19). However, risk-taking behaviour has not been
previously investigated in genetic rescue experiments, therefore it is not known to

which extent the phenotype can be ameliorated.

The evaluation of locomotor activity in the open field showed no amelioration of the
hyperactive phenotype, with AAV9/JeT-hSYNGAPI-treated Syngapl*”~ mice
exhibiting behaviour comparable to vehicle controls at both ages tested (Figure 5-3
and Figure 5-5). Similar results were observed for the anxiety-like behaviour, where
vector-treated Syngapl1*- mice were indistinguishable from the vehicle-treated mice
(Figure 5-7 and Figure 5-8). Treatment with AAV9/hSYN1-hSYNGAP1 vyielded
comparable results with no amelioration of the hyperactivity or anxiety-like

phenotypes (Figure 6-4, Figure 6-6, Figure 6-8 and Figure 6-9).
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Evaluation of AAV9/JeT-hSYNGAP1 and AAV9/hSYN1-hSYNGAPI1 vector-derived
SYNGAP1 protein in hippocampi of treated Syngapl*- mice showed no increase of
absolute levels of SYNGAP1 protein (Figure 5-16 and Figure 6-20). Although it is not
possible to exclude other factors, it is possible that the lack of amelioration of these
phenotypes was due to the low level of expression in the hippocampus. As mentioned
earlier, the involvement of the hippocampus and other forebrain regions in the
development of hyperactivity has been suggested by Muhia et al. (Muhia et al., 2012)
and by Ozkan et al. (Ozkan et al., 2014), which is consistent with previous studies
(Bannerman et al., 2003; Bast et al., 2003; Deacon et al., 2002; Gray et al., 1983;
Pouzet, 1999; Wiley et al., 1995). It is known that the highest expression level
detected in the brain for SYNGAP1 is the hippocampus (Gou et al., 2020). Therefore,
restoring normal levels of SYNGAP1 in the area may ameliorate the hyperactive
phenotype but not necessarily abolish it.

| mentioned before the possible involvement of the striatum in the modulation of
motor activity (Jones et al., 1980; Nicola, 2007; Roseberry et al., 2016). Protein levels
were not investigated in this brain region, but viral vector distribution data suggested
that a similar amount of AAV9/JeT-hSYNGAPI and AAV9/hSYN1-hSYNGAPI reached
hippocampus and striatum. It is reasonable to conclude that a similarly low level of

expression was achieved here.

AAV9/hSYN1-hSYNGAP1 treated mice were additionally tested using MoSeq.
However, considering the treatment effect among Syngap1*- mice, the test did not
highlight a clear effect of the therapeutic vector. Interestingly, for five syllables, the
usage in viral vector-treated Syngap1*- mice appeared to be ameliorated compared
to vehicle-treated mice, although the difference between treatments was not
significant (Figure 6-16). An in-depth analysis of the types of movements described
by each syllable and how they relate to each other might allow a better
understanding of how the treatment affects Syngap1*- mice behaviour.

The ability to rescue the syllable usage phenotype by genetic rescue has not been

investigated. It will be crucial to determine if the phenotype is reversible, to what
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extent, and if a rescue window is present. This information could be used in the future

to evaluate the therapeutic efficacy of treatments.

Treatment tolerability issues may be associated to a toxic effect caused by the
overexpression of the transgene, as seen for gene therapies developed for the
treatment of Rett syndrome (Gadalla et al., 2017; Sinnett et al., 2017), or to the
intrinsic toxicity associated with the viral vector used (Fader et al., 2022; Kishimoto
et al., 2022; Shirley et al., 2020). AAVs and viral vectors, in general, can elicit a strong
immune response which can cause severe damage to the treated organism (Shirley
et al., 2020). In the case of intravenous delivery, hepatotoxicity can be observed due
to a large amount of viral vector sequestered in the liver, which can cause localised
inflammation (Kishimoto et al., 2022). Moreover, degeneration of the dorsal root
ganglion has been observed after cerebrospinal fluid delivery or intravenous delivery
of AAV (Fader et al., 2022; Hordeaux et al., 2020; Sirivelu et al., 2021). These toxic
effects are more prominent at high viral vector dosages (Fader et al., 2022; Kishimoto
et al., 2022). For example, with an intravenously delivered dose higher than 5E13
vg/kg in rats or 3.3E13 vg/dose in monkeys, with intrathecal delivery, severe dorsal
root ganglion toxicity was observed (Fader et al., 2022).

AAV9/JeT-hSYNGAP1 and AAV9/hSYN1-hSYNGAPI vector treatments did not show
overt tolerability issues. Wild-type viral vector-treated mice did not present any
deterioration of general conditions, had normal motility, good grooming behaviour,
and normal in-cage behaviour. Similarly, no abnormalities were observed during
behavioural tests for all viral vectors treated wild-type mice.

The absence of overexpression-associated toxicity is not surprising given the low
amount of exogenous protein detected in viral vector-treated tissue. Moreover, to
my knowledge, there are no reported affected individuals with microduplication of

the SYNGAP1 locus.

After ICV delivery, only limited liver transduction has been observed (Presa et al.,
2021; Tanenhaus et al., 2022); therefore, as no alteration of the general condition of

viral vector-treated mice was observed, the presence of viral vector genomes in this
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tissue and hepatotoxicity were not investigated. Degeneration of the dorsal root
ganglion is often associated with ataxia (Fader et al., 2022; Hordeaux et al., 2020;
Sirivelu et al.,, 2021); however, the absence of motility problems and gait
abnormalities in viral vector-treated mice ruled out this phenomenon.

MoSeq analysis of vehicle and AAV9/hSYN1-hSYNGAPI1-treated wild-type mice
showed differences in the usage of a subset of syllables between dose groups (Figure
6-14). Interestingly, no overlap was observed between the two doses administered,
differences between vehicle and viral vector-treated mice were mostly observed for
the 5E10 vg/mouse dose, and only in one case vehicle differed from 1E11 vg/mouse
group. As viral vector-treated mice did not exhibit signs of general health detriment,
these differences were not considered signs of poor treatment tolerability. However,
the high sensitivity of the assay could have potentially highlighted treatment-

associated behavioural modifications that will require further investigation.

As previously mentioned, one of the factors that led to a modest therapeutic effect
for both tested gene therapy constructs was likely associated with the low levels of
exogenous protein expression achieved. The two constructs presented substantial
differences in the regulatory elements and coding sequences used for the SYNGAP1
gene, making a direct comparison difficult. The JeT promoter is considered a
relatively weak promoter but is able to yield levels of expression, on average, higher
than other promoters of comparable size (Tornoe et al., 2002). It is therefore not
surprising to see only a relatively small variation in absolute levels of SYNGAP1
protein. On the other hand, the AAV9/hSYN1-hSYNGAP1 was designed with the aim
to outperform the previous construct; however, SYNGAP1 protein level analysis
showed no changes in absolute levels of SYNGAP1. This construct uses the hSYN1
promoter which, despite the size, has been shown to be able to drive high level of
transgene expression in a neuronal-specific fashion (Massaro et al., 2020). The
AAV9/hSYN1-hSYNGAPI uses the SV40 polyA construct uses the SV40 polyA, which
has been shown to drive higher levels of expression compared to SpA (Choi et al.,
2014). Moreover, the wild-type human sequence was replaced into a codon-

optimised one. Possible issues with translation were not investigated; however, the
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levels of in the treated hippocampal tissue were evaluated. Analysis showed that viral
vector-derived SYNGAP1 mRNA was, on average, 6 times higher than the endogenous
Syngapl mRNA observed in wild-type vehicle-treated hippocampal tissue (Figure
6-23). Discrepancies between the relative amount of transcript and the amount of
protein produced have been described before (Liu et al., 2002; Tian et al., 2004), but
this result shows that the viral vector transcription can potentially surpass the wild-

type levels.

The SYNGAP1 coding sequence used for the third generation viral vector was codon-
optimised for expression in humans, as previously discussed in Chapter 6. Codon
optimization has been used in gene therapy for the purpose of improving expression,
with varying success (Brown et al., 2018; Cantore et al., 2012; Huston et al., 2011;
Raab et al., 2010). While it can improves expression in some cases, it has been shown
to interfere with transcription initiation, mRNA stability, translation and even
introduce alternative transcription start sites and cryptic splicing sites, and micro RNA
binding sites (Fahraeus et al., 2016; Firth, 2014; Gamble et al., 2016; Harigaya et al.,
2017; Kelsic et al., 2016; Lorenz et al., 2015; Mauro et al., 2014). As only the full-
length protein was detected after immunoblot analysis of protein lysate, it is
reasonable to assume that the transgene is correctly transcribed, and the mRNA
correctly translated. However, it is still possible that the sequence modification might
have created a new regulatory sequence in the mRNA which could target it for
degradation or lead to translational stall. Further investigation is required to evaluate

these possibilities.

The inability to detect an increase in the absolute levels of SYNGAP1 using the anti-
SYNGAP1 antibody could also be associated with a limitation of the approach used. |
discussed in Chapter 5 how the presence of multiple SYNGAP1 isoform might have
led to the underestimation of the viral vector-derived protein levels. | will discuss this

in more detail in the technical limitation of the immunoblot approach in Section 7.4.

Another element to consider is the quality of the viral preparation. As discussed in

Chapter 6, when the size of the gene therapy cassette reaches the upper limit of the
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cloning capacity, ~5000 bp (Bulcha et al., 2021), it is possible to observe truncation
of the encapsidated viral genomes (Dong et al., 2010; Wu et al., 2010). The resulting
viral particles would not be able to fully transduce the target cell, reducing therefore
the transduction efficiency observed (Wu et al, 2010). While alkaline gel
electrophoresis did not show issues with the AAV9/JeT-hSYNGAP1 viral vector, it
suggested packaging problems for the AAV9/hSYN1-hSYNGAP1 vector (Figure 6-25).
To better evaluate the presence and the extent of viral genome fragmentation,
further analysis using more appropriate and sensitive methodology such as ddPCR or
CDMS is necessary. ddPCR is a new generation PCR technique that presents high
sensitivity and which would allow the evaluation of viral vector genome integrity
(Furuta-hanawa et al., 2019). CDMS is a mass spectrometry approach that allows to
detect the presence of viral vector capsids containing partial viral genome and empty

capsid (Pierson et al., 2019).

It was shown that interference with the C-terminal protein-protein interaction
impairs SYNGAP1 functionality, cellular localization, and potentially, the ability to
rescue behavioural abnormalities (Araki et al., 2020; Kilinc et al., 2022). Analysis of
protein localisation via synaptosomal preparation showed that Myc-tagged SYNGAP1
is detectable in the synaptic compartment but not in the cytosol, with a pattern
similar to endogenous SYNGAP1 (Figure 5-17). The subcellular localisation
experiments, presented in Chapter 5 suggested that the Myc fusion peptide did not
impair subcellular localisation. On the other hand, this experiment ruled out the
possibility that the C-terminal Myc could impair protein functionality to some extent.
Similar results were observed for AAV9/hSYN1-hSYNGAP1 vector-treated tissue, in
which FLAG-tagged SYNGAP1 recapitulated endogenous wild-type SYNGAP1
localisation (Figure 6-21).

To further evaluate the ability of both Myc and FLAG-tagged SYNGAP1 to interact
with elements of the PSD, it would be necessary to perform a co-
immunoprecipitation. This technique would allow for a better understanding of

whether the viral vector-derived protein can form the same interactome observed
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for the wild-type protein, which is essential for the synaptic activity regulation

function of SYNGAP1.

To overcome some of the many challenges encountered during the development of
a candidate gene therapy for SYNGAP1 haploinsufficiency-associated disorder, such
as the need to choose the isoform to deliver and the level of expression to achieve,
alternative approaches such as ASO or CRISPR (clustered regularly interspaced short
palindromic repeats)-Cas could be considered. | have discussed in Chapter 1 the pros
and cons of the ASO system (Dhuri et al., 2020; Gagliardi et al., 2021). Nonetheless,
it is a valid method, currently under study in the context of SYNGAPI
haploinsufficiency (Dawicki-mckenna et al., 2022; Lim et al., 2020), which would allow
to upregulate SYNGAP1 expression without the limitation of re-introducing only one
isoform. Moreover, as the endogenous wild-type allele expression is exploited, the
temporal and spatial developmental expression regulation would be maintained. This
approach has been successfully adopted for the treatment of Dravet syndrome (Lenk
et al., 2020; Wengert et al., 2022) and spinal muscular atrophy (Passini et al., 2011).
Loss-of-function of the SYNGAP1 gene is in many cases caused by single nucleotide
mutations (Figure 1-4) (Vlaskamp et al., 2019). Patients carrying single nucleotide
mutation would be ideal candidates for a CRISPR-Cas approach, as this system would
allow for reversion of the mutation and restoration of the wild-type sequence, thus
normalizing protein levels (Karimian et al., 2019).

Side by side therapeutic studies utilizing different modes of therapeutic correction
are necessary to assess the most suitable for the SYNGAP1 haploinsufficiency-

associated disorder.
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7.3 TECHNICAL CONSIDERATIONS

The major technical issue encountered during this project was associated with the
Syngapl*- mouse model. | have extensively discussed the behavioural phenotypes
present in the model, and although the genotype difference is profound, only a very
limited subset of behaviours was affected or at least that | was able to efficiently
measure. Hyperactivity is considered the main phenotype present that could
potentially lead to a misinterpretation of other results. To circumvent this problem, |
investigated behaviours which do not involve locomotion, or in which locomotion is
not the primary readout, such as the platform departure test and the MoSeq. Despite
this, the behavioural panel of tests is still limited and efforts to individuate new,
robust behavioural abnormalities would be fundamental to further investigate the
therapeutic effect of the candidate gene therapy vectors.

It is also important to consider the construct validity of the model. SYNGAP1
haploinsufficiency-associated disorder is classified as an haploinsufficiency disorder
as the identified mutation are classified as loss-of-function. It is known that a subset
of missense mutation do not completely abolish protein function (Berryer et al.,
2013; Zeng et al., 2019). It is not known if one of the many missense or frameshift
mutations causes gain-of-function of SYNGAP1. The mouse model used for the work
presented in this thesis models only the complete loss of expression of one allele, but
it does not consider the possible presence of normal levels of protein with reduced
functionality (Berryer et al., 2013; Zeng et al.,, 2019) or the acquisition of new
functions. Although it can still be considered a valid model of the disease, it would be
informative for future studies to develop new animal models that recapitulate these

conditions.

Immunohistochemistry is a widely used technique for the evaluation of the viral
vector transduction efficiency and of protein localisation within the cell. For
transduction efficiency, the percentage of transduced cells is evaluated based on the
number of cells positive for the immunolabelling of the exogenous protein over the

number of DAPI positive nuclei present in the field of view considered. This procedure
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can be used when the exogenous protein localises in the nucleus or in the
soma/cytoplasm of target cells. In the case of SYNGAP1, the predicted localisation of
the viral vector-derived protein is the synapse, which poses a challenge for
investigating transduction efficiency using an immunohistochemistry approach. It
would not be possible to evaluate the fraction of cells per field of view that are
positive for the exogenous protein. Moreover, the difficulties to obtain a full
knockout sample to optimise SYNGAP1 detection made the usage of this approach to
evaluate subcellular localisation challenging. Therefore, alternative approaches, such

as immunoblotting and subcellular fractionation, were used.

The technical limitation of the immunoblot is mainly associated with the sensitivity
of the assay and the linearity of detection of the antibody used. Before performing
full-scale protein quantification, immunoblot staining has been optimised, and the
linearity of detection has been evaluated for all the antibodies used, as shown in
Appendix C, Section C.2. However, the sensitivity of the assay was not evaluated.
Fractionation of whole hippocampi homogenates allowed me to evaluate the
presence of the vector-derived protein in the synaptic compartment. However, it
lacks the ability to evaluate colocalization and protein-protein interactions.
Moreover, the large amount of synaptic-specific proteins pelleted in the nuclear
fraction makes an accurate quantification challenging.

| have discussed that, even if SYNGAP1 is unbale to form trimers via its C-terminal CC
domain, it can still localise at the synapse. However, data suggests that the direct
interaction with the PSD is reduced (Araki et al., 2020; Zeng et al., 2016). Further
evaluation of the interaction of the viral vector-derived SYNGAP1 with the PSD
complex is necessary to have a better understanding of the protein functionality. To
this end, an immunoprecipitation could be used to evaluate if the expressed protein
can form the interactome seen in wild-type condition. Another technique that could
be used to evaluate co-localisation would be immunofluorescence tomography,
which would allow for the visualisation at high resolution of the viral vector-derived

SYNGAP1 localisation.
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Amygdala has been described as exerting a pivotal function in emotional processing,
anxiety regulation and fear response (Davis, 1992; Davis et al., 1994; Kalin et al., 2004;
Rauch et al., 2004; Roozendaal et al., 2009; Tye et al., 2011). In particular, it has been
observed that the lesion of the central nucleus of the amygdala (Kalin et al., 2004) or
pharmacological or optogenetic-induced hypoexicitability of this region (Davis et al.,
1994; Tye et al., 2011) causes reduction of anxiety and fear-related behaviours,
similar to what is observed in Syngap1*/- mice (Clement et al., 2012; Komiyama et al.,
2002; Nakajima et al., 2019). Porter and colleagues (Porter et al., 2005) showed that
SYNGAP1 is expressed in the amygdaloid complex throughout development and its
expression is maintained in adulthood, suggesting the involvement of this brain
region in the pathophysiology of the disease. It would have been therefore
appropriate to also evaluate a delivery system that would have allowed viral vector
distribution to this brain region. Biodistribution to the amygdaloid complex was not

investigated in this study, but it would be interesting to evaluate this in future works.

Statistical analysis is crucially important for the correct interpretation of the results.
In this work, groups have been analysed for each genotype separately, as the aim was
to evaluate the effect of the treatment for each genotype, tolerability in wild-type
mice and therapeutic effect in Syngapl*~ mice. This analysis does not take in
consideration genotype x treatment interaction or the effect of repeated exposures.
Therefore, for a more comprehensive and accurate analysis, it would be advisable to

reanalyse the data using a three-way ANOVA.
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7.4 SIGNIFICANCE

SYNGAP1 haploinsufficiency-associated disorder is a genetic disorder that is
considered one of the most common causes of ID (Berryer et al., 2013; Hamdan et
al., 2009, 2011; Rauch et al., 2012), for which no treatment is currently available.

