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Abstract

Mutations in the X-linked gene PCDH19 lead to epilepsy with cognitive impairment in heterozy-
gous females and post-zygotic mosaic males. The disorder phenotype is currently explained by
cellular mosaicism of PCDH19 expressing and non-expressing PCDH19 cells in the brain, which
leads to defective cell-cell communication and circuits. Although the gene codes for a cell ad-
hesion protein belonging the cadherin superfamily localized at the cell membrane, recent reports
have implicated PCDH19 in the regulation of gene expression and have identified the protein in
the nucleus. Despite this, the nuclear function of PCDH19 in neurons and the potential prote-
olytic processing of PCDH19 have not been investigated yet. This thesis focussed on the pro-
teolytic processing of PCDH19 as a potential mechanism of membrane-to-nucleus signalling in
neurons. mMESC-derived neurons were used to test the involvement of different proteases in the
processing of PCDH19 and it was established that PCDH19 can undergo activity-dependent pro-
teolysis. As the cytoplasmic domain of PCDH19 was found to localise to the nucleus, the nuclear
function of the generated fragment was investigated. To determine potential transcriptional tar-
gets of the PCDH19 cytoplasmic domain, a mouse embryonic stem cell line that overexpresses
the cytoplasmic domain of PCDH19 from the Rosa26 locus (PCDH19-CYTO), and an isogenic
PCDH19-knockout line (PCDH19-KO) were generated. The transcriptional profile of embryonic
stem cell-derived progenitors and neurons was obtained via RNA sequencing. The results of the
analysis suggest a role for the cytoplasmic domain of PCDH19 in modulating expression of genes
related to neuronal circuit assembly and synaptic function. Further analysis will be necessary to

determine the relevance of these findings in the context of PCDH19-epilepsy.
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Chapter 1

Introduction

1.1 The cadherin superfamily

Adhesion molecules are essential for brain development, enabling communication and connec-
tivity between neighbouring cells (Takeichi, 1977), (Takeichi, 2007), (Suzuki and Takeichi, 2008),
(Hirano and Takeichi, 2012). The cadherin superfamily is one of the major cell-adhesion family
of proteins, comprising more than 110 members further classified into subfamilies, which include
classical cadherins, clustered protocadherins and non-clustered protocadherins (Hulpiau and van
Roy, 2009), which will be described in further detail below. Cadherins are calcium dependent cell
adhesion molecules, and members of the cadherin superfamily are so classified by the presence
of extracellular cadherin repeats (EC). EC repeats contain Ca?* binding sequences such as
AXDXD, LDRE, and DXNDN. Binding of Ca?* confers rigidity to the extracellular domain and
allows homophilic and heterophilic interactions (Shapiro et al., 1995), (Chappuis-Flament et al.,

2001).



1.1.1 Classical cadherins

Classical cadherins are type | transmembrane proteins, meaning they have a single-pass
transmembrane domain (TM), and have extracellular oriented N-terminus and a cytosolically
oriented C-terminus. They have 5 EC repeats and a conserved cytoplasmic domain that contains
a (g-catenin binding site and a p120-catenin binding site (Figure 1.1a). The adhesion mechanism
of classical cadherins is mediated by their EC1 (Nose et al., 1990), via strand swap (Figure 1.1b).
Classical cadherins are divided into type | (CDH1 (E-Cadherin), CDH2 (N-Cadherin), CDH3
(P-Cadherin), CDH4 (R-Cadherin), CDH15 (M-Cadherin)) and type Il (CDH5 (VE-Cadherin),
CDH6 (K-Cadherin), CDH7, CDH8, CDH9 (T1-Cadherin), CDH10 (T2-Cadherin), CDH11
(OB-Cadherin), CDH12 (N2-Cadherin), CDH18, CDH19, CDH20, CDH22, CDH24), based on

sequence homology (Sotomayor et al., 2014).

Cadherins play a crucial role in morphogenesis in many different tissues. In the nervous sys-
tem, they are crucial throughout development: from establishment of the neuroepithelium, to cell
migration, axonal pathfinding and synapse formation (Hirano and Takeichi, 2012), (Kadowaki et al.,
2007). Later, they continue to play a crucial role in synaptic transmission and plasticity (Arikkath
and Reichardt, 2008). Cadherins are also a key component of adherens junctions (AJ). AJs, cell-
cell adhesion complexes required for tissue morphogenesis and homeostasis, are formed by trans
interactions of cadherins which intracellularly interact with p120-catenin and §-catenin. §g-catenin,
in turn, binds «a-catenin (Hirano et al., 1992), forming the cadherin-catenin complex (Takeichi,

2014). Both g-catenin and p120-catenin are also key components of the Wnt signalling pathway.

1.1.2 Protocadherins

Protocadherins are expressed throughout the central nervous system both during development
and in adulthood and play a pivotal role in the establishment and maintenance of neuronal circuits
(Hayashi and Takeichi, 2015). Protocadherins, so called for their similarity to the classic cadherins,

contain either 6 or 7 extracellular cadherin repeats (Sano et al., 1993). Protocadherins lack the
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Figure 1.1: The cadherin superfamily. (a) Subfamilies of the cadherin superfamily of relevance
to this thesis: the classical cadherins, the clustered protocadherins and the non-clustered § pro-
tocadherins. Conserved cytoplasmic domains of each subfamily are highlighted. (b) Adhesion
mechanisms: classical cadherins interact via EC1, clustered protocadherins interact in cis via
EC6 and in frans via heterophilic EC1-4 interaction; non-clustered ¢ protocadherins interact ho-
mophilically via EC1-4.



B-catenin binding site and have different adhesion properties than classical cadherins, overall ad-
hesiveness of protocadherins is weaker. Based on their position in the genome, protocadherins
are divided into clustered and non-clustered protocadherins. In some classifications the protocad-
herin subfamily also includes molecules with different numbers of cadherin repeats and more than
one transmembrane domain. Amongst these we find the FATs and the seven pass transmem-
brane flamingo/CELSR (Takeichi, 2007), (Redies et al., 2005), (Kim et al., 2011), (Hulpiau and
van Roy, 2009), but the following sections will focus specifically on clustered and non-clustered

protocadherins in the more narrow sense.

Clustered protocadherins

Located on mouse chromosome 18 and human chromosome 5931 (Wu et al., 2001), the clus-
tered protocadherins are found in three genomic clusters, the «, the g and the ~ clusters, which
together comprise almost 60 different isoforms (Pcdha1-12, ac1-c2; Pcdhp1-22; PcdhyA1-12,
~vB1-7, vC3-5) (Wu and Maniatis, 1999). The Pcdha cluster has 14 large variable exons, whilst
the Pcdhg and Pcdhy clusters have 22. Each variable exon encodes for 6 extracellular cadherin
repeats, the transmembrane domain, and the variable part of the cytoplasmic domain (Peek et al.,
2017). Pcdha and Pcdhy clusters have also 3 small constant exons that encode the constant
part of the intracellular domain. Unlike Pcdha and Pcdhy, the Pcdhps cluster does not have any

constant intracellular domain (Wu et al., 2001) (Figure 1.1a).

The variable exons of each of the 3 clusters are stochastically expressed; therefore many
different isoforms can be generated via both alternative promoter choice and alternative splicing.
With the exception of Pcdhy C3, -C4 and -C5, which are ubiquitously and biallelically expressed,
all the other isoforms are sparsely and monoallelically expressed. For instance, a single Purkinje
neuron can express up to 15 different isoforms in a completely random fashion (Esumi et al.,
2005). Random expression therefore contributes to the creation of a cell surface unique barcode,

that differs from neuron to neuron and allows self-recognition of neurites.



Clustered protocadherins can form heterophilic cis dimers and homophilic frans interactions
(Schreiner and Weiner, 2010), (Brasch et al., 2019). In more detail, trans binding is mediated via
antiparellel interaction of EC1-EC4, in a "head-to-tail” conformation whilst EC6 is needed for cis
dimerisation (Rubinstein et al., 2015), (Goodman et al., 2017) (Figure 1.1b). EC6 is also needed
for the delivery of Pcdha to the cell surface, which is mediated by Pcdh~ (Thu et al., 2014). When
neurites of the same neuron come into contact, Pcdhs on the surface form “zipper-like” arrays,
now visualised by cryo-EM (Brasch et al., 2019) that are necessary for neuronal self-recognition
and triggering of self-avoidance signalling (Figure 1.1b). Self-avoidance of neurite by Pcdh~ was
first demonstrated in mouse retinal starburst amacrine cells (SACs) and in cerebellar Purkinje cells

(Lefebvre et al., 2012).

Non-clustered protocadherins

Non-clustered protocadherins, so defined in opposition to the clustered protocadherins, are
found scattered throughout the genome. They are subdivided in 61 and 62, which will be the focus
of the next section, and solitary Pcdhs (-12, -15, -20 and -21) based on phylogenetic analysis

(Redies et al., 2005).

o protocadherins

Non-clustered 6 Pcdhs can be further subdivided into §1 and 62 based on the number of
extracellular cadherin repeats and the presence/absence of specific intracellular domains (Kim
et al., 2011). 61 Pcdhs (Pcdh-1, -7, -9, -11X/Y) have 7 EC repeats and in the cytoplasmic region
they have the conserved motifs CM1, CM2 and CM3. 62 Pcdhs (-8, -10, -17, -18, -19) have 6
EC repeats and in the cytoplasmic region conserved motifs CM1 and CM2. In addition, 62 Pcdhs
have a Wave Regulatory Complex (WRC) Interacting Receptor Sequence (WIRS), which binds
the WRC (Chen et al., 2014) (Figure 1.1a). CM3, which is unique to §1-Pcdh, is a binding site for
protein phosphatase-1a (PP1a) (Vanhalst et al., 2005).



Non-clustered § Pcdhs are all expressed in the central nervous system and exhibit region
specific patterns of expression (Kim et al., 2007). Interestingly, some Pcdh have been shown to
have complementary expression patterns, for example Pcdh10 and Pcdh17 have complementary
expression in the corticobasal ganglia circuits (Hoshina et al., 2013). These observations led to
the hypothesis that also 6 Pcdhs might play a role in establishment of neuronal circuits. In fact,
many ¢ Pcdhs have a role in axonogenesis and axonal pathfinding in different circuits (Light and
Jontes, 2017). PCDH?7 is important in axonal guidance of retinal ganglion cells (Leung et al.,
2013) by interaction with axonal guidance cues such as Netrin1 and Sema3A. §2 Pcdhs also
play an important role in axon elongation and pathfinding via modulation of the actin cytoskeleton
via the WIRS domain. For instance PCDH18 is important for motor axon elongation (Biswas
et al., 2014), whilst PCDH10 and PCDH17 have been shown to be necessary for extension of
thalamocortical projections (Hoshina et al., 2013), (Hayashi et al., 2014) (Uemura et al., 2007).
Pcdh10 heterozygous mutant mice also have altered circuits in the amygdala and synaptic
dysfunction (Schoch et al., 2017). During zebrafish neuronal development, 62 Pcdhs have been
shown to modulate progenitor proliferation via interaction with the Wnt receptor Ryk (Biswas et al.,

2020).

0 Pcdhs form homophilic trans interactions via EC1-EC4 antiparallel interaction (Figure 1.1b),
but unlike clustered Pcdhs, no cis interactions have been shown, whilst looking at adhesion via
the extracellular domain (Harrison et al., 2020). Nonetheless, it cannot be excluded that cis in-
teractions between §-Pcdh could be happening via the transmembrane or cytoplasmic region.
Moreover, there is no trans interaction between §1 and 62 subfamilies, whereas within both the 41
and §2 subfamily, weak heterophilic trans interactions can occur (Harrison et al., 2020). Similarly
to clustered protocadherins, 6 Pcdhs can be combinatorially expressed by individual neurons, to
form an "adhesion code”, in fact a single olfactory sensory neuron can express up to 7 different §

Pcdhs (Bisogni et al., 2018).