Reversal studies showed that early, but not late, restoration of normal protein levels
prevents the insurgence of most of the haploinsufficiency-associated phenotypes

(Aceti et al., 2015; Creson et al., 2019).

My thesis provided the first proof-of-concept study on the feasibility of a gene
therapy approach for the treatment of SYNGAP1 haploinsufficiency-associated
disorder. My results highlighted the many challenges posed by SYNGAP1 biology for
the development of an effective gene replacement treatment. Nonetheless, my
results suggest that a gene therapy approach could be a feasible option to treat

SYNGAP1 haploinsufficiency-associated disorder.

7.5 FUTURE EXPERIMENTS

This project was designed to determine the potential for gene therapy in a mouse
model of SYNGAP1 haploinsufficiency-associated disorder by testing the therapeutic
efficacy of a series of rationally designed constructs. The limited non-significant
amelioration observed in Syngap1*/ viral vector-treated mice could be associated to
a series of factors which were discussed in previous sections. The results from this
thesis highlight the necessity of a better understanding of SYNGAP1 functions and of
the limitations associated with the animal model used. Therefore, | would like to

suggest the following future experiments:

1. It is possible that the limited effect observed after viral vector treatment is
associated with the low expression level of the viral vector protein achieved.
Unfortunately, the large size of the SYNGAP1 coding sequence (~3900 bp)

occupies most of the available cloning space of AAV9, restricting the choice of
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regulatory elements. The development of a SYNGAP1 mini gene, where non-
functionally relevant portions of the protein are removed to decrease the coding
sequence length, would widen the choice of regulatory elements. This approach
has been successfully used for the development of gene therapy for the
treatment of Duchenne muscular dystrophy (Foster et al., 2008; le Guiner et al.,
2017). As shown in Figure 1-4, the absence of mutation hotspots along the
SYNGAP1 gene makes difficult to identify a region that could be deleted without
impacting its function. Nonetheless, it is possible that the reintroduction of a
protein that retains, at least, the C2-GAP fragment, which corresponds to the
catalytic domain of the protein, might be able to ameliorate the phenotype
observed in SYNGAP1 patients. To test this hypothesis, | would recommend
constructing a library of mini gene designs presenting different combinations of

N- and C-terminal regions and to evaluate their therapeutic efficacy.

The high level of horizontal activity showed by Syngap1* mice is a potential
confounding factor for other behavioural abnormalities readouts. Given the
promising results observed with the candidate therapeutic vectors, | would
suggest to evaluate their therapeutic efficacy in SYNGAP1 haploinsufficiency
models that do not show the hyperactive phenotype but present cognitive and
memory deficits, such as the rat model presented in Katsanevaki et al.

(Katsanevaki et al., 2020).

Another explanation for the small effect of the treatment could be related to the
isoform expressed. Kilinc et al. (Kilinc et al., 2022) showed that the absence of
functional a1/a2 C-terminal containing isoforms is likely to be the factor causing
the haploinsufficiency phenotype. However, it is important to consider the
complex genetic context present in these models. Moreover, here are no data
available currently regarding the importance and function of each N-terminus in
vivo. An important experiment to determine which isoform/isoforms are
necessary to be re-expressed to observe the maximum therapeutic efficacy
would be the generation of mouse/rat lines which express only one full-length

SYNGAP1 isoform. | would suggest evaluating cellular and behavioural
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abnormalities in the Syngap1*/s°form model but also investigating the survival of

Syngapa1soform/isoform gnimals.

4. SYNGAP1 expression pattern throughout development and distribution in the
brain has been investigated by multiple laboratories, setting an important base
for the understanding of the behavioural abnormalities observed (Gou et al.,
2020; Kim et al., 2003; Knuesel et al., 2005; McMahon et al., 2012; Moon et al.,
2008; Porter et al., 2005; Tomoda et al., 2004). Muhia et al. (Muhia et al., 2012)
and Ozkan et al. (Ozkan et al., 2014) suggested the involvement of forebrain
regions in the development of hyperactivity but the importance of other regions
is still to be elucidated.

Before moving on with further SYNGAP1 gene therapy studies, it will be
important not only to understand which regions are fundamental to traduce to
obtain the maximum therapeutic efficacy but also if there are region-specific
derived behavioural abnormalities. An approach to investigate this would be
parenchymal injections of viral vector expressing SYNGAP1 in different brain

areas such as the hippocampus, striatum, SSC, visual cortex and amygdala.

7.6 SUMMARY

To conclude, in this thesis, | showed the identification of a robust battery of
behavioural tests for the assessment of the therapeutic efficacy of candidate gene
therapy constructs. Subsequently, | demonstrated the potential and the challenges
that need to be overcome for the development of an effective gene therapy approach
for the treatment of SYNGAP1 haploinsufficiency-associated disorder. Several factors
could have impacted the poor therapeutic outcome, such as the inappropriate choice
of the SYNGAP1 isoform, low levels of viral vector-derived protein expression, and
inadequate therapeutic vector distribution across the brain. Further studies are
necessary to define important elements of SYNGAP1 biology for the rational

development of future gene therapy vectors.
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APPENDIX A: EXTENDED METHODS

Unix code script for the analysis of plasmid DNA sequencing data.

#1/bin/sh

### PlasmidSeq script by A.Saveliev, 2017

### Assumes that bbmap is in PATH, NOVOPIasty in home directory, denovo seed fasta in
/media/sf_vm_shared/seeds

### Script must find project folders in /media/sf_vm_shared/PlasmidSeq directory. Each folder must

have 3 files: one plasmid .fa, a pair of MiSeq 2x250 bp fastq.gz's
set -eux pipefail
### Clears out previous results
rm -rf /home/ubuntu/projects/sequencing/plasmid-seq/results/first-pass/*
rm -rf /home/ubuntu/projects/sequencing/plasmid-seq/final_report_1/*
##H# set up loop
foriin $(Is /home/ubuntu/projects/sequencing/plasmid-seq/data/)
do
results=/home/ubuntu/projects/sequencing/plasmid-seq/results/first-pass/Si/
mkdir ${results}
cd /home/ubuntu/projects/sequencing/plasmid-seq/data/Si/
# generate seed file by pulling out first read from fastq file
echo ">first_read_seed_seq" >> ${results}seed.fasta
seqgkit seq -s *R1*fastq.gz | head -n 1 >> ${results}seed.fasta
# unset variables
FBLEN=""
FBSEQ=""
LOTNUMBER=""
SAMPLENUMBER=""
READ1=""
READ2=""
# remove BBMap fasta index if exists
rm -rf ref
# assign 2 variables based on fastg.gz names
LOTNUMBER=S(echo *.gz | awk -F'[_]' {print $1}')
SAMPLENAME=$(echo *.gz | awk -F'[_]' '{print $1"_" $2})
# create a new fasta reference file with a simple name
cp *.fa S{results}SLOTNUMBER.fasta
# extract fasta sequence, remove control characters, write fasta body to file
sed '1d' ${results}SLOTNUMBER.fasta | tr -d "\n \r' > ${results}SLOTNUMBER.body.fasta
# assign variable to fasta body DNA length
FBLEN=S(cat ${results}SLOTNUMBER.body.fasta | wc -m)
# assign variable to fasta body DNA sequence
FBSEQ=$(cat ${results}SLOTNUMBER.body.fasta)
# shift fasta by 500 bp (move tail to head)
rm -f S{results}SLOTNUMBER.movetail.fasta
grep '>' S{results}SLOTNUMBER.fasta > ${results}SLOTNUMBER.movetail.fasta
echo S{FBSEQ:SFBLEN-500:SFBLEN} | tr -d "\n \r' >> ${results}SLOTNUMBER.movetail.fasta
echo ${FBSEQ:0:SFBLEN-500} >> ${results}SLOTNUMBER.movetail.fasta
# perform read pre-processing in BBDuk
bbduk.sh overwrite=t ref=/home/ubuntu/miniconda3/envs/bioinfo/opt/bbmap-38.87-
0/resources/adapters.fa ktrim=r k=23 mink=11 hdist=1 tpe tbo gtrim=r trimq=10
in1="$SAMPLENAME" L001_R1_001.fastq.gz in2="$SAMPLENAME" L001_R2_001.fastq.gz
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outl=S{results}"SSAMPLENAME" _L001_R1_001.clean.fastq.gz
out2=${results}"SSAMPLENAME"_L0O01_R2_001.clean.fastq.gz minlen=250
# gunzip pre-processed fastq files, use them for alignment and denovo assembly
gunzip -kf ${results}*.clean.fastq.gz
# perform alignment in BBMap, write ref, sam, bam, bai. Change maxindel value as needed.
bbmap.sh overwrite=t in1=S{results}"SSAMPLENAME"_L001_R1_001.clean.fastq.gz
in2=S{results}"SSAMPLENAME"_L0O01_R2_001.clean.fastq.gz
ref=${results}5SLOTNUMBER.movetail.fasta outm=5{results}SLOTNUMBER.movetail.mapped.sam
maxindel=2000 outu=${results}SLOTNUMBER.movetail.unmapped.sam
echo ™"
echo -e "\e[1;34mStarting bamscript from BBTools as embedded...\e[Om"
echo""

#BBTools bs.sh inserted below
echo "Note: This script is designed to run with the amount of memory detected by BBMap."

echo" If Samtools crashes, please ensure you are running on the same platform as BBMap,"

echo" orreduce Samtools' memory setting (the -m flag)."

echo "Note: Please ignore any warnings about 'EOF marker is absent'; this is a bug in samtools that
occurs when using piped input."

samtools view -bhu ${results}SLOTNUMBER.movetail.mapped.sam | samtools sort -m 2G -@ 3 -0
${results}SLOTNUMBER.movetail.mapped_sorted.bam

samtools index ${results}SLOTNUMBER.movetail.mapped_sorted.bam

echo "Note: Please ignore any warnings about 'EOF marker is absent'; this is a bug in samtools that
occurs when using piped input."

samtools view -bhu ${results}SLOTNUMBER.movetail.unmapped.sam | samtools sort -m 2G -@ 3 -0
S{results}SLOTNUMBER.movetail.unmapped_sorted.bam

samtools index S${results}SLOTNUMBER.movetail.unmapped_sorted.bam

#BBTools bs.sh ends
echo""
echo -e "\e[1;34mFinished bamscript from BBTools\e[Om"
echo""
# perform variant calling in CallVariants, write as VCF
callvariants.sh overwrite=t in=5{results}SLOTNUMBER.movetail.mapped.sam
ref=5${results}SLOTNUMBER.movetail.fasta out=5{results}SLOTNUMBER.movetail.vcf rarity=0.01
maf=0.01
### process VCF, build simplified variant table
# extract VCF header, write to file
head -n +52 ${results}SLOTNUMBER.movetail.vcf > ${results}SLOTNUMBER.movetail.header.txt
# extract VCF body, write to file
tail -n +53 S{results}SLOTNUMBER.movetail.vcf > S{results}SLOTNUMBER.movetail.body.txt
# restore original fasta coordinates, write to new txt file as VCF body
awk '$2>0 {$2=52-500} 1' OFS="\t' ${results}SLOTNUMBER.movetail.body.txt | awk '$2<1
{S$2='SFBLEN'+52} 1' OFS="\t' > ${results}SLOTNUMBER.unshift.vcf.txt
# append VCF header and new rearranged VCF body, write to rearranged file. This is to archive a
full VCF with the restored coordinates.
cat ${results}SLOTNUMBER.movetail.header.txt ${results}SLOTNUMBER.unshift.vcf.txt >
S{results}SLOTNUMBER.unshift.vcf
### process new rearranged VCF body
# replace semicolons with tabs, write to tab-delimited txt file
tr ;' "\t' < S{results}SLOTNUMBER.unshift.vcf.txt > S{results}SLOTNUMBER.unshift.vcf.tab.txt
# make summary vcf containing only name, position, ref, alt, sequence_depth, and alternative allele
fraction
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cat S{results}SLOTNUMBER.unshift.vcf.tab.txt | cut -f 1,2,4,5,17,20 >
${results}SLOTNUMBER.summary.txt
# extract specific columns, write to a new txt file
cut -f1-2,4-6,11,30-34 S${results}SLOTNUMBER.unshift.vcf.tab.txt >
S{results}SLOTNUMBER.unshift.vcf.tab.simple.txt
# sort by revised allele frequency, write to a new txt file
sort -rk 9 ${results}SLOTNUMBER.unshift.vcf.tab.simple.txt >
${results}SLOTNUMBER.unshift.vcf.tab.simple.sortedbyRAF.txt
### build final report
# append new column names to report
echo -e "PLASMID\tPOS\tREF\tALT\tQUAL\tTYPE\tDEPTH\tAF\tRAF\tSB\tDP4" >>
S{results}SLOTNUMBER.FINAL.report.txt
# append new variant body, sorted by revised allele frequency
cat S{results}SLOTNUMBER.unshift.vcf.tab.simple.sortedbyRAF.txt >>
${results}SLOTNUMBER.FINAL.report.txt
# remove keys, keep numbers only

sed -i 's/TYP=//g; s/DP=//g; s/RAF=//g; s/AF=//g; s/SB=//g' S${results}SLOTNUMBER.FINAL.report.txt

# comment out the next line to debug
#rm -f SLOTNUMBER.unshift.vcf.txt SLOTNUMBER.unshift.vcf.tab.txt
SLOTNUMBER.unshift.vcf.tab.simple.txt SLOTNUMBER.unshift.vcf.tab.simple.sortedbyRAF.txt
SLOTNUMBER.movetail.header.txt SLOTNUMBER.movetail.body.txt SLOTNUMBER.body.fasta
# remove BBMap index
rm -rf ref
### start denovo assembly in NOVOPIlasty
# create variables from pre-processed fasta file names
READ1=${results}S(basename * _R1_001.clean.fastq)
READ2=${results}S(basename *_R2_001.clean.fastq)
# remove temporary fastq files
rm -rf ${results}*.clean.fastq*
# move files needed for final anlysis to final_report folder
cp ${results}*movetail.fasta ${results}*.summary.txt ${results}*.mapped_sorted.bam*
/home/ubuntu/projects/sequencing/plasmid-seq/final_report_1/
done

### Clears out previous results
rm -rf /home/ubuntu/projects/sequencing/plasmid-seq/results/second-pass/*
rm -rf /home/ubuntu/projects/sequencing/plasmid-seq/final_report_2/*

### set up loop
foriin S(Is /home/ubuntu/projects/sequencing/plasmid-seq/data/)
do
results=/home/ubuntu/projects/sequencing/plasmid-seq/results/second-pass/Si/
mkdir ${results}
cd /home/ubuntu/projects/sequencing/plasmid-seq/data/Si/
# generate seed file by pulling out first read from fastq file
echo ">first_read_seed_seq" >> ${results}seed.fasta
seqgkit seq -s *R1*fastq.gz | head -n 1 >> ${results}seed.fasta
# unset variables
FBLEN=""
FBSEQ=""
LOTNUMBER=""
SAMPLENUMBER=""
READ1=""
READ2=""
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# remove BBMap fasta index if exists

rm -rf ref

# assign 2 variables based on fastg.gz names
LOTNUMBER=S$(echo *.gz | awk -F'[_]' {print $S1}")
SAMPLENAME=S(echo *.gz | awk -F'[_]' '{print S1"_" $2}")

# create a new fasta reference file with a simple name

cp *.fa ${results}SLOTNUMBER.fasta

# extract fasta sequence, remove control characters, write fasta body to file

sed '1d' ${results}SLOTNUMBER.fasta | tr -d "\n \r' > ${results}SLOTNUMBER.body.fasta

# assign variable to fasta body DNA length

FBLEN=S(cat ${results}SLOTNUMBER.body.fasta | wc -m)

# assign variable to fasta body DNA sequence

FBSEQ=$(cat S${results}SLOTNUMBER.body.fasta)

# shift fasta by 500 bp (move tail to head)

rm -f ${results}SLOTNUMBER.movetail.fasta

grep '>' ${results}SLOTNUMBER.fasta > ${results}SLOTNUMBER.movetail.fasta

echo ${FBSEQ:SFBLEN-500:SFBLEN} | tr -d "\n \r' >> ${results}SLOTNUMBER.movetail.fasta

echo ${FBSEQ:0:SFBLEN-500} >> ${results}SLOTNUMBER.movetail.fasta

# perform read pre-processing in BBDuk

bbduk.sh overwrite=t ref=/home/ubuntu/miniconda3/envs/bioinfo/opt/bbmap-38.87-
0/resources/adapters.fa ktrim=r k=23 mink=11 hdist=1 tpe tbo gtrim=rl trimg=30
in1="$SAMPLENAME"_L001_R1_001.fastq.gz in2="$SAMPLENAME"_L001_R2_001.fastq.gz
out1=${results}"SSAMPLENAME"_L001_R1_001.clean.fastq.gz
out2=${results}"SSAMPLENAME"_L001_R2_001.clean.fastq.gz minlen=50

# gunzip pre-processed fastq files, use them for alignment and denovo assembly

gunzip -kf ${results}*.clean.fastq.gz

# perform alignment in BBMap, write ref, sam, bam, bai. Change maxindel value as needed.

bbmap.sh overwrite=t in1=S{results}"SSAMPLENAME"_L001_R1_001.clean.fastq.gz
in2=${results}"$SSAMPLENAME"_L001_R2_001.clean.fastq.gz
ref=S{results}SLOTNUMBER.movetail.fasta outm=5{results}5SLOTNUMBER.movetail.mapped.sam
maxindel=10 outu=${results}SLOTNUMBER.movetail.unmapped.sam

echo ™"
echo -e "\e[1;34mStarting bamscript from BBTools as embedded...\e[Om"
echo""

#BBTools bs.sh inserted below

echo "Note: This script is designed to run with the amount of memory detected by BBMap."

echo" If Samtools crashes, please ensure you are running on the same platform as BBMap,"

echo" orreduce Samtools' memory setting (the -m flag)."