Involvement of § protocadherins in human disorders

Different PCDHs have been identified as risk genes for the development of psychiatric disor-
ders. For instance, a genome-wide association study (GWAS) found a single nucleotide polymor-
phism (SNP) in PCDH9 to be a risk factor for major depressive disorder (MDD) (Xiao et al., 2018).
A SNP in PCDH17 has also been associated with MDD and subjects presented with decreased
volume and increased activity of the amygdala (Chang et al., 2018). Mutations in PCDH10 and
PCDHS8 are associated with Autism Spectrum Disorders (Morrow et al., 2008), (Butler et al., 2015).
Finally, PCDH19 mutations are the cause of early-onset epilepsy with autism features (Juberg and
Hellman, 1971), (Dibbens et al., 2008), (Depienne et al., 2009). As PCDH19 is the focus of this
thesis, PCDH19-epilepsy will be discussed in further detail later (Subsection 1.2.3).

1.2 Protocadherin-19

1.2.1 Pcdh19/PCDH19 structure

Protocadherin-19 is a §2 non-clustered protocadherin. The structure of the protein is typical
of the §2 protocadherin subfamily — with 6 extracellular cadherin repeats (EC1-6), a single-pass
transmembrane domain, a cytoplasmic domain containing the conserved domains CM1 and CM2
and the WIRS domain (Figure 1.2a). The extracellular cadherin repeats are responsible for me-
diating adhesion and binding Ca?* ions. The human PCDH19 gene is located at Xg22.1 and the
mouse Pcdh19 gene is also located on the X-chromosome. Importantly, both human and mouse
PCDH19/Pcdh19 is subject to X-chromosome inactivation (XCI). The gene is formed by 6 exons
encoding a 1148 amino acid sequence. The first exon is the largest and codes for the whole ex-
tracellular portion of the protein plus the transmembrane domain. The smaller exons 2, 3, 4, 5
and 6 encode the cytoplasmic portion of the protein (Figure 1.2a). Exon 2 is subject to alternative
splicing (Dibbens et al., 2008). As for other § Pcdhs, PCDH19 can interact homophilically in trans
with a PCDH19 molecule on a neighbouring cell via anti-parallel interaction. The crystallographic

structure of the minimal adhesive fragment of zebrafish PCDH19 extracellular domain showed



how adhesion happens via a "forearm handshake” which involves EC1-4 (EC1:EC4; EC2:ECS;
EC3:EC2; EC4:EC1) (Cooper et al., 2016) (Figure 1.2b). Pcdh19 is expressed in different tis-
sues, both during development and in adulthood. Detailed description of Pcdh19 expression can

be found later (Subsection 1.4.1).

Pcdh19 isoforms

As mentioned, Pcdh19 can be alternatively spliced. There are therefore several different iso-
forms of Pcdh19. In the mouse, there are 4 known isoforms: Q80TF3 is the longest isoform,
containing exon 2. The other 3, E9Q5E1, Q14779 and A2AGW4 lack exon 2. The isoforms differ
by the existence of two possible acceptor sites for intron 4 (which can add an extra residue at the
beginning of exon 5). These isoforms exist in databases but their in vivo expression and function
remains to be elucidated at the molecular level. The human PCDH19 gene has similar isoforms:
Q8TAB3-1, Q8TAB3-2 (missing exon 2) and Q8TAB3-3 (missing exon 2 and the first residue of

exon 5).

1.2.2 Molecular interactions and function of PCDH19

Although no comprehensive study has been done in vivo in a mammalian system to determine
protein interactions of PCDH19, some interesting and well-characterized interactors exist, which

will be summarized below.

As previously discussed, crystallography studies have shown that PCDH19 homophilically
binds to itself in trans (Cooper et al., 2016), confirming previous studies that showed this at the
cellular level (Emond et al., 2009). PCDH19 can also form a strong complex with N-Cadherin in
cis (Figure 1.2b) (Biswas et al., 2010) (Emond et al., 2011). The PCDH19/N-Cadherin complex
has much stronger adhesion properties than PCDH19 alone. This cis complex, mediated by the
EC repeats, is important during zebrafish neurulation as PCDH19/N-Cadherin act together to

control cell-movement (Emond et al., 2009) (Biswas et al., 2010). Interestingly, in the PCDH19/N-
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Figure 1.2: Pcdh19/PCDH19 structure and function. (a) Pcdh19 exons and corresponding
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remodelling. PCDH19 also interacts with the GABA R to modulate intracellular signalling.



Cadherin complex, N-Cadherin acts as a cofactor and trans adhesiveness happens via PCDH19.

PCDH19 interacts with the WAVE regulatory complex (WRC) proteins cytoplasmic
FMR1-interacting protein 2 (CYFIP2) and Nck-associated protein 1 (NAP1) (Tai et al., 2010)
(Figure 1.2c). CYFIP2 and NAP1 can also interact with other members of the 62 Pcdh family,
such as PCDH10 and PCDH17 (Nakao et al., 2008) (Hayashi et al., 2014). NAP1 and CYFIP2
are members of the WAVE regulatory complex (WRC). The WRC promotes actin nucleation via
the ARP2/3 complex and therefore is an enhancer of actin cytoskeletal dynamics. This suggests
that PCDH19 could be playing a role in regulating actin dynamics making PCDH19 a candidate

for a role in synapse formation and axon elongation.

Supporting this theory, new interactors were identified by proximity-dependent biotinylation
followed by mass spectrometry, a first attempt to define a PCDH19 interactome, in HEK293 cells.
Concordantly to the previously described functions of § Pcdhs in regulating the cytoskeleton,
many of the newly identified proteins were actin and microtubule binding proteins and regulators
of Rho GTPases. In particular, interaction with DOCK7, RAC-GEFs (guanine nucleotide exchange
factors) and with NEDD1 (Neural precursor cell expressed developmentally down-regulated

protein 1) a microtubule associated protein, were further confirmed in vitro (Emond et al., 2021).

PCDH19 C-terminus interacts with a conserved motif of the GABA-A a1 receptor subunit,
which is shared between «1-3,5 (Bassani et al., 2018) (Figure 1.2c). Expression levels of
PCDH19 alter surface availability of GABA receptors, possibly through endocytosis, and impact
on miniature inhibitory post-synaptic currents (mIPSCs). Migration, orientation and dendritic ar-
borisation are also affected in CA1 hippocampal rat neurons following IUE with Pcdh19 shRNAs.
Further characterisation in primary hippocampal neurons shows that PCDH19 can regulate tonic

current (Serratto et al., 2020).

PCDH19 has been shown to bind to non-POU-domain-containing octamer binding protein
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(NONQ)/P54nrb, also known as NONO, a paraspeckle, DNA-/RNA- binding nuclear protein (Pham
et al., 2017). The interaction between PCDH19 and NONO is quite surprising, considering that
PCDH19 is anchored to the membrane via the transmembrane domain whilst NONO would be
found in the nucleus, in paraspeckles. Paraspeckles are membraneless subnuclear structures
formed by aggregation of "scaffolding” long-non-coding RNAs (InRNAs) and proteins (Fox et al.,
2002). Paraspeckles can be identified in the nucleus of cells by staining for NONO and NEAT1 and
seem to play a role in the cell- stress response and, more generally, in the retention of transcripts
in the nucleus and consequently in the regulation of gene expression (Bond and Fox, 2009).
The interaction between NONO and PCDH19 leads to increased transcription of ERa dependent

genes (Pham et al., 2017).

PCDH19 expression is regulated by miR-484, which targets the 3’ region of Pcdh19 mRNA,
inhibiting translation. miR-484 could be the driver of 16p13.11 microduplication syndrome via the
effect on Pcdh19. miR-484 promotes neurogenesis by inhibiting Pcdh19 (Fujitani et al., 2017).
Pcdh19 expression is also regulated by T-box transcription factor 2 (TBR2), which directly binds
two DNA sequences next to Pcdh19 (Lv et al., 2019). Lv et al. showed that PCDH19 might be
playing an important role during neurogenesis as suppression of Pcdh19 via shRNA reduced
neuronal output from a single radial glial cell and also caused lateral dispersion of neurons derived
from the same radial glial cell possibly by changed adhesive properties of the progenitors (Lv

et al., 2019).

1.2.3 PCDH19-epilepsy

Mutations in PCDH19 are causative of an epilepsy syndrome known as Early Infantile Epileptic
Encephalopathy 9 (EIEE9) (OMIM #300088), first described by Juberg and Hellman in 1971 as
Epilepsy and Mental Retardation Limited to Females (EMRF) (Juberg and Hellman, 1971). In

2008, Dibbens et al. identified a mutation in the PCDH19 gene as causative for the disease
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(Dibbens et al., 2008). Since then, PCDH19 has become the second most relevant gene in

epilepsy after SCNAT1, which is associated with Dravet Syndrome (Depienne and Leguern, 2012).

PCDH19-epilepsy presents with early onset seizure clusters, often triggered by fever (Dibbens
et al., 2008). In addition, patients suffer from varying degrees of autism and intellectual disability
(ID). The timing of disease onset correlates with the degree of severity, and seizure onset before
12 months is associated with the most severe intellectual disability (Kolc et al., 2019). The disorder
also presents with a variety of different seizure types including tonic-clonic, tonic, clonic and focal.
The most recent reports have described schizophrenia and, more generally, psychosis, as a
later-onset feature of the disease (Vlaskamp et al., 2019). Abnormal cortical folding and cortical
thickening by MRI (Pederick et al., 2018), differences in gyrification index of limbic structures such
as the parahippocampal cortex and changes in parameters from DTI tractography have also been

reported (Lenge et al., 2020).

The vast majority of reported mutations are found in the extracellular domain of the protein
(86%) and of these, almost half are located in EC3 and EC4, which are the EC domains that
mediate frans adhesiveness in PCDH19. Almost half of the reported mutations are missense
mutations, the rest are frameshifts and non-sense mutations (Kolc et al., 2019). As more cases
are reported, some recurrent variants are beginning to emerge, namely p.Asn340Ser, located

between EC3 and EC4 and p.Tyr366Leufs, in EC4 (Kolc et al., 2019).

Interestingly, unlike most X-linked disorders, PCDH19-epilepsy affects heterozygous females
but not hemizygous males (Dibbens et al., 2008). When first discovered, it was hypothesised that
the phenotype was rescued in hemizygous males by the presence of a compensatory factor, such
as PCDH11Y, located on the Y chromosome, as the female version PCDH11X has a slightly differ-
ent pattern of expression in the brain (Dibbens et al., 2008). This hypothesis was soon disproved
by the report of a male presenting with the disorder, carrying a mosaic mutation in PCDH19, and

replaced by the cellular interference hypothesis (Depienne et al., 2009).
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Cellular interference hypothesis

As most X-linked genes, PCDH19 is subject to X-chromosome inactivation (XCI), an epige-
netic modification that occurs in all mammalian female cells to silence transcription from one
of the two X chromosomes, at random. The aim of XCl is dosage compensation in transcripts
originating from the X chromosome between females (XX) and males (XY) (Panning, 2008).
The result of X-inactivation in the brain of PCDH19-epilepsy patients is the generation of two
separate populations of cells: one that expresses the normal copy of PCDH19 (PCDH19+), the
other expressing the mutant copy of PCDH19 (PCDH19-). The resulting phenomenon is known
as “cellular mosaicism”, whereby cells expressing different versions of PCDH19 co-exist in the
same tissue. The co-existence in the mosaic brain of PCDH19-WT and PCDH19-mutant cells is
hypothesised to be the driving cause of PCDH19-epilepsy by a phenomenon known as "cellular
interference”. This theory suggests that the two populations are interfering with each-other due
to altered cell-cell communication (Depienne et al., 2009), (Depienne and Leguern, 2012). In
particular it is hypothesised that a “scrambling” of connections would happen due to impaired
recognition between cells that would normally be wired together, leading to defects in circuitry,
which ultimately could explain both the behavioural and the epileptic phenotype of the disease.
The cellular interference hypothesis would also explain the lack of symptoms in PCDH19-KO car-
rier males, which carry and express only one mutant copy of PCDH19 from all cells (Figure 1.3).
As mentioned above, most of the identified mutations to date map to the extracellular domain of
the protein, to key residues for homophilic binding of PCDH19 (Homan et al., 2018). Therefore,
the compromised adhesive function of PCDH19 and its ability to interact in trans with other
PCDH19 molecules seems to be a key driver of the disease. PCDH19-epilepsy can present with
an extremely heterogeneous phenotype, that could be reflecting variability in the extension of
the mosaicism in the brain, which differs in every individual and occurs at random. Interestingly,
there have been increasing but rare reports of males presenting with the disorder and it has
been determined that the mutations in these individuals were postzygotic somatic mutations

(de Lange et al., 2017), (Kolc et al., 2020). Moreover, an individual with Klinefelter Syndrome,

13



characterised by the presence of an extra X-chromosome in males (47, XXY), has been shown
to also display PCDH19-epilepsy (Romasko et al., 2018). Together, these findings strengthen
the cellular interference hypothesis. Whilst this theory is currently widely accepted, the precise
mechanisms driving the disease have yet to be elucidated. Cellular mosaicism is not unique to
PCDH19 as it can happen with any gene subjected to X-chromosome inactivation, as seen for
example in the case of cyclin-dependent kinase-like 5 (CDKL5) deficiency disorder (CDD), or

craniofrontonasal syndrome (CFNS) (Hanson and Madison, 2007), (Wieland et al., 2004).