echo "Note: Please ignore any warnings about 'EOF marker is absent'; this is a bug in samtools that
occurs when using piped input."

samtools view -bhu ${results}SLOTNUMBER.movetail.mapped.sam | samtools sort -m 2G -@ 3 -o
S{results}SLOTNUMBER.movetail.mapped_sorted.bam

samtools index S${results}SLOTNUMBER.movetail.mapped_sorted.bam

echo "Note: Please ignore any warnings about 'EOF marker is absent'; this is a bug in samtools that
occurs when using piped input."

samtools view -bhu ${results}SLOTNUMBER.movetail.unmapped.sam | samtools sort -m 2G -@ 3 -0
S{results}SLOTNUMBER.movetail.unmapped_sorted.bam

samtools index S{results}SLOTNUMBER.movetail.unmapped_sorted.bam

#BBTools bs.sh ends

echo nn
echo -e "\e[1;34mFinished bamscript from BBTools\e[Om"
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echo

# perform variant calling in CallVariants, write as VCF

callvariants.sh overwrite=t in=5{results}SLOTNUMBER.movetail.mapped.sam
ref=5{results}SLOTNUMBER.movetail.fasta out=5{results}SLOTNUMBER.movetail.vcf rarity=0.01
maf=0.01

## process VCF, build simplified variant table

# extract VCF header, write to file

head -n +52 ${results}SLOTNUMBER.movetail.vcf > ${results}SLOTNUMBER.movetail.header.txt

# extract VCF body, write to file

tail -n +53 S{results}SLOTNUMBER.movetail.vcf > S{results}SLOTNUMBER.movetail.body.txt

# restore original fasta coordinates, write to new txt file as VCF body

awk '$2>0 {$2=52-500} 1' OFS="\t' ${results}SLOTNUMBER.movetail.body.txt | awk '$2<1
{$2="SFBLEN'+52} 1' OFS="\t' > ${results}SLOTNUMBER.unshift.vcf.txt

# append VCF header and new rearranged VCF body, write to rearranged file. This is to archive a full
VCF with the restored coordinates.

cat ${results}SLOTNUMBER.movetail.header.txt ${results}SLOTNUMBER.unshift.vcf.txt >
S{results}SLOTNUMBER.unshift.vcf

##Ht process new rearranged VCF body

# replace semicolons with tabs, write to tab-delimited txt file

tr ;' "\t' < ${results}SLOTNUMBER.unshift.vcf.txt > S{results}SLOTNUMBER.unshift.vcf.tab.txt

# make summary vcf containing only name, position, ref, alt, sequence_depth, and alternative allele
fraction

cat ${results}SLOTNUMBER.unshift.vcf.tab.txt | cut -f 1,2,4,5,17,20 >
S{results}SLOTNUMBER.summary.txt

# extract specific columns, write to a new txt file

cut -f1-2,4-6,11,30-34 S${results}SLOTNUMBER.unshift.vcf.tab.txt >
S{results}SLOTNUMBER.unshift.vcf.tab.simple.txt

# sort by revised allele frequency, write to a new txt file

sort -rk 9 ${results}SLOTNUMBER.unshift.vcf.tab.simple.txt >
${results}SLOTNUMBER.unshift.vcf.tab.simple.sortedbyRAF.txt

##t build final report

# append new column names to report

echo -e "PLASMID\tPOS\tREF\tALT\tQUAL\tTYPE\tDEPTH\tAF\tRAF\tSB\tDP4" >>
${results}SLOTNUMBER.FINAL.report.txt

# append new variant body, sorted by revised allele frequency

cat ${results}SLOTNUMBER.unshift.vcf.tab.simple.sortedbyRAF.txt >>
S{results}SLOTNUMBER.FINAL.report.txt

# remove keys, keep numbers only

sed -i 's/TYP=//g; s/DP=//g; s/RAF=//g; s/AF=//g; s/SB=//g' S{results}SLOTNUMBER.FINAL.report.txt

# comment out the next line to debug

#rm -f SLOTNUMBER.unshift.vcf.txt SLOTNUMBER.unshift.vcf.tab.txt
SLOTNUMBER.unshift.vcf.tab.simple.txt SLOTNUMBER.unshift.vcf.tab.simple.sortedbyRAF.txt
SLOTNUMBER.movetail.header.txt SLOTNUMBER.movetail.body.txt SLOTNUMBER.body.fasta

# remove BBMap index

rm -rf ref

### start denovo assembly in NOVOPIlasty

# create variables from pre-processed fasta file names
READ1=${results}S(basename *_R1_001.clean.fastq)
READ2=${results}S(basename *_R2_001.clean.fastq)
# clean up and create a new config file for NOVOPlasty
rm -f ${results}config_plasmid.txt
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touch ${results}config_plasmid.txt

# assign NOVOPLasty config values, seed location, preprocessed fasta files, append all to
config_plasmid.txt file

echo "Project" >> ${results}config_plasmid.txt

echo "-------m-mmmmeee - " >> S{results}config_plasmid.txt

echo "Project name = SLOTNUMBER" >> ${results}config_plasmid.txt

echo "Type = mito" >> S${results}config_plasmid.txt

echo "Genome Range ="S((FBLEN-1000))" "-" "$((FBLEN+1000))"" >>
${results}config_plasmid.txt

echo "K-mer =39" >> ${results}config_plasmid.txt

echo "Max memory =" >> S{results}config_plasmid.txt

echo "Extended log = 0" >> ${results}config_plasmid.txt

echo "Save assembled reads = no" >> S{results}config_plasmid.txt

echo "Seed Input = S{results}seed.fasta" >> ${results}config_plasmid.txt

echo "Reference sequence =" >> ${results}config_plasmid.txt

echo "Variance detection =no " >> ${results}config_plasmid.txt

echo "Heteroplasmy =" >> ${results}config_plasmid.txt

echo "HP exclude list =" >> ${results}config_plasmid.txt

echo "Chloroplast sequence =" >> ${results}config_plasmid.txt

echo "Dataset 1: " >> ${results}config_plasmid.txt

echo "----—m-mrem e " >> S{results}config_plasmid.txt

echo "Read Length = 250" >> ${results}config_plasmid.txt

echo "Insert size = 450" >> ${results}config_plasmid.txt

echo "Platform = illumina" >> ${results}config_plasmid.txt
echo "Single/Paired = PE" >> ${results}config_plasmid.txt

echo "Combined reads =" >> ${results}config_plasmid.txt

echo "Forward reads =" SREAD1 >> ${results}config_plasmid.txt
echo "Reverse reads =" SREAD2 >> S{results}config_plasmid.txt

echo "Optional" >> ${results}config_plasmid.txt

echo "-----m-meeeeme e " >> ${results}config_plasmid
echo "Insert size auto = yes" >> S{results}config_plasmid.txt
echo "Insert Range = 1.6" >> S${results}config_plasmid.txt

echo "Insert Range strict = 1.2" >> S{results}config_plasmid.txt
echo "Use Quality Scores = no" >> S{results}config_plasmid.txt

# run NOVOPIlasty

perl ~/tools/NOVOPIlasty/NOVOPIlasty3.7.2.pl -c $S{results}config_plasmid.txt
# remove temporary fastq files

rm -rf $S{results}*.clean.fastq*

# move NOVOplasty output files to results folder

mv *ontigs* *contigs* log* *fasta ${results} | | true

# move files needed for final anlysis to final_report folder

cp S{results}C*.fasta S{results}*movetail.fasta S{results}*.summary.txt

S{results}*.mapped_sorted.bam* /home/ubuntu/projects/sequencing/plasmid-seq/final_report_2/

done
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Unix code script for the analysis of viral vector DNA sequencing data.

#1/bin/sh

### Script for analysis of MiSeq data from AAV virus DNA. Expects individual folders for each
construct with two fastq.gz files and

##t# ref seq file containing transgene cassette (including ITRs), vector backbone, rep/cap plasmid,
helper plasmid, HEK293 Ad5 sequence

set -eux pipefail

### Round 1 analysis with very loose quality filtering and allowing for presence of large indels
### Clears out previous results
rm -rf /home/ubuntu/projects/sequencing/plasmid-seq/results/first-pass/*
rm -rf /home/ubuntu/projects/sequencing/plasmid-seq/final_report_1/*
### set up loop
foriin $(Is /home/ubuntu/projects/sequencing/plasmid-seq/data/)
do
results=/home/ubuntu/projects/sequencing/plasmid-seq/results/first-pass/Si/
mkdir ${results}
cd /home/ubuntu/projects/sequencing/plasmid-seq/data/Si/
# unset variables
LOTNUMBER=""
SAMPLENUMBER=""
# remove BBMap fasta index if exists
rm -rf ref
# assign 2 variables based on fastg.gz names
LOTNUMBER=S$(echo *.gz | awk -F'[_]' {print $S1}")
SAMPLENAME=S(echo *.gz | awk -F'[_]' {print S1"_" $2}")
# create a new fasta reference file with a simple name
cp *.fa S{results}SLOTNUMBER.fasta
# perform read pre-processing in BBDuk
bbduk.sh overwrite=t ref=/home/ubuntu/miniconda3/envs/bioinfo/opt/bbmap-38.87-
0/resources/adapters.fa ktrim=r k=23 mink=11 hdist=1 tpe tbo gtrim=r trimg=10
in1="SSAMPLENAME"_L0O01_R1_001.fastq.gz in2="SSAMPLENAME"_L001_R2_001.fastq.gz
outl=S{results}"SSAMPLENAME"_L001_R1_001.clean.fastq.gz
out2=S{results}"SSAMPLENAME"_L001_R2_001.clean.fastq.gz minlen=250
# gunzip pre-processed fastq files, use them for alignment and denovo assembly
gunzip -kf ${results}*.clean.fastq.gz
# perform alignment in BBMap, write ref, sam, bam, bai. Change maxindel value as needed.
bbmap.sh overwrite=t in1=S{results}"SSAMPLENAME"_L001_R1_001.clean.fastq.gz
in2=S{results}"SSAMPLENAME"_L0O01_R2_001.clean.fastq.gz scafstats=${results}SLOTNUMBER.stats
ref=${results}SLOTNUMBER.fasta outm=S{results}SLOTNUMBER.mapped.sam
outu=S${results}SLOTNUMBER.unmapped.fq
samtools view -bhu ${results}SLOTNUMBER.mapped.sam | samtools sort -m 2G -@ 3 -0
S{results}SLOTNUMBER.mapped_sorted.bam
samtools index S{results}SLOTNUMBER.mapped_sorted.bam
# samtools view -bhu S${results}SLOTNUMBER.unmapped.sam | samtools sort -m 2G -@ 3 -0
S{results}SLOTNUMBER.unmapped_sorted.bam
# samtools index ${results}SLOTNUMBER.unmapped_sorted.bam
cp S{results}*fasta* ${results}*.mapped_sorted.bam*
/home/ubuntu/projects/sequencing/plasmid-seqg/final_report_1/

done
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### Round 2 of analysis with more stringent quality and indel length requirements
### Clears out previous results
rm -rf /home/ubuntu/projects/sequencing/plasmid-seq/results/second-pass/*
rm -rf /home/ubuntu/projects/sequencing/plasmid-seq/final_report_2/*
### set up loop
foriin S(Is /home/ubuntu/projects/sequencing/plasmid-seq/data/)
do
results=/home/ubuntu/projects/sequencing/plasmid-seq/results/second-pass/Si/
mkdir ${results}
cd /home/ubuntu/projects/sequencing/plasmid-seq/data/Si/
# unset variables
LOTNUMBER=""
SAMPLENUMBER=""
# remove BBMap fasta index if exists
rm -rf ref
# assign 2 variables based on fastg.gz names
LOTNUMBER=S(echo *.gz | awk -F'[_]' {print $1}')
SAMPLENAME=S(echo *.gz | awk -F'[_]' {print S1"_" $2}")
# create a new fasta reference file with a simple name
cp *.fa S{results}SLOTNUMBER.fasta
# perform read pre-processing in BBDuk
bbduk.sh overwrite=t ref=/home/ubuntu/miniconda3/envs/bioinfo/opt/bbmap-38.87-
0/resources/adapters.fa ktrim=r k=23 mink=11 hdist=1 tpe tbo gtrim=rl trimg=20
in1="$SAMPLENAME"_L001_R1_001.fastq.gz in2="$SAMPLENAME"_L001_R2_001.fastq.gz
outl=S{results}"SSAMPLENAME"_L001_R1_001.clean.fastq.gz
out2=S{results}"SSAMPLENAME"_L001_R2_001.clean.fastq.gz minlen=50
# gunzip pre-processed fastq files, use them for alignment and denovo assembly
gunzip -kf ${results}*.clean.fastq.gz
# perform alignment in BBMap, write ref, sam, bam, bai. Change maxindel value as needed.
bbmap.sh overwrite=t in1=${results}"$SAMPLENAME"_L001_R1_001.clean.fastq.gz
in2=${results}"SSAMPLENAME"_L001_R2_001.clean.fastq.gz scafstats=S{results}SLOTNUMBER.stats
ref=${results}SLOTNUMBER.fasta outm=S{results}SLOTNUMBER.mapped.sam
outu=S${results}SLOTNUMBER.unmapped.fq
samtools view -bhu ${results}SLOTNUMBER.mapped.sam | samtools sort -m 2G -@ 3 -0
S{results}SLOTNUMBER.mapped_sorted.bam
samtools index ${results}SLOTNUMBER.mapped_sorted.bam

# samtools view -bhu ${results}SLOTNUMBER.unmapped.sam | samtools sort -m 2G -@ 3 -0
S{results}SLOTNUMBER.unmapped_sorted.bam

#samtools index ${results}SLOTNUMBER.unmapped_sorted.bam

cp S{results}*fasta* ${results}*.mapped_sorted.bam*
/home/ubuntu/projects/sequencing/plasmid-seq/final_report_2/
echo""
echo "==============ANALYSIS COMPLETED "
echo""

done
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APPENDIX B: EXTENDED STATISTICAL RESULTS

Table S-1. Body weight comparisons, Siddk multiple comparison.

Agein | Wild-type Syngap1*” IYIean 95% Cl t df* o value
weeks n n Diff. (g)
3 14 15 1.158 | -0.3794t02.696 | 1.550 | 25.56 | 0.7615
4 14 15 1.914 | -0.1625t03.990 | 1.901 | 24.35 | 0.5119
5 14 15 0.6638 | -0.8798102.207 | 0.8829 | 26.66 | 0.9923
6 14 15 0.9571 | -0.1557t02.070 | 1.766 | 26.63 | 0.6057
7 18 18 0.4056 | -0.5497t01.361 | 0.8628 | 33.94 | 0.9934
8 19 18 0.7810 | -0.1174t01.739 | 1.657 | 33.64 | 0.6770
9 19 18 1.348 | 0.3196t02.376 | 2.672 | 31.41 | 0.1124
10 19 18 1.829 | 0.6791t02.979 | 3.233 | 33.88 | 0.0270
11 19 18 1.849 | 0.5129t03.185 | 2.811 | 34.54 | 0.0780
12 17 18 1.704 | 0.3356t03.072 | 2.534 | 32.90 | 0.1510
*df = degrees of freedom.
Table S-2. RM Two-way ANOVA, 4 weeks of age.

Mean Diff. (cm) 95% ClI t df* p value

Genotype effect, Siddk multiple comparison test
5 min 554.4 -71.58 to 1180 2.654 10.51 | 0.0897
10 min 702.1 154.9 to 1249 3.843 10.53 | 0.0118
15 min 827.8 59.63 to 1596 3.151 11.99 | 0.0330
20 min 705.9 114.4 to 1297 3.667 9.343 | 0.0193

Time effect, Tukey’s multiple comparison test
Syngap1*”
5 min vs 10 min 406.4 -165.2 t0 978.0 3.329 7.00 0.1746
5 min vs 15 min 711.6 -67.53 to 1491 4.276 7.00 0.0726
5 min vs 20 min 1003 433.2to 1573 8.239 7.00 0.0028
10 min vs 15 min 305.2 -200.2 to 810.6 2.827 7.00 0.2736
10 min vs 20 min 596.8 260.1t0 933.6 8.298 7.00 0.0027
15 min vs 20 min 291.6 -138.4t0 721.6 3.175 7.00 0.2008
WT

5 min vs 10 min 554.1 218.3 t0 889.9 7.473 8.00 0.0033
5 min vs 15 min 985.0 488.1to 1482 8.977 8.00 0.0010
5 min vs 20 min 1155 904.1 to 1405 20.860 8.00 | <0.0001
10 min vs 15 min 430.9 76.69 to 785.1 5.509 8.00 0.0192
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8.00

10 min vs 20 min 600.7 299.7 to 901.7 9.038 0.0010
15 min vs 20 min 169.8 -254.6 to 594.2 1.812 8.00 0.5982
*df = degrees of freedom.
Table S-3. RM Two-way ANOVA, 7 weeks of age.

Wild-type vs Mean Diff. (cm) 95% Cl t df* p value

Syngap1*-
5 min 1158 404.0 to 1912 4.123 24.85 | 0.0015
10 min 1372 733.2t0 2011 5.836 21.43 | <0.0001
15 min 1357 642.8 to 2070 5.189 20.42 | 0.0002
20 min 1260 655.1 to 1865 5.709 19.61 | <0.0001
Time effect, Tukey’s multiple comparison test
Syngap1*
5 min vs 10 min 94.8 -687.9 to 877.6 0.4981 14.00 0.9844
5 min vs 15 min 472.6 -292.5 t0 1238 2.539 14.00 | 0.3158
5 min vs 20 min 569.8 -119.5 to 1259 3.398 14.00 | 0.1222
10 min vs 15 min 377.8 114.34 to 641.2 5.896 14.00 | 0.0046
10 min vs 20 min 474.9 197.2 to 752.7 7.028 14.00 | 0.0010
15 min vs 20 min 97.1 -80.6 to 274.9 2.246 14.00 | 0.4159
WT

5 min vs 10 min 309.2 -331.9 t0 950.2 2.002 13.00 | 0.5121
5 min vs 15 min 671.3 0.2 to 1342 4.152 13.00 | 0.0499
5 min vs 20 min 672.0 -30.3to0 1374 3.972 13.00 | 0.0626
10 min vs 15 min 362.2 72.6 10 651.8 5.191 13.00 | 0.0132
10 min vs 20 min 362.9 100.0 to 651.8 5.731 13.00 | 0.0066
15 min vs 20 min 0.7 -236.8 t0 238.2 0.012 13.00 | >0.9999
*df = degrees of freedom.
Table S-4. RM Two-way ANOVA, 11 weeks of age.

Wild-type vs Mean Diff. (cm) 95% Cl t df* p value

Syngap1*/

5 min 1793 1056 to 2529 6.727 18.14 | <0.0001
10 min 2080 1373 t0 2786 8.050 20.16 | <0.0001
15 min 2016 1375 to 2656 8.615 19.77 | <0.0001
20 min 1783 1309 to 2258 10.160 22.95 | <0.0001

*df = degrees of freedom.
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Table S-5. RM Two-way ANOVA, repeated exposures to the open field.

Wild-type vs Syngap1* | Mean Diff. (cm) | 95% CI | t | df* | p value
Genotype effect, Sidak multiple comparisons tests between genotypes

7 weeks -5067 -847 to -3287 6.548 54.00 <0.0001

11 weeks -7671 -951 to -5892 9.915 54.00 <0.0001

*df = degrees of freedom.

Table 5-6. RM Two-way ANOVA, repeated exposures to the elevated plus maze.

I Mean Diff. (% of time) ‘ 95% ClI ‘ t | df* | p value
Genotype effect, Sidak multiple comparisons tests between genotypes
7 weeks -17.99 -26.60 to -9.37 4.824 46.00 <0.0001
11 weeks -24.17 -32.79 to -15.55 6.483 46.00 <0.0001
Time effect, Sidak multiple comparisons tests between age
Wild-type 8.34 2.251t0 14.43 3.278 23.00 0.0066
Syngap1* 2.15 -4.71t0 9.02 0.751 23.00 0.7089

*df = degrees of freedom.

Table S-7. RM Two way ANOVA, WT(Vh) vs Syngap1*/-(Vh), 7 weeks of age.

| Mean Diff. (cm) | 95% ClI | t | df* | p value
Genotype effect, Sidak multiple comparisons tests between genotypes
5 min -4208 -5765 to -2650 7.141 | 31.16 | <0.0001
10 min -3749 5217 to -2281 6.726 | 32.99 | <0.0001
15 min -3051 -4355 to -1747 6.190 | 30.65 | <0.0001
20 min -2955 -4378 to0 -1532 5.495 | 30.48 | <0.0001
Time effect, Tukey’s multiple comparisons tests within genotypes
WT (Vh)
15 min vs 30 min 1817 1081 to 2553 9.12 99.00 | <0.0001
15 min vs 45 min 2683 1947 to 3419 13.470 | 99.00 | <0.0001
15 min vs 60 min 3225 2489 to 3961 16.190 | 99.00 | <0.0001
30 min vs 45 min 866 129.9 to 16.02 4348 | 99.00 | 0.0143
30 min vs 60 min 1408 672.1to0 2144 7.070 | 99.00 | <0.0001
45 min vs 60 min 545.2 -193.9 to 1278 2.722 | 99.00 | 0.2244
Syngap1* (Vh)

15 min vs 30 min 2275 16000 to 2951 | 12.450 | 99.00 | <0.0001
15 min vs 45 min 3840 3164 to 4515 21.010 | 99.00 | <0.0001
15 min vs 60 min 4478 3802 to 5153 24.500 | 99.00 | <0.0001
30 min vs 45 min 1564 888.9 to 2240 8.559 | 99.00 | <0.0001
30 min vs 60 min 2202 1527 to 2878 12.050 | 99.00 | <0.0001

*df=degree of freedom. Vh=vehicle, WT=wild-type.
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Table S-8. RM Two way ANOVA, time effect, Tukey’s multiple comparisons tests
within treatment groups at 7 weeks of age.

| Mean Diff. (cm) | 95% CI t | df* | pvalue
Vh

15 min vs 30 min 2275 1624 to 2926 13.970 | 18.00 | <0.0001
15 min vs 45 min 3840 3021 to 5448 18.750 | 18.00 | <0.0001
15 min vs 60 min 4478 3507 to 5448 18.440 | 18.00 | <0.0001
30 min vs 45 min 1564 807.8 to 2321 8.264 | 18.00 | <0.0001
30 min vs 60 min 2202 1337 to 3067 10.180 | 18.00 | <0.0001
45 min vs 60 min 637.7 -1.645 to 1277 3.987 | 18.00 | 0.0507

1E10 vg/mouse
15 min vs 30 min 2550 1071 to 4030 7.237 12.00 | 0.0013
15 min vs 45 min 3522 1621 to 5422 7.781 | 12.00 | 0.0007
15 min vs 60 min 4331 2169 to 6492 8.413 | 12.00 | 0.0003
30 min vs 45 min 971.3 -85.35 t0 2028 3.860 | 12.00 | 0.0754
30 min vs 60 min 1780 532.3 to 3028 5.989 | 12.00 | 00055
45 min vs 60 min 808.8 -77.13 to 1695 3.833 | 12.00 | 0.0778

5E10 vg/mouse
15 min vs 30 min 2368 1744 to 2993 15.330 | 16.00 | <0.0001
15 min vs 45 min 3788 2627 to 4949 13.200 | 16.00 | <0.0001
15 min vs 60 min 4570 3259 to 5881 14.100 | 16.00 | <0.0001
30 min vs 45 min 1419 481.2 to 2358 6.121 | 16.00 | 0.0026
30 min vs 60 min 2202 1039 to 3364 7.663 | 16.00 | 0.0003
45 min vs 60 min 782.1 181.1 to 1383 5.265 | 16.00 | 0.0090

1E11 vg/mouse
15 min vs 30 min 2705 1740 to 3670 11.640 | 13.00 | <0.0001
15 min vs 45 min 3843 2811 to 4875 15.460 | 13.00 | <0.0001
15 min vs 60 min 4379 3205 to 5553 15.480 | 13.00 | <0.0001
30 min vs 45 min 1138 551.6 to 1724 8.056 | 13.00 | 0.0004
30 min vs 60 min 1674 820.6 to 2527 8.143 | 13.00 | 0.0003
45 min vs 60 min 536 -165.7 to 1238 3171 | 13.00 | 0.1632
45 min vs 60 min 637.7 -37.77 to 1313 3.489 | 99.00 | 0.0715

*df=degree of freedom. Vh=vehicle.
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Table S-9. RM Two way ANOVA, WT(Vh) vs Syngap1*/-(Vh), 15 weeks of age.

I Mean Diff. (cm) | 95% ClI | t | df* | p value

Genotype effect, Sidak multiple comparisons tests between genotypes
5 min -4785 -6535 to -3036 7.308 | 26.46 | <0.0001
10 min -5435 -6683 to -4188 11.62 | 27.05 | <0.0001
15 min -5909 -6980 to -4839 14.75 | 26.44 | <0.0001
20 min -5538 -6804 to -4272 11.86 | 21.92 | <0.0001

Time effect, Tukey’s multiple comparisons tests within genotypes

WT (Vh)
15 min vs 30 min 790.3 228.1to0 1353 5.730 | 15.00 | 0.0051
15 min vs 45 min 1534 732.0to 2336 7.796 | 15.00 | 0.0003
15 min vs 60 min 1722 933.2 to 2511 8.898 | 15.00 | <0.0001
30 min vs 45 min 743.8 206.9 to 1281 5647 | 15.00 | 0.0058
30 min vs 60 min 931.6 374.6 to 1489 6.817 | 15.00 | 0.0011
45 min vs 60 min 187.8 -154.8t0530.5 | 2.234 | 15.00 | 0.4185

Syngap1*/-(Vh)

15 min vs 30 min 140.4 -553.2t0834.0 | 0.809 | 18.00 | 0.9391
15 min vs 45 min 410.2 -523.3to 1344 1.756 | 18.00 | 0.6094
15 min vs 60 min 969.3 20.34to0 1918 4,083 | 18.00 | 0.0443
30 min vs 45 min 269.8 -3245t0864.1 | 1.815 | 18.00 | 05847
30 min vs 60 min 828.9 144.9 to 1513 4.844 | 18.00 | 0.0146
45 min vs 60 min 559.0 -145.8t0 1264 | 3.170 | 18.00 | 0.1498

*df = degrees of freedom. Vh=vehicle, WT=wild-type.
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Table $-10. RM Two way ANOVA, time effect, Tukey’s multiple comparisons tests
within treatment groups at 15 weeks of age.

| Mean Diff. (cm) | 95% CI | t | df* | p value
Vh
15 min vs 30 min 140.4 -553.2t0 834.0 0.809 | 18.00 0.9391
15 min vs 45 min 410.2 -523.3t0 1344 | 1.756 | 18.00 | 0.6094
15 min vs 60 min 969.3 20.34t01918 | 4.083 | 18.00 | 0.0443
30 min vs 45 min 269.8 -3245t0864.1 | 1.815 | 18.00 | (5847
30 min vs 60 min 828.9 144.9t01513 | 4.844 | 18.00 | 00146
45 min vs 60 min 559.0 -145.8t0 1264 | 3.170 | 18.00 | 0.1498
1E10 vg/mouse
15 min vs 30 min -42.2 -1200t0 1115 | 0.153 | 12.00 | 0.9995
15 min vs 45 min 102.0 -1369t0 1573 | 0.291 | 12.00 | 0.9967
15 min vs 60 min 297.0 -1010to 1604 | 0.954 | 12.00 | 0.9046
30 min vs 45 min 144.2 -758.4t01047 | 0.671 | 12.00 | 0,9633
30 min vs 60 min 339.2 -369.9t0 1048 | 2.009 | 12.00 | 0,552
45 min vs 60 min 195.1 -675.2t0 1065 | 0.941 | 12.00 | 0.9080
5E10 vg/mouse
15 min vs 30 min -24.7 -890.3t0820.9 | 0.164 | 16.00 | 0.9994
15 min vs 45 min 258.2 -679.4t01196 | 1.114 | 16.00 | 0.8589
15 min vs 60 min 294.5 -917.7t0 1507 | 0.983 | 16.00 | 0.8975
30 min vs 45 min 292.9 -627.5t01213 | 1.288 | 16.00 | 0.7996
30 min vs 60 min 329.2 -412.4t01071 | 1.796 | 16.00 | (,5938
45 min vs 60 min 36.3 -1385t0 1458 | 0.103 | 16.00 | 0.9999
1E11 vg/mouse
15 min vs 30 min 388.5 -726.1t0 1503 | 1.447 | 13.00 | 0.7393
15 min vs 45 min 1469 8.2t0 2931 4.174 | 13.00 | 0.0486
15 min vs 60 min 1875 89.04t03661 | 4.358 | 13.00 | 0.0385
30 min vs 45 min 1081 347.1t01815 | 6.114 | 13.00 | 00040
30 min vs 60 min 1486 461.0 to 2512 6.017 | 13.00 | 0.0045
45 min vs 60 min 405.6 -305.1t0 1116 | 3.369 | 13.00 | 03744

*df = degrees of freedom, Vh=vehicle
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Table $-11. Dunn’s multiple comparison test, wild-type treated, elevated plus

maze, 7 weeks.

Treatment comparison Mean Rank Diff. (% of time) z p value
Vh vs 1E10 vg/mouse 7.95 1.653 0.2950
Vh vs 5E10 vg/mouse -4.87 0.950 >0.9999
1E10 vg/mouse vs 5E10 vg/mouse -12.82 2.569 0.0306

*df = degrees of freedom. Vh=vehicle.

Table S-12. Dunn’s multiple comparison test, wild-type treated, elevated plus

maze, 15 weeks.

Treatment comparison Mean Rank Diff. (% of time) z p value
Vh vs 1E10 vg/mouse 14.92 3.125 0.0053
Vh vs 5E10 vg/mouse -7.69 1.532 0.3765
1E10 vg/mouse vs 5E10 vg/mouse -7.23 1.462 0.4311

*df = degrees of freedom. Vh=veh

icle

Table S-13. Dunnett’s T3 multiple comparison test, Syngap1*/- treated, elevated

plus maze, 15 weeks.

Treatment comparison Di';:.e::':n) 95% ClI t df* p value
Vh vs 1E10 vg/mouse -469.50 -1303.00t0 363.90 | 1.661 | 16.94 | 0.4860
Vh vs 5E10 vg/mouse -568.60 | -1016.00to-121.00 | 3.563 | 29.80 | 0.0074
Vh vs 1E11 vg/mouse -939.20 | -1527.00to -351.80 | 4.593 | 22.37 | 0.0008
1E10 vg/mouse vs 5E10 vg/mouse -99.10 -927.40 to 729.20 0.355 | 16.21 | 0.9994
1E10 vg/mouse vs 1E11 vg/mouse -469.70 -1355.00to 415.40 | 1.531 | 20.63 | 0.5684
5E10 vg/mouse vs 1E11 vg/mouse -370.60 -945.60 to 204.30 | 1.859 | 21.14 | 0.3600

*df = degrees of freedom. Vh=veh

icle

Table S-14. RM Two-way ANOVA, partial departures, repeated exposures to the

platform departure.

Wild-type vs Syngap1* |

Mean Diff. | 95% Cl

t

| df* |pva|ue

Genotype effect, Sidak multiple comparisons tests between genotypes

7 weeks

-16.84 -27.34t0 -6.34

3.671

66.00 | 0.0010

11 weeks

-27.69 -38.19t0 -17.19

6.037

66.00 | <0.0001

*df = degrees of freedom.
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Table 5-15. RM Two-way ANOVA, full departures, repeated exposures to the

platform departure.

Wild-type vs Syngap1* |

Mean Diff. |

95% CI

t

| df* |pva|ue

Genotype effect, Sidak multiple comparisons tests between genotypes

7 weeks

-9.25

-14.61 to -3.89

3.947

66.00

0.0004

11 weeks

-11.22

-16.58 to -5.86

4.788

66.00

<0.0001

*df = degrees of freedom.

Table S-16. Dunnett's T3 multiple comparison tests results for viral vector

biodistribution in cortex.

Treatment comparison M(?Ia; dDgl)f f. 95% ClI t df* p value
Vh vs 1E10 vg/mouse -0.32 -1.11t0 0.47 | 3.076 | 2.000 0.2593
Vh vs 5E10 vg/mouse -1.65 -7.42t04.12 2.185 | 2.000 0.4297
Vh vs 1E11 vg/mouse -4.70 -10.40t0 1.00 | 6.304 | 2.000 0.0723
1E10 vg/mouse vs 5E10 vg/mouse -1.33 -7.15t0 4.49 1.746 | 2.076 0.5641
1E10 vg/mouse vs 1E11 vg/mouse -4.38 -10.13t0 1.37 | 5.820 | 2.078 0.0841
5E10 vg/mouse vs 1E11 vg/mouse -3.05 -7.68to01.58 | 2.875 | 3.999 0.1754

*df = degrees of freedom. Vh=vehicle

Table $-17. Dunnett's T3 multiple comparison tests results for viral vector

biodistribution in striatum.

Treatment comparison Mean Diff. 95% CI t df* p value
(vg/dg)

Vh vs 1E10 vg/mouse -0.33 -0.91t00.25 | 4.318 | 2.000 0.1454
Vh vs 5E10 vg/mouse -1.02 -2.39t00.35 | 5.695 | 2.000 | 0.0875
Vh vs 1E11 vg/mouse -3.02 -10.41t04.36 | 3.132 | 2.000 0.2518
1E10 vg/mouse vs 5E10 vg/mouse -0.69 -1.71t00.33 | 3.546 | 2.704 | 0.1353
1E10 vg/mouse vs 1E11 vg/mouse -2.69 -10.10to 4.71 | 2.781 | 2.025 | 0.3038
5E10 vg/mouse vs 1E11 vg/mouse -2.00 -9.51t05.51 | 2.040 | 2.138 | 0.4698
*df = degrees of freedom. Vh=vehicle
Table S-18. Dunnett's T3 multiple comparison tests results for Myc
quantification in cortex.

Treatment comparison Mean Diff. 95% ClI t df* p value
Vh vs 1E10 vg/mouse -0.28 -0.68t0 0.11 2.470 | 5.009 | 0.1410
Vh vs 1E11 vg/mouse -0.98 -1.26to0-0.71 | 11.99 | 5.017 | 0.0002
1E10 vg/mouse vs 1E11 vg/mouse -0.70 -1.11t0-0.29 | 4.943 | 9.027 | 0.0023

*df = degrees of freedom. Vh=vehicle
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Table $-19. Dunnett's T3 multiple comparison tests results for Myc

quantification in hippocampus.

Treatment comparison Mean Diff. 95% Cl t df* p value
Vh vs 1E10 vg/mouse -0.14 -0.35t00.07 | 1.894 | 9.868 | 0.2262
Vh vs 1E11 vg/mouse -1.01 -2.06t00.03 | 3.287 | 5.255 | 0.0563
1E10 vg/mouse vs 1E11 vg/mouse -0.88 -1.93t00.18 | 2.829 | 5.322 | 0.0934
*df = degrees of freedom. Vh=vehicle
Table S-20. Dunnett's T3 multiple comparison tests results for PSD95
quantification in subcellular fractionation experiment, protocol 1.

Treatment comparison | Mean Diff. 95% ClI t df* p value
Input vs nuclei -0.56 -1.53 t0 0.40 2.134 5.5725 0.3105
Input vs cytosol 0.98 -0.09 to 2.06 0.4773 3.011 0.0639
Input vs synaptosome -0.11 -.1.10t0 0.87 0.426 5.833 0.9975
Nuclei vs cytosol 1.54 0.68 to 2.40 9.370 3.017 0.0097
Nuclei vs synaptosome 0.45 -0.43t01.32 1.873 5.984 0.4185
Cytosol vs synaptosome -1.10 -2.00t0 -0.188 6.319 3.016 0.0298
*df = degrees of freedom.

Table S-21. Dunnett's T3 multiple comparison tests results for Histone H3
quantification in subcellular fractionation experiment, protocol 1.