Steroid hormone hypothesis

PCDH19-epilepsy patients have altered levels of neurosteroids. In particular, they present with
allopregnanolone deficiency, measured in the blood (Tan et al., 2015) and corresponding reduced
levels of aldo-keto reductase 1C (AKR1C), the enzyme responsible for production of allopreg-
nanolone. Neurosteroids have a modulatory effect on neuronal excitability by action through the
GABA-A receptor and can modulate both phasic and tonic inhibition (Reddy, 2014). In fact, allo-
pregnanolone is a positive allosteric modulator of the GABA-A receptor, and has natural anticon-
vulsant properties in the brain. Interestingly, in addition to allopregnanolone other neurosteroids
are also altered in PCDH19-epilepsy patients, including pregnanolone sulfate,17OH-progesterone
and cortisol (Trivisano et al., 2017). Because of these findings, ganaxalone, a synthetic analogue
of allopregnanolone, is currently being tested as a therapeutic strategy to counteract symptoms
of PCDH19-epilepsy. Ganaxalone is now in a Phase 2 clinical trial with Marinus Pharmaceuticals
(Violet Study), which should conclude in 2021. Marinus Pharmaceuticals are also trialling allo-
pregnanolone for cyclin-dependent kinase-like 5 (CDKL5) deficiency disorder (CDD), which is also
characterized by early-onset epilepsy. The mechanism by which PCDH19 heterozygosity leads to
neurosteroid imbalances has yet to be determined, but it is clear that altered levels of neurosteroids

can also trigger epileptic episodes.
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Figure 1.3: The cellular interference hypothesis in PCDH19-epilepsy. Disease arises in the
context of PCDH19 heterozygosity because of the cellular mosaic of PCDH19-WT and PCDH19-
mutant cells co-existing in the same brain. Inspired by (Depienne et al., 2009).




1.2.4 Models to study PCDH19-epilepsy
In vivo models of PCDH19-epilepsy

Taconic Biosciences generated a Pcdh19-null mouse model (Pcdh19°~G<) by replacement of
Pcdh19 exons 1, 2 and 3 with a $-galactosidase-neomycin fusion cassette (Figure 1.4a). In this
model, it is possible to track expression of the mutant allele thanks to the g-galactosidase reporter,
which is under control of the Pcdh19 promoter. The first characterisation of this mouse model was
done by Pederick et al., which validated expression of WT and mutant Pcdh19 but did not observe
any gross abnormalities in the brains of mutant animals, as measured by cortical thickness. The
only differences were seen in vitro when culturing KO and WT cortical explants, with KO cells
showing increased migration (Pederick et al., 2016). The Taconic mouse model was investigated
in further detail by Galindo-Riera et al., by characterisation of the number and distribution of
different cortical layer markers (CUX1, CTIP2, RORB, SATB2, TBR1) and inhibitory markers
(Calbindin, Calretinin, Parvalbumin, Somatostatin) in HET females, KO males and WT animals.
Confirming previous reports, cortical lamination was not altered in these animals (Galindo-Riera

et al., 2020).

A second Pcdh19 mutant mouse model was generated and validated by Hayashi et al. This
is a KO model, with a LacZ insertion in the Pcdh19 locus (Hayashi et al., 2017). Hayashi et
al. analysed expression of Pcdh19 in mutant animals via X-gal staining and also performed a
behaviour characterisation. Wild type and mutant animals (KO males and HET females) were
subjected to different tests and HET females showed hyperactivity under stress conditions and a

decreased fear response (Hayashi et al., 2017).

Pederick et al. created a new mouse model in which the C-terminus of Pcdh19 is tagged with
an hemagglutinin (HA)-FLAG epitope sequence, making it possible to directly observe expression
of the endogenous protein in vivo. Crossing of the Pcdh1974-FLAG mouse and the Pcdh19 #—Geo

mouse lines enabled the tracking of mutant and WT cells in the context of the heterozygous brain.

16



17

(a)
P1 P2
> «
Pcdh19 — Exon 1 B——«-8
'v,' "." ATG "."‘ ::: STOP
B-gal/NeoR
Pcdhi19 KO : s
insert 5'arm IRES PA DA
P3 P4 ¢
> B-gal/NeoR
Pcdh19 KO -. n
allele ATG n B STOP
(b)

HA-FLAG/+

Figure 1.4: Mouse models of PCDH19-epilepsy. (a) Schematic representing the Taconic
Pcdh19 KO mouse model (Pcdh19 #~G¢°) mouse model (Figure adapted from (Pederick et al.,
2016). P1-P2, primers for genotyping WT allele; P3-P4; primers for genotyping KO allele, IRES,
internal ribosome entry site; pA, polyA. (b) Pcdh19HA-FLAG/B-Geo mouse model shows cell-
sorting behaviour during cortical development (Pederick et al., 2018).



In this Pcdh19HA-FLAG/B=Geo moyse model, Pederick et al. observed a striking cell-sorting
behaviour of progenitor cells in the cortex, which started around E10.5, only 24 hours after onset
of Pcdh19 expression (Pederick et al., 2018) (Figure 1.4b). The authors confirmed that the
column-like phenotype was not due to random X-inactivation, but to co-existance of PCDH19
expressing and non-expressing cells, in line with the cellular interference hypothesis (Pederick

et al., 2018).

An acute model of PCDH19-epilepsy has also been generated via in utero electroporation
in the rat (Bassani et al., 2018), (Cwetsch et al., 2020). In this model shRNAs were used to
downregulate Pcdh19 expression during development, targeting the hippocampus. Because in
utero electroporation will only target a subset of cells, it effectively recreates a cellular mosaic in
the targeted area. These models identified defects in migration and behavioural deficits linked to
autism (Cwetsch et al., 2020), and morphological defects of pyramidal neurons in the hippocampus
(Bassani et al., 2018). Recently, a new tool was developed to investigate cellular mosaicism in vivo
based on tunable, amplified Cre recombinase activity, which could be applied to recreate a model

of PCDH19-epilepsy (Trovato et al., 2020).

In vitro models of PCDH19-epilepsy

An in vitro attempt to recreate the cellular mosaic present in the PCDH19 heterozygous brain
has been carried out by mixing neural stem cells derived from PCDH19 KO and WT E14.5 cortices
in a 1:1 ratio to generate neurospheres (Homan et al., 2018). Homan also reprogrammed skin
fibroblasts from PCDH19-epilepsy patients and controls into stable induced pluripotent stem cells
(iPSCs) lines. When subjected to neuronal differentiation in vitro, both human and mouse cells
carrying PCDH19 mutations showed increased neurogenesis. Moreover, the human neuronal
progenitors displayed changes in apical/basal polarity of the neuronal rosettes (Homan et al.,

2018).

Recently, another in vitro model was generated by culturing of primary hippocampal neurons
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derived from PCDH19 KO and PCDH19-Tag (Pcdh19"4A-FLAG) mouse. Interestingly, mosaic
cultures show disrupted neuronal morphology and network activity, with reduced synaptic contact

between PCDH19-KO and PCDH19-Tag neurons (Mincheva-Tasheva et al., 2021).

1.3 Proteolytic processing

A recent report has shown that PCDH19 can be found in the nucleus, where, together with
NONO, it can modulate expression of ERa-dependent genes (Pham et al., 2017). As PCDH19 is
a transmembrane protein, we hypothesised that PCDH19 could be proteolytically cleaved at the
membrane with the resulting release of an intracellular fragment. This section of the introduction
will present the main steps of proteolytic processing with relevant examples and a focus on the
proteases ADAM10 and ~-secretase. A summary of what is known on cadherin processing and
function of cadherin cleavage fragments will be presented. Finally, because of it’s relevance to
cortical development and function, a brief explanation of activity-dependent processing will be

provided.

All cells need to interact with their environment and be able to respond to signals and stimuli.
In many cases, this response will involve changes in gene expression, brought about by signalling
pathways originating at the cell’s membrane. Many membrane proteins function as receptors
and relay signals downstream to inform and direct appropriate changes in gene expression.
One example of a process that relies heavily on signal transduction between cell surface and
nucleus is the wiring of neuronal circuits and refinement of synaptic contacts during cortical
development. There are different ways in which signals can be transduced and many include
phosphorylation cascades that activate certain proteins and allow them to translocate to the
nucleus. Another molecular mechanism that allows signalling to occur efficiently is proteolytic
processing or cleavage of membrane bound receptors and guidance molecules. The intracellular
domains of those proteins are then released into the cytoplasm and can start signalling pathways

or even enter the nucleus to interact with other proteins to regulate gene expression. Proteolytic
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processing is the underlying mechanism of many core signalling pathways critical for appropriate
development, ranging from cell-fate specification to axonal pathfinding (Coleman et al., 2010)
and establishing of brain circuits, as it provides a simple, direct and irreversible mechanism of

cell-surface to nucleus communication (Bai and Pfaff, 2011).

In the context of neuronal development, one of the best-known examples of proteolytic
processing which results in membrane-to-nucleus signal transduction is the Notch signalling
pathway (Bray, 2006). Upon binding to its ligand Delta on the surface of a neighbouring cell, the
trans-activated receptor Notch undergoes a conformational change that exposes a previously
buried cleavage site (Gordon et al., 2007). A proteolytic cascade leads to the release of the Notch
intracellular fragment (NICD) (Pan and Gerald M, 1997), (Schroeter et al., 1998), (De Strooper
et al., 1999), (Qi et al., 1999). The cleaved fragment then translocates to the nucleus where it
interacts with the DNA-binding protein CSL and induces transcription of target genes (Jarriault S
et al., 1995). Activation of the Notch pathway is key in maintaining the balance between neural

progenitor proliferation and differentiation during development (Kawaguchi et al., 2008).

Because of its role in many physiological and pathological processes, Notch is the most
studied example, but many other membrane proteins and cell-adhesion molecules such as Netrin
receptors (Bai et al., 2011), Ephrins (Tomita et al., 2006), Neurexins (Bot et al., 2011), Neuroligin
receptors (Sardi et al., 2006) and Cadherins (Marambaud et al., 2003) have been shown to be
regulated by proteolytic processing in a similar way and are capable of transducing information

across the membrane.

For certain types of proteins, such as type | membrane proteins (single TM, cytosolically
oriented C-terminus), including Notch, proteolytic processing often occurs in a two-step process,
referred to as Regulated Intramembrane Proteolysis (RIP). Upon an initial trigger, a first cleavage
event, known as “ectodomain shedding”, results in the release of the extracellular portion of the

protein. Shedding is then followed by a second cleavage event, which releases the cytoplasmic
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fragment, otherwise still attached to the membrane, into the cytosol. These two steps and the

key-players involved in these processes are explained in further detail in the following sections.

1.3.1 Step 1: ectodomain shedding

Ectodomain shedding is the first event in the RIP proteolytic processing cascade (Lichtenthaler
et al., 2018). Shedding can be triggered by direct ligand binding to the substrate (as with Delta
binding of Notch Receptor (Gordon et al., 2007) or BDNF/NGF binding of p75NTR (Frade, 2005))
or by increased concentration of Ca?* in the cell, as happens with neuronal activity (Suzuki et al.,
2012). Shedding can have different functional consequences: activation or silencing of signalling
pathways, triggering of further downstream proteolysis, altering strength of cell-cell or cell-matrix
interactions or simply be a mechanism of protein turnover. Shedding can occur both at the plasma
membrane or at any point of the endocytic pathway (Buchanan et al., 2010). Shedding can also
be regulated by other factors that influence accessibility or conformational state of the substrate
protein such as oligomerisation (Bonn et al., 2007) or N-glycosylation (Gowrishankar et al., 2004),
(May et al., 2003). There are several families of proteases that mediate this process including the

ADAMSs, the BACEs and the MT-MMPs, described below.