Treatment comparison Mean Diff. 95% ClI t df* p value
Input vs nuclei -1.78 -4.12 t0 0.56 3.326 4.323 0.1169
Input vs cytosol 1.00 -0.22t02.21 4.285 3.001 0.0546
Input vs synaptosome 1.00 -0.22t02.22 4.292 3.001 0.0843
Nuclei vs cytosol 2.78 0.25t0 5.30 5.758 3.000 0.0386
Nuclei vs synaptosome 2.78 0.25t05.30 5.761 3.000 0.0385
Cytosol vs synaptosome 0.001 -0.01 t0 0.02 0.335 5.929 0.9993

*df = degrees of freedom.
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Table $-22. Dunnett's T3 multiple comparison tests results for SYNGAP1

quantification in subcellular fractionation experiment, protocol 2.

Treatment comparison | Mean Diff. 95% ClI t df* p value
Input vs Nuclei -0.71 -2.70to0 1.29 2.696 2.251 0.3185
Input vs Cytosol 0.87 -1.07 t0 2.80 3.434 2.001 0.2163
Input vs Synaptosome -0.99 -2.41t00.44 3.617 2.632 0.1290
Nuclei vs Cytosol 1.57 1.09 to 2.06 24.72 2.017 0.0049
Nuclei vs Synaptosome -0.28 -0.91t00.34 2.360 3.350 0.3246
Cytosol vs Synaptosome -1.86 -2.64to0 -1.08 18.20 2.007 0.0091
*df = degrees of freedom.

Table S-23. Dunnett's T3 multiple comparison tests results for PSD95
quantification in subcellular fractionation experiment, protocol 2.

Treatment comparison | Mean Diff. 95% ClI t df* p value
Input vs nuclei -0.99 -2.41t0 0.45 2.988 3.780 0.1582
Input vs cytosol 0.84 -0.71t0 2.39 4.133 2.020 0.1571
Input vs synaptosome -0.79 -1.94t0 0.35 3.628 2.679 0.1280
Nuclei vs cytosol 1.81 -0.16 to0 3.80 7.020 2.012 0.0589
Nuclei vs synaptosome 0.18 -1.89to 2.67 0.6823 2.423 0.9613
Cytosol vs synaptosome -1.63 -2.29t0 0.98 19.04 2.111 0.0083
*df = degrees of freedom.

Table 5-24. Dunnett's T3 multiple comparison tests results for GAPDH
quantification in subcellular fractionation experiment, protocol 2.

Treatment comparison | Mean Diff. 95% CI t df* p value
Input vs nuclei 0.28 -1.46 t0 2.02 0.8492 3.147 0.9234
Input vs cytosol -1.93 -3.64 t0 -0.23 4.949 3.959 0.0328
Input vs synaptosome -0.12 -2.03t01.78 0.2870 3.944 0.9996
Nuclei vs cytosol -2.22 -3.83t0 -0.60 7.188 3.346 0.0208
Nuclei vs synaptosome -0.41 -2.32to0 1.50 1.117 2.935 0.8175
Cytosol vs synaptosome 1.81 -0.02to0 3.64 4.318 3.818 0.0518

*df = degrees of freedom.
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Table S-25. RM Two-way ANOVA, WT(Vh) vs Syngap1*/- (Vh), 7 weeks of age.

Me(i':n'))iff' 95% CI t df* p
Genotype effect, Siddk multiple comparisons tests between genotypes
5 min -3671 -5565 to -1777 5.145 29.18 | <0.0001
10 min -3790 -5932 to -1647 4.687 29.99 0.0002
15 min -3319 -5273 to -1365 4.529 27.30 0.0004
20 min -3339 -5085 to -1593 5.176 22.44 0.0001
Time effect, Tukey’s multiple comparisons tests within genotypes
WT (Vh)
15 min vs 30 min 2502 1528 to 3476 10.470 15.00 | <0.0001
15 min vs 45 min 37776 2888 to 4664 17.330 15.00 | <0.0001
15 min vs 60 min 4659 3656 to 5662 18.930 15.00 | <0.0001
30 min vs 45 min 1275 502.7 to 2047 6.730 15.00 0.0013
30 min vs 60 min 2157 1059 to 3254 8.011 15.00 0.0002
45 min vs 60 min 882.3 43.52 to 1721 4.287 15.00 0.0377
Syngap1* (Vh)
15 min vs 30 min 2383 1480 to 3287 10.750 15.00 | <0.0001
15 min vs 45 min 4128 2850 to 5406 13.170 15.00 | <0.0001
15 min vs 60 min 4991 3912 to 6070 18.860 15.00 | <0.0001
30 min vs 45 min 1745 897.2 to 2593 8.389 15.00 0.0001
30 min vs 60 min 2608 1846 to 3369 13.960 15.00 | <0.0001
45 min vs 60 min 862.6 -49.16 to 1774 3.856 15.00 0.0667

*df = degrees of freedom. Vh=vehicle, WT=wild-type.

Table 5-26. RM Two way ANOVA, time effect, Tukey’s multiple comparisons tests
within treatment groups at 7 weeks of age.

Mean Diff. (cm) |

95% CI t | df* | p value
Vh
15 min vs 30 min 2383 1480t03287 | 10.750 | 15.00 | <0.0001
15 min vs 45 min 4128 2850t0 5406 | 13.170 | 15.00 | <0.0001
15 min vs 60 min 4991 3912t0 6070 | 18.860 | 15.00 | <0.0001
30 min vs 45 min 1745 897.2t02593 | 8.389 15.00 | 0.0001
30 min vs 60 min 2608 1846t03369 | 13.960 | 15.00 | <0.0001
45 min vs 60 min 862.6 -49.16 t0 1774 | 3.856 15.00 | 0.0667
5E10 vg/mouse

15 min vs 30 min 2589 1791t03387 | 13.470 | 13.00 | <0.0001
15 min vs 45 min 3599 2254 to 4945 11.10 13.00 | <0.0001
15 min vs 60 min 4665 3220t0 6109 | 13.410 | 13.00 | <0.0001
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30 min vs 45 min 1010 279.7t0 1741 | 5.741 13.00 | 0.0065
30 min vs 60 min 2075 991.4t03159 | 7.948 13.00 | 0.0004
45 min vs 60 min 1065 391.0t01739 | 6.558 13.00 | 0.0023
1E11 vg/mouse
15 min vs 30 min 1809 793.0t02825 | 7.475 12.00 | 0.0010
15 min vs 45 min 3208 1721 to 4694 9.060 12.00 | 0.0002
15 min vs 60 min 4098 2572to 5624 | 11.270 | 12.00 | <0.0001
30 min vs 45 min 1398 140.3t0 2656 | 4.667 12.00 | 0.0281
30 min vs 60 min 2289 658.41t03919 | 5.894 12.00 | 0.0062
45 min vs 60 min 890.3 -218.5t01999 | 3.371 12.00 | 0.1334

*df = degrees of freedom. Vh=vehicle.

Table S-27. RM Two way ANOVA, WT(Vh) vs Syngap1*/-(Vh), 15 weeks of age.

Mean Diff. (cm) | 95% ClI | t | df* | p value
Genotype effect, Sidak multiple comparisons tests between genotypes
5 min 6712 -8842t0-4582 | 8.554 21.74 | <0.0001
10 min -5642 -7441t0 -3844 | 8.455 23.62 | <0.0001
15 min -5706 -7734t0-3678 | 7.604 22.90 | <0.0001
20 min -5219 -7079t0 -3360 | 7.525 25.26 | <0.0001
Time effect, Tukey’s multiple comparisons tests within genotypes
WT (Vh)
15 min vs 30 min 698.4 -57.09to 1454 | 3.768 15.00 | 0.0748
15 min vs 45 min 1019 1143101923 | 4.591 15.00 | 0.0249
15 min vs 60 min 1388 490.1 to 2285 6.301 15.00 | 0.0023
30 min vs 45 min 320.4 '173;5;;0 2865 | % | 02021
30 min vs 60 min 689.2 12.57t0 1366 | 4.152 15.00 | 0.0452
45 min vs 60 min 369.8 -328.0t0 1066 | 2.157 15.00 | 0.4476
Syngap1*(Vh)

15 min vs 30 min 1768 639.7t02897 | 6.387 15.00 | 0.0021
15 min vs 45 min 2025 780.6t03269 | 6.633 15.00 | 0.0015
15 min vs 60 min 2880 1242 to 4519 7.165 15.00 | 0.0007
30 min vs 45 min 256.9 '388:;;0 1630 | 2% | 06642
30 min vs 60 min 1112 90.2 to 2135 4.436 15.00 | 0.0308
45 min vs 60 min 855.5 -110.8t0 1822 | 3.609 15.00 | 0.0917

*df = degrees of freedom. Vh=vehicle, WT=wild-type.
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Table $-28. RM Two way ANOVA, time effect, Tukey’s multiple comparisons tests
within treatment groups at 15 weeks of age.

| Mean Diff. (cm) | 95% CI | t | df* | p value
Vh
15 min vs 30 min 1768 639.7t02897 | 6.387 15.00 | 0.0021
15 min vs 45 min 2025 780.6t03269 | 6.633 15.00 | 0.0015
15 min vs 60 min 2880 1242 to 4519 7.165 15.00 | 0.0007
30 min vs 45 min 256.9 R 1630 | % | 06642
30 min vs 60 min 1112 90.2 to 2135 4.436 15.00 | 0.0308
45 min vs 60 min 855.5 -110.8t0 1822 | 3.609 15.00 | 0.0917
5E10 vg/mouse
15 min vs 30 min 817.5 -932.3t02567 | 1.939 13.00 | 0.5375
15 min vs 45 min 729.7 -2029t0 3488 | 1.098 13.00 | 0.8637
15 min vs 60 min 1021 -1825t0 3868 | 1.490 13.00 | 0.7224
30 min vs 45 min -87.73 -1386t0 1210 | 0.281 13.00 | 0.9971
30 min vs 60 min 204.0 -1277t0 1685 | 0.571 13.00 | 0.9767
45 min vs 60 min 291.7 -949.1t0 1533 | 0.976 13.00 | 0.8991
1E11 vg/mouse

15 min vs 30 min 171.5 -2397t0 2740 | 0.280 12.00 | 0.9971
15 min vs 45 min 25.9 -3588t03640 | 0.030 12.00 | >0.9999
15 min vs 60 min 215.0 -3755t0 4185 | 0.227 12.00 | 0.9984
30 min vs 45 min -145.6 -1599t0 1308 | 0.421 12.00 | 0.9904
30 min vs 60 min 43.48 -2580t0 2667 | 0.070 12.00 | >0.9999
45 min vs 60 min 189.1 -1663t0 2041 | 0.429 12.00 | 0.9898

*df = degrees of freedom. Vh=vehicle.

Table S-29. Dunnett's T3 multiple comparison tests results, wild-type treated,
platform departure at 7 weeks.

Treatment comparison Mean Diff. 95% CI t df* p value
Vh vs 5E10 vg/mouse -6.56 -12.44t0-0.67 | 2.882 | 28.49 | 0.0255
Vh vs 1E11 vg/mouse -8.90 -19.61t01.80 | 2.129 | 23.86 | 0.1228
5E10 vg/mouse vs 1E11 vg/mouse -2.35 -13.571t08.88 | 0.529 | 28.78 | 0.9337

*df = degrees of freedom. Vh=vehicle.
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Table S-30. Syllable usage comparison, WT(Vh) vs Syngapl*/-(Vh). Two-tailed
Mann-Whitney test.

WT_Vh Syngap1*-_Vh
n=19 n=17
Syllable Median 95% ClI Median 95% CI U P
0 0.028 0.028 to 0.039 0.059 0.052 to 0.072 18 <0.0001
1 0.062 0.058 to 0.099 0.011 0.0064 to 0.038 25 <0.0001
2 0.023 0.020 to 0.033 0.062 0.043 to 0.064 43 <0.0001
3 0.026 0.022 to 0.032 0.040 0.038 to 0.052 53.5 0.0004
4 0.03 0.025 to 0.040 0.034 0.027 to 0.046 146 0.6386
5 0.028 0.029 to 0.056 0.023 0.020 to 0.037 86 0.0158
6 0.037 0.030 to 0.049 0.017 0.016 to 0.034 88 0.0194
7 0.019 0.015 to 0.027 0.04 0.034 t0 0.052 44 <0.0001
8 0.024 0.018 to 0.035 0.034 0.028 to 0.038 114 0.1356
9 0.018 0.016 to 0.023 0.035 0.029 to 0.043 41 <0.0001
10 0.018 0.013 to 0.027 0.030 0.023 to 0.040 97 0.0415
11 0.014 0.013 to 0.023 0.029 0.024 to 0.048 70 0.0031
12 0.012 0.0088 to 0.020 0.041 0.029 to 0.045 39 <0.0001
13 0.0064 0.0058 to 0.015 0.031 0.025 to 0.039 28 <0.0001
14 0.041 0.029 to 0.050 0.011 0.0076 to 0.022 45 0.0001
15 0.0092 0.0076 to 0.017 0.039 0.023 to 0.041 58 0.0007
16 0.026 0.020 to 0.029 0.020 0.016 to 0.028 129 0.3147
17 0.017 0.013 to 0.023 0.022 0.016 to 0.043 118 0.1724
18 0.019 0.018 to 0.030 0.019 0.013 to 0.024 126 0.2711
19 0.013 0.011to0 0.018 0.025 0.021 to 0.032 63 0.0013
20 0.028 0.024 to 0.038 0.0072 0.0068 to 0.023 53 0.0003
21 0.018 0.015 to 0.026 0.027 0.021 to 0.032 105 0.0758
22 0.016 0.015 to 0.027 0.021 0.015 to 0.031 149 0.7072
23 0.026 0.020 to 0.040 0.0054 0.0038 t0 0.013 25 <0.0001
24 0.019 0.017 to 0.028 0.017 0.013 to 0.022 119 0.1856
25 0.0099 0.0068 to 0.013 0.023 0.018 to 0.032 47 0.0001
26 0.014 0.0098 to 0.018 0.018 0.012 t0 0.024 125 0.2573
27 0.025 0.020 to 0.035 0.0079 0.0058 to 0.017 55 0.0005
28 0.014 0.010 to 0.023 0.021 0.012 to 0.029 137 0.4466
29 0.012 0.0087 to 0.023 0.017 0.010 to 0.024 143.5 | 0.5786
30 0.017 0.015 to 0.028 0.0083 0.0061 to 0.015 73 0.0043
31 0.012 0.0088 to 0.021 0.013 0.010t0 0.018 150 0.7306
32 0.022 0.015 to 0.041 0.0042 0.0023 t0 0.013 52 0.0003
33 0.021 0.017 to 0.034 0.0031 0.0012 t0 0.014 38 <0.0001
34 0.025 0.015 to 0.028 0.0028 0.0023 to 0.0068 28 <0.0001
35 0.004 0.0036 to 0.0096 0.017 0.011 to 0.023 76.5 0.0061
36 0.014 0.0089 to 0.019 0.0014 0.0012 to 0.0050 53 0.0003
37 0.01 0.0079 to 0.028 0.0043 0.0030 to 0.0065 98.5 0.0457
38 0 -0.0000089 to 0.0050 0.0038 to 0.010 30 <0.0001

0.0018
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39 0.01 0.0057 to 0.012 0.010 0.0059t0 0.014 | 157.5 | 0.9063
40 0.0096 0.0084 to 0.021 0.0034 0.0012 t0 0.011 69 0.0027
41 0.0011 | 0.00071 to 0.0054 0.0065 0.0043 to 0.0086 56 0.0005
42 0.011 0.0097 to 0.019 0.0054 0.0034 to 0.0073 48 0.0002
43 0.0068 0.0063 t0 0.016 0.0050 0.0036 to 0.0084 116 0.1555
44 0.0047 0.0040 to 0.0067 0.0067 0.0060 to 0.0094 91 0.0252
45 0.0037 0.0032 to 0.0061 0.0066 0.0053 to 0.0078 93 0.0294
46 0.0056 | 0.0034 to 0.0075 0.0017 0.00092 to 0.0045 | 104 | 0.0702
47 0.00092 | 0.00067 to 0.0060 0.0042 0.0031 to 0.0091 98 0.0433
48 0.003 0.0029 to 0.0067 0.0025 0.0017 t0 0.0051 | 125 | 0.2542
49 0.0011 | 0.00096 to 0.011 0.0036 0.0017 t0 0.0083 | 141 0.522
50 0.0061 | 0.0047 to 0.0078 0.00083 0.00067 t0 0.0024 | 30 | <0.0001
51 0.0028 | 0.0021 to 0.0097 0.00069 0.00031t0 0.0041 | 87 0.0169
Vh=vehicle, WT=wild-type.
Table S-31. Syllable usage comparison among wild-type treatment
groups. Kruskal-Wallis test.
WT_Vh WT_5E10 vg/mouse WT_1E11 vg/mouse
n=19 n=18 n=21
Syllable | Median 95% CI Median 95% CI Median 95% ClI H ¢}
0.028 to 0.034 to 0.035 to
0 0.028 0.039 0.039 0.051 0.042 0.048 4.400 | 0.1132
0.058 to 0.042 to 0.051 to
1 0.062 0.099 0.056 0.076 0.066 0.089 2.160 | 0.3395
0.020 to 0.027 to 0.025 to
2 0.023 0.033 0.033 0.041 0.030 0.043 2.813 | 0.2450
0.022 to 0.032 to 0.030 to
3 0.026 0.032 0.035 0.041 0.039 0.044 6.905 | 0.0317
0.025 to 0.027 to 0.022 to
4 0.030 0.020 0.033 0.038 0.031 0.036 0.670 | 0.7153
0.029 to 0.023 to 0.028 to
5 0.028 0.056 0.023 0.004 0.027 0.053 3.688 | 0.1581
0.030 to 0.041 to 0.026 to
6 0.037 0.049 0.046 0.058 0.032 0.045 8.709 | 0.0128
0.015 to 0.021 to 0.014 to
7 0.019 0.027 0.026 0.034 0.019 0.025 4.509 | 0.1049
0.018 to 0.019 to 0.019 to
8 0.024 0.035 0.023 0.030 0.021 0.030 0.117 | 0.9430
0.016 to 0.021 to 0.016 to
9 0.018 0.023 0.023 0.034 0.020 0.023 4.848 | 0.0885
0.013 to 0.0082 to 0.0090 to
10 0.018 0.027 0.0095 0.013 0.011 0.019 4.490 | 0.1059
0.013 to 0.015 to 0.010 to
11 0.014 0.023 0.019 0.026 0.014 0.019 3.705 | 0.1568
0.0088 to 0.0089 to 0.010 to
12 0.012 0.020 0.010 0.015 0.013 0.020 0.397 | 0.8201
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0.0058 to

0.006 to

0.011to

13 | 00064 | oo 00084 | o 0.014 0021 | 10:040 | 0.0066
14 0.041 O'g;i;o 0.033 ogézgo 0.031 0'832;0 1.830 | 0.4005
15 | 0.0092 0.8?)0716;0 0.016 ogéigm 0.012 0'8%9;3” 1.770 | 0.4127
16 0.026 Ogéggto 0.029 Ogé‘;’;o 0.024 0'33250 1.109 | 0.5745
17 0.017 o.g;;m 0.030 083;;0 0.015 O'gi)gfgto 10.380 | 0.0056
18 0.019 og;&;go 0.023 ogéggo 0.021 og).éz:o 0272 | 0.873
19 0.013 O'(?_éi;o 0.022 Ogéééo 0.018 ogég;o 8.229 | 0.0163
20 0.028 O'(%:;O 0.027 O'(%;Sto 0.034 0'(%2(;0 3.062 | 0.2163
21 0.018 o‘géigo 0.028 O‘(%isto 0.023 o.:é;go 6.808 | 0.332
22 0.016 0‘532;0 0.021 Ogcl)gsto 0.019 0'(%‘:2’;0 1121 | 0571
23 0.026 O'g_g%o 0.024 O'g(l)gzto 0.028 Oggito 0.351 | 0.8388
24 0.019 ogézgo 0.027 0834320 0.019 0'(?_3;;0 4.355 | 0.1134
25 0.0099 0'8?55;0 0.015 O'gf)(?fgto 0.0098 0'8%13;0 2.478 | 0.2897
26 0.014 O'g?s 188t° 0.011 0‘8?&7 4t° 0.016 o.g ég 2t° 3.660 | 0.1604
27 0.025 ogég;o 0.021 O'&l)igo 0.020 o.gég;o 2.604 | 0.2719
28 0.014 ogég;o 0.0073 ogggg;o 0.0075 O'g?:fzto 5.128 | 0.0770
29 0.012 0'8?:27;0 0.0073 O‘g?(ffsto 0.012 0‘(%2;0 2.133 | 0.3442
30 0.017 060_(1)28“’ 0.015 Ogégio 0.014 Ogégo 1.955 | 0.3762
31 0.012 0'8?:28;(’ 0.011 0.89()8;10t0 0.011 Ogégsto 0.353 | 0.8383
32 0.022 O‘C?_éilto 0.016 Ogéisto 0.017 og;z;o 1.037 | 0.5954
33 0.021 Obo'é;to 0.017 og;i;o 0.021 Ogéigo 1.059 | 0.589
34 0.025 Ogéisto 0.011 0‘89(;32950 0.016 033250 3.643 | 0.1618
35 0.0040 o.ggzgéo 0.0028 Oggéigo 0.0063 0'8?;1750 10.600 | 0.0050
36 0.014 O'gt_)gfgto 0.014 ogé;;o 0.016 Ogéilto 0.880 | 0.6442
37 0.010 0'8(_)0729;0 0.011 0.895270to 0.014 O'g(_)gfgto 0.256 | 0.8797
AR A A
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39 0.010 0'8(_)517;0 0.017 Ogéigo 0.0085 O'gflslto 10.210 | 0.0061
40 | 0.0096 0'8(_):;;" 0.015 ogé; 50 0.014 0'(;)_ (1)(;;0 0514 | 0.7733
41 0.0011 o.g9ggsl4to 0.0017 0'3 832;0 0.0031 og gg; ;0 2.571 | 0.2765
42 0.011 O'g?(?fgm 0.0075 O'g?(?fzto 0.012 0'890914;0 3.953 | 0.1386
43 | 0.0068 0'8906136t° 0.004 o.gggz; 1t° 0.0097 0'8%7 173t° 9.738 | 0.0077
44 | 0.0047 ogggg;o 0.0088 O'giffoto 0.0058 ogggzzto 6.544 | 0.379
45 | 0.0037 0'3832;0 0.0076 Og_ggg 9t° 0.0056 oggggzto 7.840 | 0.0198
46 0.0056 ogggz;sto 0.0038 oggg;t;o 0.0058 O'g%‘flto 1.590 | 0.4515
47 | 0.00092 o'gi?(fg Oto 0 (if 8?17 26 0.0011 tg'g?(?(fjg 6.989 | 0.0304
48 | 0.0030 05832;0 0.0032 0'3 8(2); ;0 0.0039 o.g gggéo 2.287 | 03187
49 | 0.0011 O'Og_gii | 00013 0'8%)06;2“’ 0.0011 tg'g?gog j7 1.530 | 0.4653
50 0.0061 0'883;;0 0.0087 0'8907 181“’ 0.0065 0'89512;" 7.004 | 0.0301
51 0.0028 o.g 83;;0 0.0029 ogggc;zto 0.0022 088(1)2 8t° 1.624 | 0.4440

Vh=vehicle, WT=wild-type.

Table S-32. Dunn’s multiple comparison test for syllable
type mice treatment groups.

usage of among wild-

Mean Mean
Comparison Rank z p Rank z o]
diff. diff.
Syllable 3 Syllable 38
Vh vs 5E10 vg/mouse -12.000 | 2.200 | 0.0870 7.900 | 1.600 | 0.3180
Vh vs 1E11 vg/mouse -13.000 | 2.400 | 0.0540 | -10.000 | 2.200 | 0.0850
5E10 vg/mouse vs 1E11 vg/mouse -0.530 0.098 | >0.9999 | -18.000 | 3.800 | 0.0004
Syllable 6 Syllable 39
Vh vs 5E10 vg/mouse -12.000 | 2.100 | 0.0970 | -14.000 | 2.500 | 0.0350
Vh vs 1E11 vg/mouse 3.600 0.670 | >0.9999 2.200 0.410 | >0.9999
5E10 vg/mouse vs 1E11 vg/mouse 15.000 2.900 0.0130 16.000 | 3.000 | 0.0083
Syllable 13 Syllable 43
Vh vs 5E10 vg/mouse 1.100 0.190 | >0.9999 | 13.000 | 2.300 | 0.0690
Vh vs 1E11 vg/mouse -14.000 | 2.600 | 0.0260 -3.700 | 0.690 | >0.9999
5E10 vg/mouse vs 1E11 vg/mouse -15.000 2.800 0.0157 -16.000 | 3.000 | 0.0078
Syllable 17 Syllable 44
Vh vs 5E10 vg/mouse -12.000 | 2.100 | 0.1100 | -14.000 | 2.600 | 0.0320
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Vh vs 1E11 vg/mouse 5.700 1.100 | 0.8690 -6.200 | 1.200 | 0.7320

5E10 vg/mouse vs 1E11 vg/mouse 17.000 | 3.200 | 0.0044 8.000 | 1.500 | 0.4273
Syllable 19 Syllable 45

Vh vs 5E10 vg/mouse -15.000 | 2.800 | 0.0160 | -16.000 | 2.800 | 0.0160

Vh vs 1E11 vg/mouse -11.000 | 2.000 | 0.1400 -6.700 | 1.300 | 0.6330

5E10 vg/mouse vs 1E11 vg/mouse 4.900 0.900 | >0.9999 8.800 1.600 | 0.3110
Syllable 21 Syllable 47

Vh vs 5E10 vg/mouse -14.000 | 2.500 0.040 11.000 | 2.000 | 0.132

Vh vs 1E11 vg/mouse -2.800 0.530 | >0.9999 | -2.400 | 0.460 | >0.9999

5E10 vg/mouse vs 1E11 vg/mouse 11 2 0.1336 -13 2.5 0.0356
Syllable 35 Syllable 50

Vh vs 5E10 vg/mouse 12.000 2.200 0.084 -14.000 | 2.500 | 0.039

Vh vs 1E11 vg/mouse -5.200 0.960 | >0.9999 | -2.500 | 0.470 | >0.9999

5E10 vg/mouse vs 1E11 vg/mouse -17 3.2 0.0041 11 2.1 0.1116

Vh=vehicle.

Table S-33. Syllable usage comparison among Syngap1*/- mice treatment groups.

Kruskal-Wallis test.

n=17 n=13 n=13
Syllable | Median 95% CI Median 95% Cl Median 95% CI H p
0 0.059 Oggizto 0.060 oggg;o 0.069 o.g ‘;’Z 9t° 3.000 | 0.1964
1 0.011 tg'g(.)(f:s 0.0085 0'890532;0 0.0096 0'8?538;0 0.5387 | 0.7639
2 0.062 O'g_gz;" 0.050 Og‘zz go 0.055 0‘332;0 1.072 | 0.5851
3 0.040 og gizm 0.042 ogzg;o 0.053 0‘3 32 ;0 4.138 | 0.1263
4 0.034 ogéz ;0 0.063 ngz ;O 0.030 o.g 3‘3 (;O 4.107 | 0.1342
5 0.023 ogég;o 0.025 Ogéisto 0.027 0‘(;)_ ézzto 3.181 | 0.2038
6 0.017 Obo'égio 0.011 0'8?§;2t° 0.011 O'g?ffgto 4.054 | 0.1317
7 0.040 0'5 ggzto 0.029 Ogég ;O 0.034 o.; gi ;O 5.041 | 0.0804
8 0.034 0'5 ég 8t° 0.036 Ogéizto 0.021 o.; éz ;O 6.588 | 0.0371
9 0.035 0'(?_ éi;o 0.027 ogég ;O 0.033 0'(;)_ 325“’ 2.459 | 0.2924
10 0.030 O‘C?_éi ;O 0.042 O'(%; 2t° 0.030 0‘(;)_ gi;o 1.455 | 0.4832
11 0.029 Ogéjgo 0.043 O'(%gzto 0.029 0‘3 éi;o 2.089 | 0.3519
12 0.041 0'5 32;0 0.033 Ogézzto 0.039 o.g ézlm 0.900 | 0.6377
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0.025 to

0.036 to

0.030to

13 0031 | S°° | 0048 nond 0.032 vosy | 4829 | 0.094
14 0.011 tg'8907262 0.0053 0.89;220t0 0.011 0'8?0623;0 1.135 | 0.567
15 0.039 og éilto 0.024 0'(? cl)ilto 0.034 o.g 32 ;0 0.221 | 0.8956
16 0.020 0'(2 32 ;0 0.013 0'(? (1);0 0.016 o.g é;;o 1.046 | 0.5927
17 0.022 0'(;)_ 323“’ 0.038 08 (1320 0.011 O'g?gfgto 5.296 | 0.0708
18 0.019 o.(;);i;o 0.016 Ogééio 0.013 0'8?0914;0 3.107 | 0.2115
19 0.025 O'(?_;;zto 0.016 ogéz;o 0.027 0'(?_ 32 ;O 2.602 | 0.2722
20 0.0072 tg'gfg 0.0042 O'gffgto 0.0082 0.89510;0 1.578 | 0.4544
21 0.027 0'(?.331,, 2t° 0.013 0‘8?:26;0 0.013 O'g?:z()gto 4.791 | 0.0911
22 0.021 o‘géilto 0.017 O‘g(l)ism 0.016 O'gécz)zto 2.184 | 0.3356
23 0.0054 tg'gfi 0.005 o.gi)zlsoto 0.0061 O'gflzgt" 0.4404 | 0.8023
24 0.017 o.g éizto 0.010 0'8907 105t° 0.010 0'89516;0 4.894 | 0.0866
25 0.023 0'(2 éi ;0 0.027 08(1)2 ;0 0.017 0'(2 ég;o 4.331 | 0.1147
26 0.018 ogéxo 0.018 og (1); ;O 0.024 o.g é;;o 2452 | 0.2934
27 0.0079 tg‘g%_’; 0.0023 o.og 8;? | 0.0059 Og%ﬁ” 2.456 | 0.2933
28 0.021 o.g éi 9t° 0.014 O‘gi?zsoto 0.022 0‘3 32 SO 4.919 | 0.0855
29 0.017 o.g ég;o 0.014 0‘8%725;0 0.015 O'gégfgto 0.3437 | 0.8421
30 0.0083 tg'gfllS 0.015 O‘g?gfsto 0.0089 O'g?;foto 1.556 | 0.4592
31 0.013 og 32 ;0 0.011 0'8?0516;0 0.0041 0'8?01112” 8.4 | 0.0150
32 0.0042 tg'g?ozfa 0.0019 0'898562;0 0.0023 tg‘(())?(?(f;S 2.65 | 0.2657
33 0.0031 t2‘8?01124 0.00077 {3'8%%171 0.003 tg'g?(;)g;z 3.357 | 0.1866
34 0.0028 0'2223 0.0021 0'800110 4t° 0.0046 0.800213;0 0.503 | 0.7777
0.0068 ' '

35 0.017 o.; é; ;0 0.015 0.890929;0 0.026 0'(;)_ 32 2t° 7.907 | 0.0192
36 0.0014 0'2212 0.0023 | %0021t | 60084 | 0001t | 5500 | 02010
0.0050 0.0087 0.0055
37 0.0043 0'2230 0.0049 | 00029t | oa | 0001910 | 6 o0n | 07570
0.0065 0.011 0.0076
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0.0038 -0.0013 to 0.0026 to
38 0.0050 | o | 0.020 0063 0.011 006l | 4472 | 01059
0.0059 0.0032 to 0.0020 to
39 0010 | o | 00065 006 00020 | oo © | 3851 | 0.1458
0.0012 0.00074 to 0.0013 to
40 00034 | ~of | 00015 | | 00023 | TO €| 2293 | 0.3178
0.0043
4 0.0065 to 0.0094 ’0'82197“) 0.0083 O'goé‘f;o 4305 | 0.1162
0.0086 : :
0.0034
42 0.0054 to 0.0021 | 00011to | hosg | 0003510 g 466 | 01821
0.0069 0.0087
0.0073
0.0036
43 0.005 to 0.0051 0'(?833;0 0.0044 o.(;)ggg?to 0.141 | 0.9319
0.0084 ' :
0.0060
44 0.0067 to 0.0085 0‘80511;0 0.0099 O'gog‘f;" 0.323 | 0.8509
0.0094 : :
0.0053
45 0.0066 to 0.0098 0'80516;0 0.012 0'80:156t° 9.900 | 0.0072
0.0078 : :
0.00092
46 0.0017 to 0.00a7 | %0028t0 | 5006 | 000078 ) eco | 0.0978
0.0065 t0 0.0082
0.0045
0.0031
47 0.0042 to 0.0046 | 20019t0 | 40070 | 000300 1504 | 02182
0.014 0.016
0.0091
0.0017
48 0.0025 to 0.0019 | %0012t0 |50y | 0:0010t0 |y 609 | 0.0516
0.0059 0.0056
0.0051
0.0017
49 0.0036 to 0.0026 | 0001410 | goae | 000100 o0y | 0.0692
0.0044 0.019
0.0083
0.00067
50 0.00083 to 0 0.00011to | ) 55g7g | “0:00025 | 5 ohg | 52804
0.0011 t0 0.0061
0.0024
0.00031
51 0.00069 to 0.00085 | 9-00061to |50y | 00078 15 oes | 0.1953
0.0027 t0 0.035
0.0041
Vh=vehicle.
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Table S-34. Dunn’s multiple comparison test for syllable usage of among wild-

type treatment groups.

Mean Mean
Comparison Rank z p Rank z ¢}
diff. diff.
Syllable 8 Syllable 35
Vh vs 5E10 vg/mouse 0.410 0.089 | >0.9999 | 1.000 | 0.220 | >0.9999
Vh vs 1E11 vg/mouse 11.000 2.400 0.0560 | -11.000 | 2.400 | 0.0450
5E10 vg/mouse vs 1E11 vg/mouse 10.00 2.100 0.1010 | -12.000 | 2.500 0.0382
Syllable 31 Syllable 45
Vh vs 5E10 vg/mouse 4.700 1.000 0.9160 -9.000 | 1.900 0.1580
Vh vs 1E11 vg/mouse 13.000 2.900 0.0120 | -14.000 | 3.100 0.0070
5E10 vg/mouse vs 1E11 vg/mouse 8.600 1.700 0.2404 -5.200 | 1.100 0.8646
Vh=vehicle.
Table S-35. Dunnett's T3 multiple comparison tests results for viral vector
biodistribution in cortex.
Treatment comparison M(iag; dDgl)f f 95% CI t df* p value
Vh vs 5E10 vg/mouse -0.82 -2.075t00.43 | 2.452 | 4.000 | 0.1676
Vh vs 1E11 vg/mouse -0.61 -1.45t00.24 | 2.693 | 4.000 | 0.1316
5E10 vg/mouse vs 1E11 vg/mouse 0.21 -1.020t01.45 | 0.529 | 7.011 | 0.9315
*df = degrees of freedom. Vh=vehicle.
Table $-36. Dunnett's T3 multiple comparison tests results for viral vector
biodistribution in hippocampus.
Treatment comparison M(ia;dogl;f' 95% ClI t df* p value
Vh vs 5E10 vg/mouse -0.57 -1.67 10 0.53 1.944 | 4.000 | 0.2831
Vh vs 1E11 vg/mouse -0.58 -1.14t0-0.023 | 3.901 | 4.000 | 0.0439
5E10 vg/mouse vs 1E11 vg/mouse -0.0093 -1.059t0 1.04 | 0.0285 | 5.926 | >0.9999
*df = degrees of freedom. Vh=vehicle.
Table S-37. Dunnett's T3 multiple comparison tests results for viral vector
biodistribution in striatum.
Treatment comparison Mean Diff. 95% ClI t df* p value
(vg/dg)
Vh vs 5E10 vg/mouse -1.015 -3.67to 1.64 1.429 | 4.000 | 0.4792
Vh vs 1E11 vg/mouse -0.47 -0.99t0 0.047 | 3.408 | 4.000 | 0.0670
5E10 vg/mouse vs 1E11 vg/mouse 0.54 -2.17t03.25 | 0.751 | 4.303 | 0.8358

*df = degrees of freedom. Vh=vehicle.
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Table S-38. Dunnett's T3 multiple comparison tests results for viral vector

biodistribution in thalamus.