ADAMs

The A-disintegrin and Metalloprotease (ADAM) family of proteases is one of the key fam-
ilies of proteases responsible for ectodomain shedding. The ADAMs are membrane-bound,
zinc-dependent metalloproteases. The signature catalytic domain of the ADAM family is
HEXGHXXGXXHD, in which the histidine residues (H) bind Zn?* and the glutamic acid helps with
the catalytic event (Bode et al., 1993), (Hsia et al., 2019).

Many ADAMs are expressed in the mammalian nervous system (ADAMS, -9, -10, -12, -15,

-17 and -19) but amongst them ADAM10 and ADAM17 are the best characterised. ADAM10 has
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gained much attention in the fields of neurodevelopment and neurodegeneration because of the
relevance of its substrates, Notch and the amyloid precursor protein (APP), in these two areas
(Hartmann et al., 2002), (van Tetering et al., 2009), (Lammich et al., 1999). Other substrates of
this protease include members of the cadherin superfamily, ephrins, neurexins and other CAMs,
making this protein crucial for normal development (Janes et al., 2005), (Borcel et al., 2016).
ADAM10 KO mice die at E9 due to a defective Notch/Delta signalling pathway (Hartmann et al.,
2002). Interestingly, ADAM10 cKO animals induced with Nestin-Cre have abnormal cortical devel-
opment with premature neuronal differentiation and defective neuronal migration (Jorissen et al.,
2010). Postnatal disruption of ADAM10 via CaMKII-Cre conditional ADAM10 KO leads instead to

defects in synaptic function and seizures (Prox et al., 2013).

BACE1 and BACE2

The (-site APP cleaving enzymes (BACE1 and BACE2) are sheddases most studied for their
role in Alzheimer’s Disease (AD). BACE1 is an aspartic acid protease known to generate the
pathological amyloid-beta (Aj3) fragments from the amyloid precursor protein (APP) via the amy-
loid B-secretase pathway (BACE1/3-secretase cleavage + ~-secretase cleavage) (Vassar et al.,
1999). Other substrates are being continuously identified including protocadherins, ephrins and

semaphorins (Hemming et al., 2009).

Membrane-Type Matrix Metalloproteases

Part of the larger Matrix Metalloprotease family, the Membrane-type Matrix Metalloproteases
(MT-MMPs) are a 6 member subfamily of transmembrane (MT1-MMP, MT2-MMP, MT3-MMP, MT5-
MMP) and GPIl-anchored proteases (MT4-MMP, MT6-MMP) (Itoh, 2015). MT-MMPs primary sub-
strates include components of the extracellular matrix (laminin, fibronecin, collagen, gelatin) but
interestingly, MT5-MMP, can also cleave N-Cadherin. N-Cadherin cleavage happens in the stem-
cell niche of the subventricular zone and regulates proliferative behaviour of adult neuronal stem

cells (Porlan et al., 2014). MT-MMPs can undergo shedding themselves and be released from the
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cell surface into the ECM as a means of regulating their activity (ltoh, 2015).

1.3.2 Step 2: intramembrane-cleaving by I-CLiPs

The second step of RIP of membrane proteins is carried out by a type of proteases often
referred to as intramembrane-cleaving proteases (I-CLiPs) (Beel and Sanders, 2008). During this
process, a membrane protein is cleaved within its transmembrane domain and a soluble C-terminal
fragment, often with signalling function, is released within the cytoplasm. Ectodomain shedding
is in most cases a prerequisite for I-CLiP function, as these will often recognize their substrate by
the cleaved extracellular stub left by the sheddase, with length of the stub being a key to substrate
recognition (Fleck et al., 2016). Amongst the I-CliPs there are the metalloproteases signal peptide
peptidases (S2P), the serine proteases of the rhomboid family and the well-known ~-secretase

complex.

The y-secretase complex

The ~-secretase complex is responsible for proteolysis of both Notch and APP (De Strooper
et al., 1999), (De Strooper et al., 1998) and also cleaves many other type | single TM-proteins with
cytosolically oriented C-terminus, including N-Cadherin (Uemura et al., 2006b). In some cases,
the y-secretase complex can cleave substrates without previous ectodomain shedding, as in the

case of p75-CTF generation, which is independent from p75-NTF production (Frade, 2005).

The ~-secretase is a complex formed of 4 essential protein components: presenilin (PSN),
nicastrin (Nct), anterior pharynx-defective 1 (APH-1) and presenilin enhancer 2 (Pen-2), with
a stoichiometry of 1:1:1:1 (Sato et al., 2007), (Lu et al., 2014). Presenilin constitutes the core
catalytic subunit and exists in two different isoforms, PSN1 (the major isoform) and PSN2.
Presenilin is a 9-pass TM aspartyl protease containing the signature catalytic motifs YD and
LGxGD (on TM 6 and 7 respecitvely), each containing one of the two active site aspartates

(D) (Wolfe et al., 1999). Nicastrin is necessary for substrate recognition and binding (Bolduc
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et al., 2016), APH-1 is necessary for assembly and trafficking of the complex (Niimura et al.,
2005) and Pen-2 is required for endoproteolysis of Presenilin, which yields a C-terminal and an
N-terminal fragment (Brunkan et al., 2005) - thus each component is necessary for the function
of the complex (Beel and Sanders, 2008). Mutations in PSN1 are the most common cause of
familial Alzheimer’s disease (FAD) (Kelleher and Shen, 2017). As mentioned, PSN1 can in fact
cleave APP to generate the pathogenic amyloid-beta (Aj3) fragments after BACE1 cleavage but

the mechanism of how loss-of-function mutations lead to FAD is still a matter of debate.

1.3.3 Proteolytic processing of cadherins

Several examples of proteolytic processing have been identified for the cadherin superfamily:
the classical cadherins N-Cadherin (Reiss et al., 2005), (Uemura et al., 2006b) and E-Cadherin
(Marambaud et al., 2002), several clustered protocadherins belonging to the « and ~ subfamilies
(PcdhyAS3 (Haas et al., 2005), PcdhyC3, (Haas et al., 2005) (Reiss et al., 2006), Pcdha4 and
Pcdh~vA1 (Bonn et al., 2007), and the solitary PCDH12 (Bouillot et al., 2011) have been reported
so far. Processing occurs mostly by RIP, with the extracellular portion of the protein being released
by a sheddase, often ADAM10, and subsequently the cytoplasmic domain being released in the

cytosol by the y-secretase complex.

As cadherins engage in cell-adhesion, their proteolytic processing can first of all impact the
strength of contact between cells. For example, processing of E-Cadherin can lead to disassembly
of adherens junctions via release of the E-Cadherin-CTF2/3-catenin complex to the cytoplasm
(Marambaud et al., 2002). Similarly, processing of N-cadherin at neuronal synapses can have an

effect on size and morphology of dendritic spines and their plasticity (Malinverno et al., 2010).

Not much is known yet about the mechanisms that regulate processing of cadherins, although

it has been shown that endocytosis of « Pcdhs via interaction with the endosomal sorting complex
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required for transport (ESCRT-0) is a prerequisite to processing during neuronal differentiation
(Buchanan et al., 2010). It has also been determined in primary cortical neurons that combinato-
rial expression of a- and y-Pcdhs can alter their susceptibility to Presenilin-dependent processing

(Bonn et al., 2007).

1.3.4 Known functions of cleavage fragments

Initially, it was believed that processing of cadherins served merely as a mechanism to regulate
the adhesion properties of cadherin complexes or as a mechanism to remove and degrade these
proteins, but it has been established that both the extracellular, N-terminal fragment (NTF) and
the intracellular, C-terminal fragment (CTF) of processed cadherins can retain biological activity

(McCusker and Alfandari, 2009).

The extracellular fragment of N-Cadherin (N-Cad-NTF), for example, can stimulate neurite out-
growth of cerebellar neurons in culture via action on the FGF receptor (Utton et al., 2001). These
neurite promoting function of N-Cadherin NTF has also been seen during retinal development in
the chick (Paradies and Grunwald, 1993). Similarly, Cadherin-11 NTF is necessary for cranial
neural crest migration in Xenopous by antagonistic binding to full-lenght Cadherin-11 (McCusker

et al., 2009).

In parallel, the released cytoplasmic fragment of N-cadherin (N-Cad-CTF2) sequesters -
catenin, preventing its degradation and subsequently enhancing transcription of the downstream
targets cyclinD1, c-myc and c-jun (Reiss et al., 2005), (Shoval et al., 2007). N-Cadherin CTF2
can also bind the CREB binding protein (CBP). CBP is a co-activator of the transcription factor
CREB (cAMP response element-binding protein), which controls expression of key genes for
synaptic plasticity and neuronal function (Marambaud et al., 2003) (Figure 1.5). Processing of

N-Cadherin results in the release of cadherin binding proteins and the activation of 3-catenin
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Figure 1.5: Proteolytic processing of N-Cadherin. N-Cadherin is cleaved in two steps by
ADAM10 and ~-secretase. The first step releases the extracellular domain NTF, whilst the sec-
ond cleavage results in the production of CTF2. CTF2 can associate with CBP and modulate
CREB dependent gene expression.



target genes. Similarly, E-cadherin CTF also plays a role in the cell nucleus by modulating the

p120-Kaiso-mediated signalling pathway (Ferber et al., 2008).

Pcdh~C3 and Pcdha3 have been shown to be processed and their CTFs have been found
in the nucleus (Haas et al., 2005). In addition, CTFs of v-Pcdhs promote locus expression of ~-
Pcdhs, so that processing of the protein results in increased transcription of the gene itself in an

auto-regulatory manner (Hambsch et al., 2005).

1.3.5 Activity-dependent processing

As mentioned earlier, proteolytic processing in neurons often occurs in response to neuronal
activity (Malinverno et al., 2010) (Suzuki et al., 2012), (Alberi et al., 2011). In fact, the sheddases
ADAM10, ADAM17 and MT5-MMP can localize to synapses in both pre-synaptic and post-synaptic
compartments (Restituito et al., 2011). ~-secretase has also been identified both in pre- and
post-synaptic compartments (Schedin-Weiss et al., 2016). Hence the whole machinery, substrate,

sheddases and I-CliPs can be found in synapses.

Activity dependent processing starts during synaptogenesis and helps shape forming
synapses. This is seen for example with cleavage of ICAM5, which serves as a maturation-
inhibiting signal until it is cleaved by MMP-9 (Tian et al., 2007). Neuroligin-1 processing, on the
other hand, inhibits further maturation once a synapse is formed, hence fine-tuning synaptic matu-
ration (Suzuki et al., 2012). Activity-dependent processing continues in adulthood and plays a role
in modulating synaptic transmission, affecting both long term potentiation (LTP) and long term de-
pression (LTD). Processing of adhesion molecules at the synapse can alter the strength of synaptic
contacts, remodel spines, and it generally reduces synaptic transmission (Restituito et al., 2011).
In fact, PS1£286V mutant mice show defects in spine morphology and synaptic plasticity, showing
increased spine density and increased LTP responses to NMDA-R-mediated activity (Auffret et al.,

2009). Similarly, as mentioned, ADAM10 postnatal conditional KO leads to impaired LTP (Prox
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et al.,, 2013). In fact, ADAM10 is endocytosed in response to LTP and reinsterted in the membrane

following LTD, and is important for LTD maintenance (Marcello et al., 2013), (Musardo et al., 2014).

Interestingly, a cleavage-resistant N-Cadherin mouse model (N-Cadherin®714¢.1715D) wag
recently generated by Asada-Utsigi et al (Asada-Utsugi et al., 2021). The missense mutation
confers resistance to ADAM10 cleavage. These mutant mice show higher synaptic density and
complexity of dendritic tufts in the CAS region of the hippocampus and better performance on the
radial maze test, confirming in vivo how N-Cadherin cleavage is important in excitatory synapse

function and plasticity (Asada-Utsugi et al., 2021).