Treatment comparison M(?Ia; dDgl)f f. 95% ClI t df* vaTue
Vh vs 5E10 vg/mouse -0.60 -1.55t00.35 2.371 | 4.000 | 0.1820
Vh vs 1E11 vg/mouse -0.24 -0.47 t0 -0.015 | 3.989 | 4.000 | 0.0408
5E10 vg/mouse vs 1E11 vg/mouse 0.36 0.62t01.33 1.380 | 4.454 | 0.5026
*df = degrees of freedom. Vh=vehicle.
Table 5-39. Dunnett's T3 multiple comparison tests results for viral vector
biodistribution in cerebellum.
Treatment comparison M(iag; dDgl)f f 95% CI t df* va’I)ue
Vh vs 5E10 vg/mouse -0.0046 -0.0095 to 000028 | 3.534 4.00 0.0600
Vh vs 1E11 vg/mouse -0.0073 -0.013t0 -0.0019 | 5.026 | 4.00 | 0.0187
5E10 vg/mouse vs 1E11 vg/mouse -0.0027 -0.0084t0 0.0031 | 1.360 | 7.919 | 0.4788
*df = degrees of freedom. Vh=vehicle.
Table 5-40. Dunnett's T3 multiple comparison tests results for FLAG
quantification in cortex.
Treatment comparison Mean Diff. 95% ClI t df* p value
Vh vs 5E10 vg/mouse -0.50 -1.33t00.33 2.039 | 5.036 | 0.2333
Vh vs 1E11 vg/mouse -0.98 -1.74t0-0.22 | 4.366 | 50.43 | 0.0192
5E10 vg/mouse vs 1E11 vg/mouse -0.48 -1.42 t0 0.45 1.454 | 9.928 | 0.4192
*df = degrees of freedom. Vh=vehicle.
Table 5-41. Dunnett's T3 multiple comparison tests results for FLAG
quantification in hippocampus.
Treatment comparison I\gclefa;n 95% CI t df* p value
Vh vs 5E10 vg/mouse -0.48 -1.01to -0.04 3.130 | 5.102 | 0.0668
Vh vs 1E11 vg/mouse -0.96 -1.89to -0.03 3.512 | 5.032 | 0.0444
5E10 vg/mouse vs 1E11 vg/mouse -0.48 -1.40 to0 0.45 1.522 | 7.880 | 0.3936

*df = degrees of freedom. Vh=vehicle.
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APPENDIX C: SUBCELLULAR FRACTIONATION, IMMUNOBLOTTING
AND gPCR REACTION PROTOCOL OPTIMISATION

C.1 PROTOCOL OPTIMISATION FOR SYNAPTOSOMAL PREPARATION

In Chapter 2 the optimised protocol for synaptosome preparation is described in
detail. Here | am going to discuss the steps of optimisation of the protocol originally

described by Bermejo et al. (Bermejo et al., 2014)

Volume of homogenisation buffer was not sufficient to obtain an optimal
homogenisation of the input tissue

In the original protocol (Bermejo et al., 2014), a starting input of 100-200 mg of tissue
was used, which corresponded to about 3/6 hippocampi from different animals
(around 30 mg per hippocampus). Here the protocol was adapted for the
homogenisation of one hippocampus, therefore the volume of homogenisation

needed to be adjusted to avoid excessive dilution.

The modified procedure is described in Figure S-1. Briefly, a whole hippocampus was
homogenised in 1 ml of buffer. After the first low speed centrifugation (900xg for 10
minutes) the formed pellet represented the nuclear fraction, while the supernatant
was the soluble fraction. The soluble fraction was subsequently centrifuged and the
pellet obtained was the synaptosomal fraction 1 while the supernatant corresponded
to the cytosolic fraction 1. Synaptosomal fraction 1 was resuspended in buffer and
centrifuged again. The obtained pellet corresponded to the final synaptosomal

fraction. The two cytosolic fractions were then combined.

Immunoblot analysis showed (Figure S-2a) how, although the protocol led to a poor
enrichment of the synaptic marker PSD95 in the synaptosomal fraction (Figure S-2b;
Welch’s ANOVA, mean + SEM; n=4, input 1.00 + 0.20, Nuclei 1.56 £ 0.16, cytosol 0.02
1 0.01, synaptosome 1.11 + 0.17, Wz.00, 5.024=39.47, p=0.0006, Dunnett’s multiple
comparisons test results are reported in Table S-20), cytosolic and synaptosomal

fractions showed no contamination of nuclear markers (Figure S-2d; Welch’s ANOVA,

326



mean + SEM; n=4, input 1.00 + 0.23, nuclei 2.78 + 0.48, cytosol 0.003 + 0.003,
synaptosome 0.001 + 0.003, Wgoo, 5.98)=14.09, p=0.0040, Dunnett’s multiple
comparisons test results are reported in Table S-21). Moreover, no enrichment of
GAPDH protein was observed (Figure S-2c; Welch’s ANOVA, mean + SEM; n=4, input
1.00 £ 0.35, nuclei 0.53 £ 0.12, cytosol 1.39 £ 0.42, synaptosome 0.73 £ 0.13, W 3.00,
6.207)=1.500, p=0.3045). A considerable amount of PSD95 was lost during the first low

spin leading to nuclear fraction contamination.

An improper starting homogenisation could explain this contamination. In fact, it is
likely that, if the volume of homogenisation buffer was not sufficient, portions of the
cellular membrane together with large protein complexes like the PSD fail to form
synaptosomal vesicles. This would lead to the formation of large fragments of
insoluble heavy material which would then be pulled down together with the nuclei

during the first low speed spin.

Whole hippocampus

homogenized in 1ml of flnpyt
buffer raction
Centrifugation
10 min x 900xg

. Soluble fraction:
Nuclear fraction Synatosome + cytosolic
protein

Resuspended and
centrifugation
15 min x 10000xg

Synatosomal Cytosolic
fraction 1 fraction 1
Resuspended and Combined to obtain
centrifugation final cytosolic fraction
15 min x 10000xg

Final Synatosomal Cytosolic
fraction fraction 2

Figure S-1. Schematic representation of the first version of the adapted
synaptosomal protocol.

The protocol described here follows the steps described by Bermejo et al. (Bermejo
et al.,, 2014) and differs from the original procedure only for the volume of
homogenised buffer used, 1 ml. In red are reported the final fractions that were used
for immunoblotting.
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Figure S-2. A relative high amount of synaptic marker PSD95 was present in the
nuclear fraction resulting in a scarce synaptosomal fraction enrichment.
Representative immunoblot showing synaptic, cytosolic and nuclear markers (a).
Quantification of PSD95 (b), GAPDH (c) and Histone H3 (d) relative amount in the four
fractions, normalised over the input. The gel was used at a concentration of bis-
acrylamide of 12%. Points represent single animals. Numbers within or under the bars
represent the n of each group. Tissue from wild-type naive mice. Images used for
guantification are reported in Figure S-31.

Data presented as mean * SEM. Welch’s ANOVA with Dunnett’s T3 multiple
comparisons test. * p<0.05, ** p<0.01.
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Modification to the protocol allowed a better enrichment of cytosolic markers

To improve the homogenisation, buffer volume was increased initially up to 2 ml, but
this led to an excessive dilution of the cytosolic fraction making it impossible to load
a constant amount of protein for all the samples. Therefore, the volume used was
lowered to 1.6 ml. Moreover, a washing step of the primary nuclear pull-down was
added with the aim to remove as much contaminant as possible. To avoid an
excessive dilution of the cytosolic fraction, only the supernatant derived from the first
fast spin of the soluble fraction 1 was collected and used for the analysis. The

schematic representation of the protocol is described in Figure S-3.

Whole hippocampus
. . Input
homogenized in 1.6 ml )
fraction
of buffer
Centrifugation
10 min x 900xg
: Soluble fraction 1:
| Nuclear fraction Synatosome + cytosolic
protein
Resuspended and
centrifugation
10 min x 900xg

Soluble fraction 2:
| Nuclear fraction Synatosome + cytosolic Centrifugation

15 min x 10000xg

protein
Synatosomal Cytosolic
fraction 1 - fraction
Centrifugation
15 min x 10000xg Supernatant
Resuspended (discarded)
and combined

Centrifugation
15 min x 10000xg

Supernatant Synatosomal
(discarded) fraction 2

Final Synatosomal
fraction

Figure S-3. Schematic representation of the optimised synaptosomal preparation
protocol.

In respect to the protocol described in the previous section intermediate steps were
added. Homogenisation volume was increased to 1.6 ml, in an attempt to obtain a
better homogenisation of the starting hippocampal tissue, and an additional washing
step of the nuclear fraction was added. In red are reported the final fractions that
were used for immunoblotting.

The analysis of the subcellular fractions immunoblot (Figure S-4a) showed an

improvement in the level of enrichment of synaptic marker in the synaptosomal
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fraction, however, a high contamination of the nuclear fraction by SYNGAP1 and
PSD95 was still present (Figure S-b and c; SYNGAP1, Welch’s ANOVA, mean + SEM;
SYNGAP1, n=3, input 1.00 + 0.25, nuclei 1.70 + 0.06, cytosol 0.13 + 0.004,
synaptosome 1.99 + 0.10, Wgoo, 3.347=226.8, p=0.0002; Dunnett’s multiple
comparisons test results are reported in Table S-22. PSD95, n=3, input 1.00 £ 0.20,
nuclei 1.98 + 0.26, cytosol 0.16 + 0.01, synaptosome 1.79 £ 0.08, W 3.00, 3.410)=101.8,
p=0.0008; Dunnett’s multiple comparisons test results are reported in Table S-23).
GAPDH enrichment resulted improved (Figure S-4e; Welch’s ANOVA, mean + SEM;
n=3, input 1.00 + 0.29, nuclei 0.71 * 0.16, cytosol 2.93 + 0.26, synaptosome 1.13 +
0.33, W(3.00, 4.265)=13.44, p=0.0025; Dunnett’s multiple comparisons test results are
reported in Table S-24), while Histone H3 enrichment and depletion appeared to be
comparable to before, although the difference between fractions was not significant
(Figure S-4d; Welch’s ANOVA, mean + SEM; n=3, input 1.00 + 0.34, nuclei 3.69 + 1.97,
cytosol -0.05 + 0.07, synaptosome -0.02 £ 0.05, W(3.00, 3.964)=3.106, p=0.2429).

This protocol allowed me to obtain cytosolic fraction free from synaptic markers and
to deplete the synaptic fraction from cytosolic markers. This was deemed appropriate
to evaluate vector-derived protein distribution between the cytosol and the synaptic

compartment.
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Figure S-4. Protocol optimisation allowed to improve cytosolic markers enrichment.
Representative immunoblot showing synaptic, cytosolic and nuclear markers (a).
Quantification of SYNGAP1 (b), PSD95 (c), Histone H3 (d) and GAPDH (e) relative
amount in the four fractions, normalised over the input. The gel was used at a
concentration of bis-acrylamide of 12%. Points represent data from single animals.
Numbers within or under the bars represent the n of each group. Tissue from
Syngapl*- PBS treated mice. Images used for quantification are reported in Figure S-
32.

Data presented as mean * SEM. Welch’s ANOVA with Dunnett’s T3 multiple
comparisons test. * p<0.05, ** p<0.01.
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C.2 EVALUATION OF THE LINEARITY OF DETECTION OF ANTIBODIES USED FOR
IMMUNOBLOT QUANTIFICATION

Antibodies used for the immunoblot quantification shown in Chapters 5 and 6 were
tested for linearity of detection. Serial dilution of protein lysate from treated and
untreated tissues were loaded an 8% bis-acrylamide gels. Separation, transfer and

staining were performed as described in Chapter 2.

Anti-SYNGAP1, at the working dilution of 1:2000, and anti-Myc, at the dilution of
1:750, presented a linear detection for a range of scanning intensities (Figure S-5 and
Figure S-6). FLAG antibody, at a dilution of 1:1500, showed linear detection at all

tested intensities of scanning (Figure S-7).

As mentioned in Chapter 2, total protein staining was used as loading control and as
an internal normalisation control. The linearity of detection of total protein staining
was tested with the same protocol described previously for the antibodies. As shown

in Figure S-8 the signal resulted linear at the tested scanning intensity of 1.5.

a b
3000000 R 0.924 4000000+ R® = 0.9013
L ]
3000000
2000000
) )
r i 2000000
2 @
1000000 -}
. . 1000000 . .
0 T T T T 1 0 T T T T 1
00 25 50 75 100 125 00 25 50 75 100 125
ng of protein loaded ng of protein loaded
C
6x10° R? = 0.9037
.
4x106-]
B
2106
[ ] L ]
0 T T

T T 1
0.0 2.5 5.0 75 100 125
ng of protein loaded

Figure S-5. Anti-SYNGAP1 antibody showed linearity of detection.

Antibody linearity test at 1:2000 dilution scanned at 1.5 (a), 2 (b) and 2.5 (c) scanning
intensity at the Li-Cor scanner. RFU=Relative Fluorescence Intensity. R? indicates
goodness to fit.
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Figure S-6. Anti-Myc antibody showed linearity of detection at each scanning
intensity tested.

Antibody linearity test at 1:750 dilution scanned at 1.5 (a), 2 (b) and 2.5 (c) scanning
intensity at the Li-Cor scanner. RFU=relative fluorescent unit. R? indicates goodness
to fit.
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Figure S-7. Anti-FLAG antibody showed linearity of detection at each scanning
intensity tested.
Antibody linearity test at 1:1500 dilution scanned at 6 (a), 7 (b) and 8 (c) scanning
intensity the Li-Cor scanner. RFU=Relative Fluorescence Intensity. R? indicates
goodness to fit.
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Figure S-8. Total protein staining signal resulted linear under the standard condition
used.

Total protein signal of serial dilutions of tissue protein lysates scanned at intensity of
1.5. RFU=relative fluorescent unit. RZindicates goodness to fit.

C.3 qPCR REACTION OPTIMISATION FOR AAV9/JET-hSYNGAP1

The primer pair for the evaluation of AAV9/JeT-hSYNGAP1 biodistribution was
designed to amplify 150 bp spanning the 5’ end of the JeT core region (Figure S-9).
Actb specific primers were designed by Dr Sophie Thompson to amplify an exonic

region of 228 bp of the murine Actb gene.

qleT_F1
WEtagggcggagccaatc

gcggcctCTAGAgggcggagttagggcggagccaatcagcgtgcgccgttccgaaagttgccttttatggctgggcggagaatgggc
................................................................................... 174
cgccggaGATCchcgcctcaatcccgcctcggttagtcgcacgcggcaaggctttcaacggaaaataccgacccgcctcttacccg

JeT Core

ggtgaacgccgatgattatataaggacgcgccgggtgtggcacagctagttccgtcgcagccgggatt:gggtcgcggttcttgttt
................................................................................. 261
ccacttgcggctactaatatattcctgcgcggcccacaccgtgtcgatcaaggcagcgtcggccctaaacccagcgccaagaacaaa

JeT Core

[CTAAACCCAGCGCCAAGA|
A qleT_R1

Figure S-9. Primers for viral vector biodistribution analysis were designed to amplify
a region of the JeT promoter.

Sequence and position on the therapeutic cassette of the primers used for the
evaluation of AAV9/JeT-hSYNGAP1 biodistribution.

gPCR reaction was optimised in order to achieve an Eamp% between 90 and 110 %

and avoid non-specific amplification of the templates. To this end, dilution series of

the designed primers were tested.
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Primers concentration of 600 nM led to non-specific amplification of the negative
control with the generation of a peak overlapping with the one generated from the
specific amplification of the positive control and the plasmid (Figure S-10). At 200 nM
non-specific amplification was not observed (Figure S-12), but Eamp% was lower than
80 % (Figure S-13c). Although at 300 nM non-specific amplification was observed, the
generated peak showed only a minor overlap with the one derived from the
amplification of the desired sequence (Figure S-11). Even if Eamp% at 300 nM of primer
concentration (Figure S-13b) was 86.11 %, further testing showed that an efficiency

above 90 % was achievable with this reaction parameter.

When performing absolute quantification using the standard curve method, the
assumption is that the efficiency of amplification of the standard is comparable to
the amplification efficiency of the unknown sample. Therefore, it is important to
evaluate the amplification efficiency of a representative sample. As shown in Figure
S-14, with the same reaction conditions used for plasmid amplification and a primers
concentration of 300 nM, it was possible to obtain an amplification efficiency of 89.72
%, similar to the efficiency observed for the amplification of the standard sample. For
this reason, | decided to use a primers concentration of 300 nM for the evaluation of

AAV9/JeT-hSYNGAP1 biodistribution.
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Figure $-10. Reaction performed with 600 nM of reverse and forward primers
produced a non-specific fragment with a melting curve overlapping with the
expected fragment melting curve.

Melting curves generated from the negative control (a), positive control (b) and
plasmid (c) amplification. Merge of all curves is also reported (d). Negative control
refers to genomic DNA which does not contain the target sequence. Positive control
refers to genomic DNA which contains the target sequence. Red line refers to no
template control.
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Figure $-11. At a primers concentration of 300 nM the melting curve produced by
the non-specific amplification presented a reduced overlapped area with the

melting curve produced by the desired fragment.

Melting curves generated from the negative control (a), positive control (b) and
plasmid (c) amplification. Merge of all curves is also reported (d). Negative control
refers to genomic DNA which does not contain the target sequence. Positive control
refers to genomic DNA which contains the target sequence. Red line refers to no
template control.
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Figure S-12. At a concentration of forward and reverse primers of 200 nM the
melting curve associated with the non-specific amplification was distinguishable
from the melting curve of the expected fragment.

Melting curves generated from the negative control (a), positive control (b) and
plasmid (c) amplification. Merge of all curves is also reported (d). Negative control
refers to genomic DNA which does not contain the target sequence. Positive control
refers to genomic DNA which contains the target sequence. Red line refers to no
template control.
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Figure S-13. Amplification efficiency decreased with the decrease in primers

concentration.

Standard curves and Eamvr% for the amplification reactions with primers at the final
concentration of 600 nM (a) 300 nM (b) and 200 nM (c). RZindicates goodness to fit.
Ct=Cycle threshold, Eamp%= Percent amplification efficiency.
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Figure S-14. At the optimised conditions, genomic DNA amplification efficiency was

89%.
Representative standard curves and Eamr% for the amplification of vector-derived

SYNGAP1 in serial dilutions of genomic DNA.
Actb amplification reaction has been previously optimised in the lab to work under a

spectrum of conditions. Here | will show the reaction efficiency and amplification

specificity at the conditions used for this work.
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Forward and reverse primers were used at a final concentration of 600 nM. As shown

in Figure S-15, with this concentration only one defined peak was produced.

240000.0

‘i
- - \

Derivative Reporter (-R)
Derivative Reporter (-R)

Temperature (°C)

Figure S-15. Analysis of melting curves showed one single defined curve in both Actb
standard and positive control amplification.

Melting curves generated from the positive control (a) and the Actb standard (b)

amplification. Positive control refers to genomic DNA which contains the target
sequence.

Eamr% was between 90 and 110 % for both the amplification of the Actb standard and

for the amplification of the genomic DNA (Figure S-16).

a b
359 y=-3.4912x+35.20 35+ y=-3.1159x+29.50
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Figure S-16. Genomic DNA and Actb standard were amplified with high efficiency.
Representative standard curves and percent efficiency of amplification (Eamp%) for

the amplification reactions of the Actb sequence used as standard (a) and genomic
DNA (b).
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C.4 gPCR REACTION OPTIMISATION FOR AAV9/hSYN1-hSYNGAP1

Similar to what was shown in Section C.3, the gPCR reaction for the biodistribution
analysis of AAV9/hSYN1-hSYNGAPI was optimised to obtain an Eamp% between 90

and 110% for the molecule used as standard and the genomic DNA.

gPCR primers (Figure S-17) at a final concentration 300 nM were used as produced
no non-specific amplification and yielded an Eawr% efficiency above 90% for both

plasmid and DNA amplification (Figure S-18 and Figure S-19)

qSYN_F2
GGAGGAGTCGTGTCGTG

CGGTGGGCAGCGGAGGAGTCGTGTCGTGCCTGAGAGCGCAGTCGTCGACGCCACCATGGACTACAAAGACCATGACGGTG

t t + + + t t t 1040
GCCACCCGTCGCCTCCTCAGCACAGCACGGACTCTCGCGTCAGCAGCTGCGGTGGTACCTGATGTTTCTGGTACTGCCAC

hSynapsin :

ATTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAGGGCTCCTCCGGCTCTCGGAGCAGAGCTAGCATCCAC

1120
TAATATTTCTAGTACTGTAGCTAATGTTCCTACTGCTACTGTTCCCGAGGAGGCCGAGAGCCTCGTCTCGATCGTAGGTG

3xFLAG 'hSYNGAP1_Aa1(opt)

EEQ?TGTTCCTACTGCTACTGﬂ
qSYN_R2

Figure S-17. Primers for viral vector biodistribution evaluation were designed to
amplify a region spanning the hSYN1 promoter and the FLAG tag.

Sequence and position on the therapeutic cassette of the primers used for the
evaluation of AAV9/hSYN1-hSYNGAP1 biodistribution.
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Figure S-18. At forward and reverse primers concentration of 300 nM, non-specific
amplification was not observable.

Melting curves generated from the negative control (a), positive control (b) and
plasmid (c) amplification. Merge of all curves is also reported (d). Negative control
refers to genomic DNA which does not contain the target sequence. Positive control
refers to genomic DNA which contains the target sequence. Red line refers to no
template control.
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Figure S-19. Reaction efficiency was above 90% for both plasmid and DNA
amplification.

Representative standard curves and Eamp% for the amplification reactions with
primers at a final concentration of 300 nM for plasmid (a) and DNA (b). R indicates
goodness to fit. Ct=Cycle threshold, Eamp%= Percent amplification efficiency.

C.5 gPCR REACTION OPTIMIZATION FOR mRNA QUANTIFICATION

An equivalent approach used for the optimisation of the gqPCR viral vector
biodistribution reactions was used for the optimisation of the gPCR reaction
conditions for the exogenous SYNGAP1 and endogenous Syngapl mRNA

guantification.

Two sequence-specific forward primers were designed over a 19 bp stretch
containing 7 mismatches (Figure S-20, yellow and green highlighted sequence)
present in exon 8 (Figure S-21). The reverse primer (Figure S-20, blue highlighted

sequence) was common to both mouse and human sequences.

Analysis of the amplified fragments melting curves showed high amplification

specificity (Figure S-22 and Figure S-23).
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Vector CAGRGAGCCETGRAGCCCARCALGEATARCAGCCGCAGAGT GGACRAATGTGCTGARAGCTG

Mouse CAGRGGGCTGETARAACCCARCRLGEACRRCAGCCGCCGAGTAGATRAACGTGCTGARGCTR

ERRKH RE kR Rk kR REERARRER KR EERkRR R RRkR RE kR RERRRRRRRRR

Vector TGEATCATCEAGGLTCGGEAGCTGCCACCTARAR LA AAGATACTACTGCGAGCTGIGICTG

Mouse TGEATCATAGRGGCTCGAGAGCTGCCCCCCAAGRAGAGATATTACTGTGAGCTGTGCCTG

EERAHHEAE KR HEAARR RERRRRER Rk Rk Rk RRRkk REkkR mERRRRRR kR

Vector GACGATATGCTGTACGCCAGRACCACCTCTAAGCCTAGRAGCGCTAGCGECGACACCETG
Mousge GACGACATGCTGTATGCACGARECACCTECARGECEEEETCEGCTTCAGGAGACACCGTC
RRkkd RkkkkRkk kk RRRRRRRRER RRkRE L kR Rk AR
Vector TTCTGGEEECEAGCACTTCRAGT TTARC AR CCTGCCTGCTCTCCGGGCCCTGRGACTGCARLC
Mouse TTTTGGEEECEAGCACTTTGAGT TTARCARCCTGCCTGECGTCCGEGCCCTTCGGCTGCRT

Eh KR REARRRFEERARE RERA R AR R R R ARk kR R Rk R RERRRRRE R RRRRR

Vector TTGTACCGEEACAGCGATARGRAACGGRAGRARGRCAAGECTGECTACGIGEGCTTGETG
House CTGTACCGTEACTCAGACARAA L AGCGEAAGAAGGRCAAGECTGECTACGTTEGCCTEETG

EkkEEEE kR Hk Rk kk RRARREEE AR REARRERRERRRERE kER kkRRR
Vector ACCETGCCCGETGECCACACTGECTGECAGACACTTCACCGAGCAGTGGTATCCTGTGACR
Mouse ACTETTICCAGTGECCACCCTAGCTGEECGCCACTTCACRGAGCAGTGGETACCCCGTGRCC

ER kH Rk kR RERRRR RE Rk RER ok Rk kR R REE Rk RRERRRRRE kR RRRRR

Figure 5-20. hSYN1-hSYNGAP1 and mouse wild-type Syngapl sequence alignment
and primers set for mRNA quantification.

Partial alinement between the hSYN1-hSYNGAP1 and wild-type mouse sequence was
performed with Clustal Omega (www.ebi.ac.uk/Tools/msa/clustalo). In yellow is
indicated the hSYN1-hSYNGAP1 specific forward primer while in green is reported the
primer specific for the wild-type mouse sequence. In blue is reported the
complementary sequence of the common reverse primer. *Indicates nucleotides
match. Mouse sequence NM_001394027.1.

[CCACCTCCAAGCCCCGCTCG
TGTGAGCTGTGCCTGGACGACATGCTGTATGCACGAACCACCTCCAAGCCCCGCTCGGCTTCAGGAGACACCGTCTTTTG
ACACTCGACACGGACCTGCTGTACGACATACGTGCTTGGTGGAGGTTCGGGGCGAGCCGAAGTCCTCTGTGGCAGAAAAC

Exon 8

Vector F2

GGGCGAGCACTTTGAGTTTAACAACCTGCCTGCCGTCCGGGCCCTTCGGCTGCATCTGTACCGTGACTCAGACAAAAAGC
800
CCCGCTCGTGAAACTCAAATTGTTGGACGGACGGCAGGCCCGGGAAGCCGACGTAGACATGGCACTGAGTCTGTTTTTCG

Exon 8

[CTCAAATTGTTGGACGGACG,

n R1

Figure S-21. Primers used for mRNA quantification amplified a region of exon 8.
Graphical representation of the position of the primers on the wild-type mouse
sequence. In orange is reported the exonic sequence. Mouse_F2 indicates the
mouse-specific forward primer, Vector_F2 is the forward primer specific for the
amplification of the viral vector sequence, while Pan_R1 is the common reverse
primer. Snapshot from SnapGene software (v5.1.7). Mouse sequence
NM_001394027.1.
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Figure S-22. Primers for the amplification of the endogenous Syngapl mRNA

presented high specificity.

Melting curves generated from the amplification of the fragment used as a standard
(a), the hSYN1-hSYNGAP1 plasmid (b), cDNA derived from PBS treated mouse (c) and
cDNA derived from viral vector-treated mouse (d). Merge of all curves is also reported
(e). Red line refers to no template control.
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Figure S-23. Primers for the amplification of the exogenous SYNGAP1 mRNA
presented high specificity.

Melting curves generated from the amplification of hSYN1-hSYNGAP1 plasmid used
as a standard (a), cDNA derived from viral vector-treated mouse (b) and cDNA derived

from PBS treated mouse (c). Merge of all curves is also reported (d). Red line refers
to no template control.

As shown in Figure S-24, the amplification efficiency of reactions for the endogenous
and viral vector mRNA quantification was between 90 and 110% for both the

amplification of the standards and the cDNA samples.

The specificity of amplification of Actb primers was described before in Section C.3.
Preliminary results showed that the optimal primers concentration for cDNA
amplification was 300 nM. In Figure S-25 are reported the amplification efficiencies

for the amplification of the standards and the cDNA. In both cases, efficiencies
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resulted below the expected 90%, but as they were comparable between samples,

mRNA quantification was carried out with these reaction conditions.

a b
351 y=-3.2990x+30.82 35— y=-3.2666x+30.20
R?=0.9997 R2=0.9960
30 Eamp%=100.97% Eavp%=102.49%
. = 304
§ 25 g
E 257
+— 20
5 Q
154 209
10 T T T T 1 15 T T T T 1
1 2 3 4 5 6 2 - 0 1 2 3
Logyo(Plasmid copies) Logq(total ug of DNA)
d d
35+ y=-3.2760x+32.41 40+ y=-3.3590x+32.28
R?=0.9999 R?=0.9999
304 Eamp%=101.95% 35 Epnp%=98.47%
<
z @
- @ -
s 25 g 30
E o=t
+ 20 O 254
(]
15 20
10 T T T T 1 15 T T T T 1
1 2 3 4 5 6 -2 -1 0 1 2 3
Logqp(Plasmid copies) Logqg(total pg of DNA)

Figure S-24. The amplification efficiency of standards and cDNA sample was
comparable for both endogenous Syngapl and exogenous SYNGAP1 mRNA
amplification.

Representative standard curves and Eamp% for the amplification reactions of the
endogenous Syngapl mRNA sequence used as standard (a) and cDNA (b); viral
vector-derived SYNGAP1 mRNA sequence used as standard (c) and cDNA (d). R?
indicates goodness to fit. Ct=Cycle threshold, Eamr%= Percent amplification

efficiency.

a b
354 y=-3.6242x+39.57 35+ =-3.6441x+31.88
R?=0.9998 R2=0.9994
30 Eanp%=88.77% Epup%=88.11%
- = 30
§ 251 g
= = 257
3 20 Q
154 20
10 T T T T 1 15 T T T T 1
2 3 4 5 6 7 K| 0 1 2 3 4
Logo(Actb copies) Logo(total pg of DNA)

Figure S-25. The amplification efficiency of the Actb sequence was comparable

between the standards and cDNA.
Representative standard curves and Eamp% for the amplification reactions of the Actb

sequence used as standard (a) and genomic DNA (b). R? indicates goodness to fit.
Ct=Cycle threshold, Eamp%= Percent amplification efficiency.
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APPENDIX D: SUPPLEMENTAL FIGURES
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Figure S-26. Inmunoblot of HEK293A transfected cells protein lysate.

Total protein staining (a) and anti-SYNGAP1 (b-l, green) and anti-Myc (b-Il, red)
staining of protein lysate of HEK293A cells transfected with: MeP229-MECP2-Myc,
MeP229-hSYNGAP1_Aa2, MeP229-hSYNGAP1_Aal, MeP229-hSYNGAP1_Ba2, JeT-
hSYNGAP1_Aal. Negative control indicates mock-transfected HEK293A cells protein
lysate. Positive control indicated positive control sample for Myc. Replicates indicate
technical replicates. Total protein was used as loading control. The gel was used at a
concentration of bis-acrylamide of 8%.
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Figure 5-27. SYNGAP1 expression in wild-type and Syngap1*/- mice cortex.

Total protein staining (a) and anti-SYNGAP1 (b, green) staining of cortex
homogenates from wild-type and Syngap1* mice collected at 20 weeks of age and
28 weeks of age. Total protein was used as loading control. The gel was used at a
concentration of bis acrylamide of 10%.
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Figure S-28. SYNGAP1 expression in wild-type and Syngap1*/- mice hippocampus.
Total protein staining (a) and anti-SYNGAP1 (b, green) staining of hippocampus
homogenates from wild-type and Syngap1*- mice collected at 20 weeks of age and
28 weeks of age. Total protein was used as loading control. The gel was used at a
concentration of bis acrylamide of 10%.
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Figure S-29. Endogenous SYNGAP1 and AAV9/leT-hSYNGAP1 Myc-tagged SYNGAP1
in cortex of Syngap1*/- mice.

Total protein staining (a-l, b-l, c-1) and anti-SYNGAP1 (a-Il, b-Il, c-Il, green) and anti-
Myc (a-11l, b-1lI, c-1lI, red) staining in cortex of Syngap1*-mice treated with vehicle or
AAV9/JeT-hSYNGAP1 vector. Total protein was used as loading control. The gel was
used at a concentration of bis acrylamide of 10%.
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Figure $S-30. Endogenous SYNGAP1 and AAV9/leT-hSYNGAP1 Myc-tagged SYNGAP1
in hippocampus of Syngap1*/- mice.

Total protein staining (a-l, b-l, c-1) and anti-SYNGAP1 (a-l, b-Il, c-Il, green) and anti-
Myc (a-lll, b-1ll, c-lll, red) staining in hippocampus of Syngap1*- mice treated with
vehicle or AAV9/JeT-hSYNGAP1 vector. Total protein was used as loading control. The
gel was used at a concentration of bis acrylamide of 10%.
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Figure S-31. Subcellular fractionation of hippocampal homogenates using the first
version of the protocol.
Total protein staining (a-I, b-1), anti-PSD95 (a-Il, b-1l, red), anti-GAPDH (a-lIl, b-Ill, red)
and anti-Histone 3 (a-VI, b-VI, green) staining od subcellular fractions derived from
hippocampus of wild-type (replicate 1 and 3) and Syngap1*~ (replicate 2 and 4) mice.
The comparison was possible as genotypes do not affect levels of the protein

investigated. Total protein was used as loading control. The gel was used at a
concentration of bis acrylamide of 12%.

b

353



Syngapl*--Vh Syngapl*/ - Vh Syngapl*--Vh

e e e
<& <& <&

o o o

NS &0 T Y\ N OO
RN ée\ o,_,O R P RN & P 29
kDa WO W ST W G W

b
Syngap1* -Vh Syngapl”--Vh Syngap1*--Vh
e e e
\ 006\ \ 050(0 \ 0"06\
R X NS P N
S P PR PRSP R
' R (IS W (T (R (T
__ -
Il
/
1] 37—
—GADPH
25— —Non-specific
20-
v
15— —Histone 3

Figure S-32. Subcellular fractionation of hippocampal homogenates using the
second version of the protocol.

Total protein staining (a), anti-SYNGAP1 (b-I, green), anti-PSD95 (b-Il, green), anti-
GAPDH (b-lll, green) and anti-Histone 3 (b-IV, green) staining of subcellular fractions
derived from hippocampus of Syngap1*- vehicle treated. Total protein was used as
loading control. The gel was used at a concentration of bis acrylamide of 12%.
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Figure S-33. Endogenous SYNGAP1 and AAV9/hSYN1-hSYNGAP1 FLAG-tagged
SYNGAP1 in cortex of Syngap1*/- mice.

Total protein staining (a-l, b-1), anti-SYNGAP1 (a-ll, b-Il, red) and anti-FLAG (a-lll, b-11l,
green) staining in cortex of Syngapl*- mice treated with vehicle or AAV9/hSYN1-
hSYNGAP1 vector. FLAG and SYNGAP1 channels merge (a-1V and b-1V) reported as
reference. Total protein was used as loading control. The gel was used at a
concentration of bis acrylamide of 10%.
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Figure S-34. Endogenous SYNGAP1 and AAV9/hSYN1-hSYNGAP1 FLAG-tagged
SYNGAP1 in hippocampus of Syngap1*/- mice.

Total protein staining (a-l, b-1), anti-SYNGAP1 (a-l, b-Il, red) and anti-FLAG (a-lll, b-1lI,
green) staining in hippocampus of Syngapl* mice treated with vehicle or
AAV9/hSYN1-hSYNGAPI vector. FLAG and SYNGAP1 channels merge (a-1V and b-1V)
reported as reference. Total protein was used as loading control. The gel was used at
a concentration of bis acrylamide of 10%.
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