Processing can immediately alter synaptic strength through structural changes, but there
is some evidence that ICDs can also undergo regulated nuclear import from the synapse by
long-distance retrograde transport, in order to modulate transcription (Sachse et al., 2019), (Bao
et al., 2004) (Hallag et al., 2015). In fact, nuclear transport proteins, known as importins, have
been found in synapses (Jeffrey et al., 2009). The NR1 subunit of the NMDA receptor contains a
nuclear localisation sequence (NLS) which is recognised by importin « (Jeffrey et al., 2009). The
NR1-importin « interaction holds importin « at the post-synaptic density until, in response to a neu-
ronal activity, PKC phosphorylates NR1 within the NLS and releases importin «, making it free to
bind and transport other cargo (Jeffrey et al., 2009). Synapse-to-nucleus signalling is important for

triggering long-lasting transcription-dependent forms of synaptic plasticity (Thompson et al., 2004).

1.4 PCDH19 and the cortex

The cerebral cortex, responsible for both sensory information processing and higher cognitive
function, is arguably the most interesting and complex structure of the mammalian brain. Metic-
ulous mapping of the cytoarchitecture of the human cortex, done more than 100 years ago by

Broadmann, led to classification of more than 50 areas, still relevant today, based on anatomical
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and functional organisation (Brodmann, 1909).

Radially the cerebral cortex is organised into 6 distinct cell layers (laminae): layer | (the
molecular layer); layer Il (the external granular layer); layer Il (the external pyramidal layer);
layer IV (the internal granular layer); layer V (the internal pyramidal layer, subdivided into outer
layer, Va, and inner layer, Vb) and layer VI (the multiform layer). Each layer has a unique cellular
composition and connections. Laminar cytoarchitecture is not homogeneous across the cortex
but reflects functionality of different areas (Scala et al., 2019). For example, in the somatosensory
cortex (which classifies as heterotypical granular), layer IV, the major input layer, is thick at the
expense of layer V, the major projection layer. The situation is reversed in the motor cortex
(heterotypical agranular), with a thick projection layer and thin input layer (Brodmann, 1909),

(Harris and Shepherd, 2015).

There is extraordinary cell diversity in the cortex, with hundreds of different neuronal and
glial cell types (Tasic et al., 2018). In the broadest classification there are two major neuronal
populations in the cortex, inhibitory, v-aminobutyric acid (GABA) expressing interneurons, rep-
resenting about 20% of cortical neurons, and excitatory, glutamatergic neurons, accounting for
the remaining 80%. GABAergic neurons are locally projecting and provide the inhibitory input to
the excitatory neurons. GABAergic neurons have remarkably diverse morphologies such that not
only are they classified based on expression of certain molecular markers (Parvaloumin (PV),
Somatostatin (SST), lonotropic Serotonin Receptor (5HT3a)), but also on the shape created by
their dendritic arbour and their electrical activity. GABAergic interneurons thus include basket

cells, chandelier cells and Martinotti cells, amongst others (Huang and Paul, 2019).

The vast majority of glutamatergic neurons are classified as pyramidal neurons. Pyramidal
neurons have a long apical dendrite and wide basal dendrites, and can be further classified in
tufted and non-tufted based on the shape of the apical dendrite. Both soma size and dendritic

size varies across brain regions (Benavides-Piccione et al., 2006) and across layers. Pyramidal
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neurons have diverse connectivity. For example layer Il/Ill pyramidal neurons mainly project within
the cortex, whilst layer V mainly project subcortically (Harris and Shepherd, 2015). Molecular
markers such as CTIP2, OTX1, TBR1, SATB2 or CUX2 distinguish pyramidal neurons based on
their laminar identity and projection patterns (Arlotta et al., 2005), (Nieto et al., 2004) (reviewed
by (Molyneaux et al., 2007)). Another, less prominent class of glutamatergic neurons, is the spiny
stellate neurons, that populate layer IV in sensory areas (Saint Marie and Peters, 1985) and are

so called because of the many dendritic spines.

1.4.1 Pcdh19 expression in the cortex

Pcdh19 is expressed in several tissues including heart, kidney and lung, but expression is
most prominent in the brain (Wolverton and Lalande, 2001). In the the mammalian brain, Pcdh19
expression starts very early in development and is detectable in the mouse forebrain as early as
embryonic day 9 (E9) (Gaitan and Bouchard, 2006). At the onset of cortical neurogenesis, Pcdh19
is strongly expressed by rapidly dividing neural progenitor cells, radial glial cells that are located
in the ventricular zone. Interestingly, expression of PCDH19 is complementary to the neurogenic
gradient, declining after E13.5 (Dr. Jessica Griffiths, unpublished). Postnatally, Pcdh19 can be
detected in several brain regions. Between PO and P7 it is strongly expressed in the hippocampus,
in the CA1, CA2 and CAS3 fields, but surprisingly it only appears in the dentate gyrus during
adulthood (Schaarschuch and Hertel, 2018) (Bassani et al., 2018). Strong expression is also
seen in several nuclei of the amygdala, in the anterior hypothalamus and the anterior thalamus
(Hertel et al., 2008). In the adult cortex, Pcdh19 expression is restricted to cortical layers II/11l and

Va (Pederick et al., 2016).
Combined in situ hybridisation with immunohistochemistry has started to tease apart specific

subpopulations of neurons in the cortex that express Pcdh19. RORB, SATB2, CTIP2, TBR1

and PVALB were used as markers and show partial co-localization with Pcdh19, with strongest

30



31

(a)

Max
CPM

l l 1 4e+02

GXYT 0 -
zaz1psH 991-H
WD dsiA 997 -l
Z1hzd 991 -l @<
LYAXN LL L3I0 WV 991 -l @
yuods L1140 WV a9 -l
Ldjxy Leg|o0 dsIA a9 -l
wudy L eglod dsiIA 991 -1
gdniy dsIA 4971 -Ill
6¢14do dsIA 10 971-
e|S gux30 dSIA 1O 91-1
gduug guxid dSIA 10 97+
SIM 2YdxN dSIA 10 971 -
ElS 08KM dSIA 1O 91-
9edD W1V 1O 971-l @&—
e|S ZYdxN NV 10 971 -l
WL NIV dN91-l @<
YO UL dSIA IN G-
BON J4L NV dN §1-1ll @—
/8udd 1yi] dSIA dN ST -l =4
pbdH NV Ld S -1l @—
LIsAN WV Ld ST -
1BZOOIS NV 1d ST1-I &—
08MM dSIA Ld 61 -1 (&=
€1Up0 2IbLO dSIA 1d ST1-
1461d 211D dSIA 1d -
GI67dSIA 1d 51-H
9eulyd dsIA 1d s1-1ll
€1eD dsiA 1197 -
1881100 dSIA 1197~
Zsiwepy Legz|oD dSIA L1917~
184 Mjusd dSIA 1197 -1
18/Z100 Muad dSIA 1197 -1l
pudo Wv 11 97-ll
Layb1 WV 1197 -1
6LUPod LWO NIV LI G1-H
881d9 9edd WV 11 571-ll
Gzdebuly golwaw] N1V 1167 -1l
Lquw@g goLwawl WV 11 671-ll

JSVS JNH N |

1H ¢!

[URTUERAA4 280804 4¢ TUURREUN VURBUVUUULL JU UUNRUDRUTRRTY e

1
R AtaAAAatasasasammanaantatatats taas (0] 8860011 paARRRRATET

oul WV LIGT-Il
8g1d9 LpdAT WY 11 571-l
24284 puIad WV 1161 -l
SPId WV 11 571 -1l
mdN WV LI G7-
1e/el00 dsIA 11 67-M
Z4ze4 LB9I0D dSIA LI G1-[1
cheg dsIA 11671 -
ZX0L UIYM dSIA LI G-
nopu3 LqL LPsH dSIA LI G1-1
odsy dSIA LI +71 -
1617 LooBN WV LI €/27T -
d WV LI €21 -
BIS TV LI €/271-
yewby dSIA 11 €/27-
zsywepy dg|A LI €/21-
pery dSIA Ll €/271-

ABR VAR AP INT NS aaRa ¢ SBUNEREL 0o

6LUPod qioy

 BBRE c/ IBUUOROUSREETNE aaas 000 anaaRRRSARRAARRARRSASK 104 AT ST

IR o

(b)

x
<
=

CPM

L1001 L192100I00 1110009091 1IPL 00T o

6lsjwepy zsie -l
Zidip qend -l
Bad] qrend -l
Loe | uley qiend -l
ezuwy| ujpy qend il
J1S| 6711dD qlend -l
pHuey sgewss gjend -l
SHN 81oL MY glend -l
1SS 1q[eD giend -l
1SS Y1 giend -l
161ges qlend -l
SIN 1SS -l
swipld Ldixy 1sS -l
LeA3 Ldixy isS -l
Zpisoe] zoe] isS -l
Lws3 sS -l
ML LOEGS0E6Y YD 1SS -l
Ldweyg ziyi0 1ss -l
#ulqD 8sdH 1sS -l
ogewag asdH 1sS -l
ZUAIN Zoe] 1SS -
JIpBld ZeuiyD 1ss -
uiqi4 gUAIN ¥sS -l
CeIID ZeuIYD 1SS -1
LAY QUAIN ISS -
1LqeO8N ZJZIN ISS -
swilpd zared 1sS -l
LqedeN zdled isS -l
¢loe] |Loe] 1SS |.
PLAH Loe] 1sS -l
LByl LWed B ISS -
IPOYD 1SS -
elapd LegL|o0 diA -1l
oudy| gp(dsuo diA -l
9Z4H zp|dsuO diA -1l
LIbLO WBAd diA -1l
1 4H ¥eyDd din -l
yeby| Lodsy diA -l
2x0 L0 din -l
18yD Ldjxy yodsy dip -l @
Zdid pdid dip -l =<
€eg1o|S €0do dIA -l
LuowH gedebuyy diA -l
LiLzae N $daib| din -l
LIAW Low diA -
geslLwed LowTdiA -l
dijd 9dqib| din -Il
0lJ4e) 9dab| diA -l
diA gdby Ljuidios -l
Ll Luidies -l
gun| diA Bous -l
064do Bous -l
Zx1dN diA Bous -l
ge/19|s ous -l
9xy7 gdwe -l
Ldsq gdweT -
$%000 Zyold GdweT -l
JZAdN LUIN gdweT -l
zglLwaw] Leglwed gdweT -
9xed |eglwed gdweT -5
€1y gdweT -

JUBEEHORE 44 480804004

: &l;llllYl!lLi;l¢l¢L¢lllllllii¢@,1112£l¢iiIQLILIQQLYYYT‘T-TTYL ser03
JIUGRUREN V¢ PUNCUUCHRNSRYCHONRARRA Raans 06 JRGST TRAVASVS CHA SR

)
2
=
s
o
o
=2
T
>
o

Figure 1.6: Pcdh19 expression in the glutamatergic and GABAergic clusters determined

by Tasic et al. scRNAseq study. Black dots are medians. Counts are normalised to CPM and

displayed on a log; scale (Galindo-Riera et al., 2020).



co-localisation seen in the SATB2+ callosal projection neurons (Galindo-Riera et al., 2020). This
study shows for the first time that Pcdh19 is expressed not only by excitatory, but also by inhibitory
neurons. Single-cell RNA-sequencing (scRNA-seq) technology has allowed to interrogate the
transcriptional signature of individual cells and is therefore especially valuable in unravelling
cellular transcriptional profiles in highly complex tissues such as the brain. Deep sequencing of
23,822 cells from the adult mouse primary visual (VISp) and anterior lateral motor (ALM) cortex
led to the identification of 133 distinct transcriptomic cell types, of which 56 are excitatory neurons,
61 inhibitory and 16 non-neuronal (Tasic et al., 2018). Whilst GABAergic neuronal clusters are
found equally in both brain regions within the excitatory population of neurons there are region
specific clusters (Tasic et al., 2018). The Tasic data set is available via the Allen Brain Institute
(Tasic et al., 2018). Re-analysis of this data set, in order to unravel what specific neuronal
cell-types express Pcdh19, confirms what has been previously reported but also provides new

interesting insights (Galindo-Riera et al., 2020).

In VISp and ALM Pcdh19 is expressed in both GABAergic and glutamatergic neurons and
has very low expression in non-neuronal cells. Within the glutamatergic population, Pcdh19 is
found primarily in L2/3 intratelencephalic (IT), L5 IT, L5 pyramidal tract (PT) and near-projecting
(NP) neurons. Neurons in L2/3 display lower expression compared to L5 neurons . L5 ALM
Tmem163 Dmrtb1 have the highest expression. Remarkably, one cluster of L5 IT ALM neurons
is defined by expression of Pcdh19 and Gkn1 (Figure 1.6a). Within the GABAergic population,
Pcdh19 is mainly expressed by Pvalb, Sncg and some Sst interneurons. Pcdh19 is only weakly
found in Serpin1 and Vip neurons. Chandelier and Basket cells are the interneuron populations
that show highest expression (Figure 1.6b). Interestingly, re-analysis of data derived from human
post-mortem and surgical samples reveals a similar picture, with PCDH19 being expressed by
both glutamatergic neurons and GABAergic interneurons. Chandelier cells are the cell-type with

highest expression in both human and mouse (Galindo-Riera et al., 2020).
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1.4.2 PCDH19 in neurogenesis and migration

Corticogenesis in the mouse begins between embryonic day 9 (E9) and 10, corresponding
to human gestation week (GW) 5-6 with the dramatic expansion of the neuroepithelial sheet that
lines the rostral end of the neural tube, the telencephalon. Amazingly, from this single-cell layer of
neuroepithelial (NE) cells the whole diversity of neocortical projection neurons will be generated
in a regulated and ordered fashion. The NE cells undergo rapid proliferative division and gradually
lose their epithelial features, such as tight junctions (Aaku-Saraste et al., 1996), and become
radial glial cells (RGC), recognizable by expression of transcription factor Pax6 (Gotz et al., 1998).
RGC are highly polarized progenitor cells, with a long process that spans the whole width of the
developing cortex and end-feet structures that anchor them at the ventricular surface via adherens
junctions. Like the NE cells, RGCs undergo rapid expansion by symmetric divisions, whilst going
through cycles of interkinetic nuclear migration (INM), dividing at the ventricular surface and going
through S-phase at the basal surface (Sauer, 1935), (Subramanian et al., 2017) (Figure 1.7). The
layer of pseudostratified epithelium that results from INM of RGCs, is called the ventricular zone

(V2).

After expansion, around E11.5 in the mouse, RGC switch to a new mode of cell division:
neurogenic asymmetric division, whereby each RGC produces one daughter RGC and one
daughter neuron (Noctor et al., 2001) (Figure 1.7). Asymmetry is also found in the inherited
component of each daughter cell, such that, for example, one of the two cells will inherit the
radial fiber and/or the apical domain with the adherens junction (Miyata et al., 2001). Asymmetric
divisions can also give rise to an other type of progenitor, the intermediate progenitor (Noctor
et al., 2004); (Miyata et al., 2004). Intermediate progenitors (IP) detach from the apical surface
and form the subventricular zone (SVZ), where they produce neurons via indirect neurogenesis
(Figure 1.7). Notch (Kawaguchi et al., 2008), Wnt (Munji et al., 2011), (Hirabayashi et al., 2004),
(Harrison-Uy and Pleasure, 2012), Shh (Komada et al., 2008) and Fgf (Yoon et al., 2004) are some

of the signalling pathways that can influence progenitor behaviour and the outcome of divisions.
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As neurogenesis progresses, progenitors become gradually restricted in their competence state

(Molyneaux et al., 2007).

As mentioned, PCDH19 is highly expressed in the VZ by rapidly dividing RGCs (Fuijitani et al.,
2017) (Dr Jessica Griffiths, unpublished) for a transient period, and PCDH19 expression begins to
decline in intermediate progenitors. In regions populated by IPCs, Pcdh19 mRNA expression is
downregulated, relative to the high levels expressed in regions populated by RGCs. Along with the
data that indicate Pcdh19 mRNA expression is complementary to/ opposing the neurogenic gra-
dient, these observations indicate that Pcdh19 may be playing a role in regulating the symmetric
proliferative divisions occuring in early RGCs. Already at E11.5 in the Pcdh19 heterozygous brain,
a striking cell sorting of progenitors occur, with the formation of PCDH19-expressing (WT) and
PCDH19-non expressing (KO) mosaic columns (Pederick et al., 2018). RGC are anchored to the
apical surface of the ventricular zone via strong adherens junctions, which contain the adhesion
molecule N-Cadherin (Kadowaki et al., 2007) (Gil-Sanz et al., 2014). As mentioned, PCDH19
forms a complex with N-Cadherin, which has different adhesion properties than N-Cadherin or
PCDH19 alone. Differential adhesion via lack of this complex in PCDH19 KO progenitors in the
heterozygous brain could be explaining the cell-sorting behaviour. These PCDH19 WT and KO
progenitors within the heterozygous brain behave differently: KO progenitors have higher mitotic
index and higher quitting fraction than WT progenitors, hence PCDH19 KO progenitors tend to
divide asymmetrically more often than WT progenitors, which is reflected by a reduction in PAX6+
PCDH19 KO cells (Dr. Jessica Griffiths, unpublished). Therefore PCDH19 WT and PCDH19
KO cells within the heterozygous brains have a differential neurogenic behaviour, suggesting a

possible regulatory mechanism is at play.

The cortex is generated “inside-first, outside-last”, whereby neurons that occupy the deep
layers are born first, and neurons that occupy the upper layers are born later (Rakic, 1974). Later
born neurons therefore need to migrate through the deep-layer neurons in order to populate

their correct laminae (Angevine and Sidman, 1961). Initially, newly born neurons can do so
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autonomously by somal translocation, but as the width of the developing cortex expands, newly
born neurons use the scaffolding provided by the basal process of the radial glial cell to migrate
radially (Rakic, 1972) towards their laminar position in a process known as glial guided locomotion
(Nadarajah et al., 2001) (Figure 1.7). An exception to this rule is represented by Cajal-Retzius
cells which originate in several embryonic structures including the caudomedial wall of the
telencephalon and migrate tangentially to form the marginal zone (MZ) (Takiguchi-Hayashi et al.,
2004) (Figure 1.7). From the MZ, Cajal-Retzius cells secret the extracellular matrix protein Reelin
which is recognised by newly-born projection neurons and is necessary for their correct migration
(Ogawa et al., 1995), (Franco et al., 2011), (Gil-Sanz et al., 2013). Defects in neuronal migration
can lead to dramatic disorganisation of cortical layer formation as exemplified by the semi-inverted
lamination phenotype of the Reelin mutant mouse (D’Arcangelo et al., 1995), (Caviness, 1976).
CAMs are crucial during the migration phase of corticogenesis: newly-born neurons crawl up the
basal process of RGC thanks to tensile forces generated by constant remodelling of adhesion

points (Martinez-Garay et al., 2016).

PCDH19 involvement in neuronal migration has been investigated by in utero electroporation of
both reporter plasmids in Pcdh19 mutant animals, and of shRNAs against Pcdh19 in WT animals
(Dr. Galindo Riera, unpublished). These experiments revealed defective neuronal migration of
both early and late born neurons in PCDH19 KO animals. In line with these findings, increased
migration of PCDH19 KO cortical explants has been reported (Pederick et al., 2016). Intriguingly,
these defects in migration are not reflected by cortical layer composition as a detailed investigation
into the distribution of different cortical layer markers in PCDH19 mutant mice did not reveal
any difference in lamination (Galindo-Riera et al., 2020). Nonetheless, in this analysis, the two
populations within the heterozygous brain, PCDH19 WT and PCDH19-KO, were not distinguished

and a subtle effect in opposing directions might have been undetected.

Many of the basic mechanisms described are conserved between mammalian species, but

the human cortex is far more complex than the mouse. Human cortical expansion is based on
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the emergence of an extra germinal zone, known as the outer SVZ, in which different types of
progenitors, such basal radial glia, give rise to many more neurons in humans (Hansen et al.,
2010) resulting in cortical folding (gyrenchephalic vs lissencephalic species) (Llinares-Benadero
and Borrell, 2019). A recent report investigating cortical structure in PCDH19-epilepsy patients
by MRI revealed that gyrification is reduced in the limbic areas of PCDH19-epilepsy patients,
indicating that PCDH19 might be involved in cortical folding in the human brain (Lenge et al., 2020).

Unlike excitatory neurons, cortical GABAergic interneurons are generated in the ganglionic
eminences. From there interneurons migrate tangentially towards the cortex in different migratory
streams (Anderson et al., 1997) (Marin and Rubenstein, 2001). Interneuron migration is an
intermittent process as neurons move in jumps, regulated by cell-intrinsic cues (Silva et al.,
2018) (Silva et al., 2019). After birth, interneurons migrate radially to invade the cortical plate
and integrate in the correct laminae. Differently than for excitatory neurons, interneuron identity
is acquired later, but the mechanism which lead to specification of interneuron diversity are still
being elucidated (Lim et al., 2018). Interneurons continue to develop postnatally to integrate into
the nascent cortical circuits and at least 30% of interneurons undergo programmed cell-death in

the process.

At the end of neurogenesis, around E17-E18 in the mouse, GW20 in humans, gliogenesis
begins, with RGCs giving rise to different types of glia: astrocytes, oligodendrocytes, ependymal
cells (Malatesta et al., 2000). Interestingly microglia, the brain resident immune cell are originated
in the yolk-sac but invade the brain before the onset of neurogenesis (Menassa and Gomez-

Nicola, 2018).
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Figure 1.7: Mouse corticogenesis. Summary of the main stages of mouse cortical development.
aRGC, apical radial glial cell; NE, neuroepithelial cell; IP, intermediate progenitor; MZ, marginal
zone: NE, neuroepithelium; VZ, ventricular zone; SVZ, subventricular zone; IZ, intermediate zone,
CP, cortical plate.



1.4.3 Axon, dendrite and synapse morphogenesis

As mentioned earlier, cortical pyramidal neurons are highly polarised with very intricate
morphologies, and, as observed in primis by Ramon y Cajal, beautifully complex arborisations.
After a brief multipolar phase, polarisation of neurons, which entails definition of the axon and
dendrite compartments, is initiated during cortical migration. For pyramidal neurons the leading
process will become the apical dendrite, whereas the trailing process will become the axon
(Hatanaka and Murakami, 2002), (Schwartz et al., 1991). The basal and lateral dendrites
eventually emerge from the cell body. Both structural and functional (output vs input) differences
arise during polarisation. For instance, axons and dendrites are enriched in different microtubular
proteins (Mapt in axons and Map2 in dendrites) (Matus et al., 1981). Dendrites also contain both
plus- and minus-end microtubules (as opposed to only plus-end in axons) which are necessary

for assembly of dendritic branch points (Baas et al., 1988).

So, as projection neurons migrate to their laminar destination, they extend their axons behind
(Schwartz et al.,, 1991). A whole range of extracellular guidance cues, such as semaphorins
and netrins, helps the axon navigate to find its synaptic target in the extraordinary process of
axonal pathfinding (Polleux et al., 1998) (Serafini et al., 1996). Cues can be extracellular secreted
factors or cell-adhesion molecules, and can be both attractive and repulsive. Axons follow the
path created by pioneering axons and use the growth cone as a cue-sensing motor structure in
order to elongate. Actin-microtubule interactions and cytoskeleton remodelling are key for axon
extension (Schaefer et al., 2002). PCDH19 could be playing a role during this phase through
interactions with the WAVE regulatory complex via the WIRS domain. PCDH17, for instance,
was shown to mediate collective axon extension via the recruitment of the WRC (Hayashi et al.,
2014). When axons move in a similar direction they fasciculate and form bundles, eventually
giving rise to the main axonal tracts in the cortex: the corpus callosum, the corticospinal tract and

the corticothalamic tract (Leyva-Diaz and Lépez-Bendito, 2013).
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Following extension of the axon, the input receiving part of the neuron develops by progressive
outgrowth and branching of the dendritic arbour. Several molecular cues modulate the process
and, interestingly, molecules that are chemorepulsive for axons can be chemoattractant for
dendrites. Slit-Robo interactions, for example, are both necessary for dendrite morphogenesis
and axon extension, (Whitford et al., 2002) and Sema3a functions both as a chemoattractant
for the apical dendrites of pyramidal neurons (Polleux et al., 2000) and as a repellent for axons
(Polleux et al., 1998). Dendrites extend and branch out to create non-redundant coverage of a
specific receptive field. Self-avoidance of dendrites belonging to the same neuron is key to this
process, so that dendrites cover a wide field. Dendrites also avoid dendrites of neighbouring

neurons, in a process known as tiling (Jan and Jan, 2010).

Finally, dendrites develop spines, small protrusion of different shapes, ranging from thin
and long filopodia-like” to short and stubby "mushroom-like”. Spines are highly specialised
cellular compartments packed with receptors and the necessary machinery to modulate synaptic
transmission and are where the vast majority of excitatory synapses are formed (Gray, 1959).
Spines first appear postnatally and keep increasing in number for at least one month, followed by
a dramatic loss of spines by pruning (Pan and Gan, 2008). Whilst the dendritic tree is more or less
stable, spines undergo constant remodelling throughout life based on synaptic activity (Lang et al.,
2004). PCDH19, although not exclusively, is found in dendritic spines and a 30% of PCDH19
puncta were found to co-localise with pre or post synaptic markers, or both (Pederick et al.,
2016), (Hayashi et al., 2017), (Bassani et al., 2018) (Mincheva-Tasheva et al., 2021). As synaptic
contacts are reduced in vitro between PCDH19 WT and PCDH19 KO cells (Mincheva-Tasheva

et al., 2021), PCDH19 seems to also be important for synapse formation.
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1.5 Aims and hypothesis

As explained throughout this introduction, PCDH19 is thought to have a role throughout cortical
development, starting at the onset of neurogenesis. And whilst complete lack of the protein is not
detrimental, as seen by asymptomatic KO male carriers, cellular mosaic of PCDH19 expressing
and non-expressing cells in the developing cortex leads to asynchrony in neurogenesis and
abnormal, columnar segregation of progenitors. The role of PCDH19 in cortical migration is more
controversial because although PCDH19-epilepsy patients can have morphological abnormalities
such as cortical dysplasia, PCDH19 mutants animals have no defects in cortical lamination. But,
as animal models of PCDH19-epilepsy have differences in behaviours relating to anxiety and re-
sponse to novel environments, there might more subtle alterations at the circuit level, suggesting a
yet undescribed role for PCDH19 in circuit formation and function. Finally, as discussed, PCDH19,
seems to be able to modulate gene expression. Therefore, we hypothesised that PCDH19 could
be subject to proteolytic processing and this could represent the first step in a signalling cascade.
Downstream effects on gene expression could be altering neuronal morphology and/or function
and contributing to the pathology. This could potentially be a mechanism of modulating plasticity
throughout life. In order to address this hypothesis the following aims were set for this thesis, each

point representing a result chapter:
(1) Investigate the proteolytic processing of PCDH19 and identifying the proteases involved.
(2) Determine novel interactors of PCDH19.
(3) Establish a cell-culture system to study the function of the cytoplasmic domain of PCDH19.

(4) Determine whether the cytoplasmic domain of PCDH19 can modulate or affect gene

expression by analysing the transcriptome of transgenic progenitors and neurons.
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Chapter 2

Materials and Methods

2.1 Animals

2.1.1 Husbandry

Animals were housed in cages on a 12 h light/dark cycle and ad libitum access to food and
drink. All procedures were conducted in accordance with the Animals (Scientific Procedures) Act
1986 (amended 2012), under the Project Licence number PDDC89B6E. All animals were ear
notched for identification purposes. Ear notches were stored at -20°C until needed for genotyping.
Animals were housed at a maximum of 5 animals per cage. When animals of a specific embryonic
stage were required, plug checking was performed, with noon of the day the plug was found

considered as E0.5. C57BL/6J WT mice were purchased from Charles River Laboratories.

2.1.2 Pcdh19 KO mouse line

Pcdh19 knock-out (KO) mice (TF2108) were purchased from Taconic Biosciences. As previ-
ously explained in (Figure 1.4a), in this mouse line exons 1-3 of Pcdh19 are replaced by a j-
galactosidase (S-gal)/neomycin (neo) reporter cassette. The mouse line has been characterized

anatomically and behaviourally (Pederick et al., 2016), (Galindo-Riera et al., 2020).
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2.1.3 Genotyping

Genotyping was done using the Mouse Direct PCR kit (Biotool, cat no. B4001), following the
manufacturer’s instructions. Genomic DNA was extracted from earclips or post-mortem tailclips in
100 pl Buffer L with 2 ul of Protease K Plus at 55°C for 30 minutes. Heat inactivation was done
for 5 minutes at 95°C. DNA samples were analysed by PCR. Primer sequences and product sizes

are listed below (Table 2.1).

Table 2.1: Pcdh19 genotyping primers

Primer Direction | Product Size. Sequence (5’-3’) Annealing Temp
Pcdh19 WT F 123 bp TAGAGGTTCTTGCTGAAGACTTCC 56.5°C
Pcdh19 WT R 123 bp TCAACTGTTTCGATGAGACACTGC 56.5°C
Pcdh19 Mut F 437 bp GTGCGTACCAGGCGGGAGC 57.2°C
Pcdh19 Mut R 437 bp CCCTAGGAATGCTCGTCAAGA 57.2°C

2.1.4 In utero electroporation

C57BL/6J WT females were mated to C57BL/6J WT males by pairing overnight and separating
once a plug occurred. Experienced mothers were used to increase chances of the litter being
cared for, as tissue was to be examined postnatally. At E15.5, pregnant females were deeply
anaesthetised and maintained at 2% isoflurane for surgery. Surgeries were performed by Dr.
Cristina Llinares Benadero. The abdominal cavity was opened and the uterine horns, containing
the embryos were temporarily taken out of the womb. Plasmid DNA was injected in the lateral
ventricle using pulled glass capillaries. Current was used to transfer the plasmid DNA into the
progenitor cells, with 50 ms electric pulses of 35-45 V. The plasmids used were pCIG and pCIG-
Pcdh19-CYTO-HA, described in (Table 2.2), electroporated at a concentration of 1 ug/ul, diluted
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in 1X PBS and coloured with 0.5% of Fast Green (Sigma-Aldrich). Following surgery, animals were

monitored daily until birth. Litters were kept until P60, then perfused for tissue processing.

Table 2.2: PCDH19 plasmids for IUE and cell-culture experiments

Plasmid Source | Function

pCIG-Pcdh19-CYTO-HA IMG Chicken-beta-actin promoter driven expression of the cy-
toplasmic domain of PCDH19, C’ terminally HA-tagged,
followed by IRES-GFP

pCIG-Pcdh19-HA IMG Chicken-beta-actin promoter driven expression of full-
length PCDH19, C’ terminally HA-tagged, followed by
IRES-GFP

pCIG IMG Chicken-beta-actin promoter driven expression of en-

hanced GFP

pCBA-Pcdh19-CYTO-HA IMG Chicken-beta-actin promoter driven expression of the cy-
toplasmic domain of PCDH19, C’ terminally HA-tagged

pCBA-Pcdh19-CYTO-HA IMG Chicken-beta-actin promoter driven expression of full-
length PCDH19 C’ terminally HA-tagged

pCBA IMG Empty backbone vector used as control

mbEGFP IMG Membrane-bound enhanced GFP
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2.2 Tissue processing

2.2.1 Perfusion

Animals were injected with 100 ul of Euthatal (Merial, R02701A). Once the reflexes were gone,
animals were transcardially perfused with 30 ml of 1X PBS, followed by 30 ml of 4% PFA. Brains
were extracted by careful dissection and placed in 4% PFA overnight at 4°C, then washed in 1X

PBS the following day and stored at 4°C in the dark until sectioned.

2.2.2 Sectioning

Brains were embedded in 4% Top Vision low melting-point agarose (Thermo Fisher Scientific,
R0801) in 1X PBS and cut on a vibrating blade microtome (Leica VT1000S). 350 um sections were
used for the dendritic arborisation and spine density analysis. Slices were collected, processed
via IHC if needed, or counterstained directly with DAPI (1:4000 in 1X PBS) and mounted on glass

slides for imaging.

2.2.3 IHCandICC

Brain sections, or cells on glass coverslips, were washed in 1X PBS for a minimum of 3 times,
followed by several washes in 0.25% PBS-T. Sections, or cells were incubated at RT for at least
3 hours in BSA/blocking solution in 0.25% PBS-T, then incubated with the primary antibodies
overnight at 4°C in the dark. The following day, sections or cells were washed, and incubated with
appropriate fluorescently-conjugated secondary antibodies, washed and counterstained with DAPI
(1:4000 in 1X PBS) and mounted with DAKO mounting media on glass slides. Anti-HA antibody
(clone 3F10, Roche) was used at 1:500.

2.2.4 Microscopy

Brain sections or cells were imaged on the confocal microscope (Carl Zeiss, LSM 780) with

Zen Black software (version 2.0, Carl Zeiss). For reconstruction of the neuronal morphology, 1 um
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spaced Z-stack tiles, including the whole neuron, were taken with a 40X water-immersion objective
to be processed via Imaris Filament Tracer software. For spine analysis, representative segments
of secondary order apical or basal dendrites belonging to the previously imaged neurons, were
imaged with a 63X oil-immersion objective, as 1 um spaced Z-stacks. Images of cultured cells,
HEKs and mESC-derived neurons were also taken with a 63X oil-immersion objective, as 1 um

spaced Z-stacks.

2.3 Cell culture

2.3.1 Mycoplasma testing

Cells in culture were routinely tested for mycoplasma infection with Lookout Mycoplasma PCR
detection kit (Sigma, MP0035), following the manufacturer’s instructions. Unlike other infections
that compromise health of cultured cells, mycoplasma is too small to be detectable by visual in-
spection using a microscope but can have massive effects on gene transcription. It is therefore

vital to keep an active monitoring strategy by testing regularly.

2.3.2 Mouse embryonic fibroblasts

WT and ADAM10 KO mouse embyonic fibroblasts (MEFs), a generous gift of Prof. De
Strooper’s laboratory, were cultured in CA media (DMEM + 1% non-essential amino acids + 1%
L-Glutamine + 10% FBS heat inactivated + 1.43 mM g-mercaptoethanol), on 0.2% gelatin-coated
(60 mm, 100 mm; Nunc) plates. MEFs were split every 2-3 days depending on confluence. Early-

passage stocks of cells were kept in liquid nitrogen until needed.

2.3.3 HEK293 cells

HEK293 cells were maintained in CA media (DMEM + 1% non-essential amino acids + 1% L-

Glutamine + 10% FBS heat inactivated + 1.43 mM 3-mercaptoethanol) on 100 mm (Nunc) dishes.
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When needed for an experiment, they were split and plated in 12/24-well plates (Thermofisher

Scientific) on autoclaved glass coverslips, pre-coated with 0.5 mg/ml poly-lysine.

2.4 Neuronal differentiation of mMESCs

E14 male mouse embryonic stem cells (MESCs) used throughout this thesis were kindly pro-
vided by Dr. Xinsheng Nan (Cardiff University). Differentiation into cortical-like neurons was done
following a well established protocol (Bibel et al., 2004) (Bibel et al., 2007), graphically summarised
below (Figure 2.1). WT, PCDH19 KO and PCDH19 CYTO mESC were all differentiated following
this protocol. Unlike other mESCs, E14 are feeder-independent, which means they don’t require
feeder cells to grow. Nonetheless, culturing with feeder cells can improve their quality. Therefore,

in some instances, feeder passaging was added to the differentiation protocol.

2.4.1 Culture of mESCs

ESC vials were kept in liquid nitrogen. When needed, cells were quickly thawed by immersion
in a 37°C water bath and resuspended in fresh ESC medium (DMEM + 1% non-essential amino
acids + 1% L-Glutamine + 10% FBS heat inactivated + 1,43 uM g-mercaptoethanol + 1000 U/ml
LIF). Cells were grown on 0.2% gelatin-coated dishes (60mm, 100mm; Nunc) and passaged three
times on a splitting ratio between 1:5 and 1:7 depending on rate of growth, before moving onto

aggregate formation. Medium was never allowed to exhaust.

2.4.2 Growing mESCs on feeder cells

WT MEFs, derived in our lab from C57BL/6J embryos by Dr. Jessica Giriffiths, were used as
feeder cells for E14 mESCs. MEFs were grown as previously described (Section 2.3.2). Once
confluent, MEFs were inactivated by addition of 1 ug/ml of mitomycin C (Sigma). After 2 hours,
the medium was changed and MEFs were left to recover for a minimum of 1 hour, before plating

ESCs on top. ESCs were seeded at 3x105/60 mm dish. On alternate days, ESCs were passaged
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at a splitting ratio between 1:7 and 1:10 in ES medium (DMEM + 1% non-essential amino acids
+ 1% L-Glutamine + 10% FBS heat inactivated + 1,43 uM S-mercaptoethanol + 1000 U/ml LIF)
until a homogenous, rapidly proliferating population of defined colonies was seen, for about 5-6
passages. Following this, ESCs were passaged on gelatin for 2-3 passages, in order to remove

MEFs before continuing to the formation of aggregates.

2.4.3 Formation of cellular aggregates

Using the NucleoCounter ® NC-100™ (Chemometec), 4x10% ESCs were counted and trans-
ferred to uncoated, non-adherent UV-sterilised bacteriological dishes for aggregation. As cells
don’t adhere to the dish, they rapidly form 3-dimensional structures, called cellular aggregates
(CAs). CAs were grown in 15 ml of CA medium (DMEM + 1% non-essential amino acids + 1% L-
Glutamine + 10% FBS heat inactivated + 1.43 mM S-mercaptoethanol), which was changed every
two days, at CA2, CA4 and CA6. At timepoints CA4 and CA6, medium was also supplemented
with 5 uM retinoic acid. About 2x107 cells should be obtained at CA8, when dissociating the

aggregates.

2.4.4 Poly-DL-ornithine/laminin coating of plates

Depending on the experiment, different plate sizes were used. For protein and RNA extrac-
tion 12-well plates were used (Theromofisher Scientific), 4-well plates (Theromofisher Scientific)
for transfections and immunocytochemistry. Plates were precoated starting at CA6: plates were
incubated with poly-DL-ornithine (0.5 mg/ml in borate buffer (150mM BH3O3, pH 8.3 adjusted with
NaOH), filtered and diluted 1:5 with ddH,0) at 37°C overnight. The next day, they were washed
three times with distilled water and coated with 5 ug/ml laminin (Life Technologies) dissolved in 1X

PBS at 37°C overnight.
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Figure 2.1: mESC neuronal differentiation protocol. mESCs are differentiated in vitro via for-
mation cellular aggregates (CAs) and using retinoic acid (RA) to drive neuronal fate.



2.4.5 Dissociation and neuronal differentiation

At CA8, 8 days after the initial formation, each plate of aggregates was dissociated with 1 ml of
freshly prepared 0.05% trypsin in 0.05% EDTA/PBS (3 minutes/37 °C). Trypsin was then inactivated
with 10 ml of CA medium and aggregates were dissociated by pipetting gently, passed through a 40
wm nylon strainer and centrifuged (5 minutes/180 rpm). Supernatant was carefully removed, and
progenitors were resuspended in N2 medium (DMEM/F12 medium (Life Technologies) + 1% N2
supplement (Life technologies) + 1% non-essential amino acids + 1mM Glutamax, 2.5 ug/mlinsulin
(Sigma-Aldrich) + 100 uM 2-3-mercaptoethanol + 100 U/ml Pen/Strep (Life Technologies)). Cells
were counted using NucleoCounter ® NC-100™ (Chemometec) and plated at different densities,
depending on the downstream application, in a range between 7.5x 105 and 1.5x 106 cells per well.
After counting, cells were plated on the precoated plates, taking care to not dry the laminin. After 24
hours, medium was changed to fresh N2 medium. After 48 hours, at DIV2, medium was changed
to home-made complete medium. The complete medium main ingredients mix is prepared in 100x
batches and stored until needed at -80°C (Table 2.3). When needed, complete media is prepared
by dissolving BSA, transferrin and insulin in DMEM (Table 2.4a), then combining them with the
final components listed (Table 2.4b). Between DIV2 and DIV4, complete medium was additionally
supplemented with 5 ug/ml 5-Fluorodeoxyuridine (5-FdU) (Sigma) to stop potential growth of non-

neuronal cells. Complete medium was changed again at DIV4, DIV8 and DIV12.
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Table 2.3: Complete medium components and concentrations for 100X stock preparation

Components 100X (ug/ml) 200 ml stock of 100X (mg) Suspension
L-Alanine 200.00 40.0000

Biotin 10.00 2.0000

L-Carnitine 200.00 40.0000

Ethanolamine 100.00 20.0000

D-Galactose 1500.00 300.0000

L-Proline 776.00 155.2000 Dissolved
Putrescine 1610.00 322.0000 in 26.6ml
Na-Pyruvate 2500.00 500.0000 ddH,0
Na-Selenite 1.60 0.3200 Added
Vitamin B12 34.00 6.8000 to
Zinc sulfate 19.40 3.8800 172ml
Catalase 256.00 51.2000 DMEM
Glutathione 100.00 20.0000

Linoleic acid 100.00 20.0000

Linolenic acid 100.00 20.0000

Progesterone 0.63 0.1260 Dissolved

All-trans retinol 10.00 2.0000 in1.4ml
Retinylacetate 10.00 2.0000 EtOH
Tocopherol 100.00 20.0000

Tocopherolacetate  100.00 20.0000
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Table 2.4: Preparation of fresh complete medium

(a) BSA/Transferrin/Insulin mix in 30 ml of DMEM for making fresh 1X complete medium

Component mg

BSA 1000.00
Transferrin 20.00

Insulin 16.00

(b) Final mix for complete medium preparation

Final Mix ml
100X Complete medium stock 4.00
BSA/transferrin/insulin mix 30.00

2.5 mg/ml Superoxidase dismutase | 0.40
100X Pencillin/streptomycin 4.00

DMEM 358.00

2.5 Genetic engineering of ESCs

2.5.1 Cloning of targeting vectors

The Rosa26-Pcdh19-CYTO-HA targeting vector plasmid was generated starting from the
pZDRosa-floxedNeo-IRES-EGFP plasmid (Table 2.8). 2 ug of vector was linearized and the
IRES-EGFP fragment was excised by double restriction digestion with BsrGI-HF and Ascl (4
hours/37°C). In parallel, the Pcdh19-CYTO-HA fragment was amplified from the pre-existing
plasmid pCIG-Pcdh19-CYTO-HA (Table 2.2) using the Rosa26-CYTO-HA-F2 and Rosa26-
CYTO-HA-R primers (Table 2.5) and Phusion polymerase. The resulting PCR product was cloned

between the 3’ and 5" arms of the Rosa26 targeting vector using In-Fusion (Takara Bio) technol-
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ogy. A 2:1 molar ratio of insert:vector was combined in a 10 pl reaction, following manufacturer’s
instructions. 5 ul of the reaction were then transformed in 50 ul of Stellar Competent cells as
follows: cells were thawed 30 minutes on ice, heat-shocked for 45 seconds at 42°C, transferred
back into ice for 2 minutes, diluted in 500 pl of SOC medium, shaken for 1 hour at 37°C and
finally plated on agar + ampicillin plates. 10 colonies were picked and regrown overnight in LB
+ ampicillin (37°C /200 rpm). The following day, using the QlAprep Spin miniprep kit (QIAGEN,
27104) plasmid DNA was extracted, according to the manufacturer’s protocol. To check if the
plasmids contained the correct insert, they were analysed by Hindlll restriction digestion and run
on a 1% agarose gel. Confirmed plasmids containing the right insert were further verified by
sequencing (Eurofins Genomics). One of the verified plasmids was re-transformed in DH5« cells

for plasmid DNA extraction via Maxi Prep (QIAGEN, 12362).

Using the online CRISPR design tool CRISPOR (crispor.tefor.net, by Maximilian Haeussler and
Jean-Paul Concordet (Concordet and Haeussler, 2018)), two gRNAs were designed to bind the
beginning of exon 1 of Pcdh19 (sequence shown in (Table 2.6)) The gRNAs were cloned sep-
arately into the Cas9-mCherry fusion plasmid (pU6-(Bbs/)-CBh-Cas9-T2A-mCherry) (Table 2.8).
In brief, the pU6-(Bbsl)-CBh-Cas9- T2A-mCherry plasmid was linearized by Bbs/-HF restriction
digestion. The forward and reverse oligos encoding for the gRNAs were annealed and then phos-
phorylated with PNK. Finally the oligos were ligated into the vector via T4 DNA ligase. Colonies
were screened by Sacl digestion and sequenced with sg-seqR (5-GTACCTCTAGAGCCATTTGTC

-3’) by Eurofins Genomics.
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Table 2.5: In-Fusion cloning primers. Primers used to clone Pcdh19-CYTO-HA within the
Rosa26 targeting vector. The 15 bp in bold correspond to end of the vector.

Primer Sequence (5°-3)

Rosa26-CYTO-HA-F2 | ACCTCGAGTGGCGCGCCGCGCAGCCATGGCAATGGCAATCAAATGC

Rosa26-CYTO-HA-R | CCGCTTTACTTGTACTCAAGCGTAATCTGGAACATCGTATG

Table 2.6: CRISPR guides. Sequences for sense and antisense oligos for the creation of gRNA1
and gRNA2. In green is the target sequence, the underlined C/G is added to increase transcription
from the U6 promoter and in red the overhangs which are necessary for cloning.

Primer Sequence (5’-3))

gRNA1S | CACCG

gRNA1 AS | AAAC c
gRNA2'S | CACCG
gRNA2 AS | AAAC c
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2.5.2 Nucleofection

E14 mESCs were passaged the day before nucleofection. On the day, they were trypsinised
and counted with the NucleoCounter ® NC-100™ (Chemometec). 4x10° cells were used for one
round of nucleofection. In brief, cells were pelleted and resuspended in 100 ul of P3 transfec-
tion solution (which contains 82 ul Amaxa Buffer and 18 ul P3 supplement; Lonza) and 10 ul
of DNA mix. For zinc finger targeting the following concentrations of plasmids were used: 10
1g of the targeting construct (pZDRosa-floxedNeo-Pcdh19-CYTO-HA) and 1 ug each of the two
zinc finger nucleases (pCMV-RosaR4 KKR mutations, containing the right ZFN (ZFN-R) and the
pCMV-Rosal6 ELD mutations, containing the left ZFN-L (ZFN-L)) (Table 2.7). For CRISPR target-
ing the following concentrations of plasmids were used: 1 ug each of the two gRNA-Cas9 plasmids
(pUB-gRNA1-CBh-Cas9-T2A-mCherry and pU6-gRNA2- CBh-Cas9-T2A-mCherry) (Table 2.8) in
10 ul. Cells were nucleofected using the 4D-Amaxa Nucleofector X-unit (Lonza) and the CG104
programme. Immediately after nucleofection cells were either plated at low density for antibiotic
selection (ZFN targeting, (Subsection 2.5.3)) or individually sorted by FACS (CRISPR targeting,
(Subsection 2.5.4)), procedures described below. For removal of the neomycin resistance cas-
sette 10 pg of the pCIG-CRE plasmid (Table 2.7) was nucleofected, as described above. Flow

diagram illustrating the two precedures is shown below (Figure 2.2).
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Table 2.7: Plasmids for ZFN targeting of Rosa26 locus. (#) indicated Addgene number. (*)
indicates plasmid generated by Dr. Xinsheng Nan, Cardiff University. (**) indicates plasmid was
generated by Dr. Cristina Gil-Sanz (University of Valencia).

Plasmid Source Function
pCMV-RosaR4 KKR mutations #37199 Right zinc finger nuclease for Rosa26
locus
pCMV-RosalL6 ELD mutations #37198 Left zinc finger nuclease for Rosa26
locus
pZDRosa-floxedNeo-IRES-EGFP *lab-made | Targeting vector for RosaZ26 locus with
EGFP

pZDRosa-floxedNeo-Pcdh19-CYTO-HA | lab-made | Pcdh19-CYTO targeting to RosaZ26 lo-

cus

pCIG-CRE **lab-made | Chicken-beta-actin driven expression

of CRE-IRES-EGFP

Table 2.8: Plasmids for CRISPR/Cas9 targeting of Pcdh19. (#) indicates Addgene number.

Plasmid Source Function

pUB-(Bbsl)-CBh-Cas9-T2A-mCherry | #64324 | Cas9 and mCherry expression with Bbs/
cloning site for gRNA

pU6-gRNA1-CBh-Cas9-T2A-mCherry | lab-made | Pcdh19 gRNA1, Cas9 and mCherry ex-

pression

pU6B-gRNA2-CBh-Cas9-T2A-mCherry | lab-made | Pcdh19 gRNA2, Cas9 and mCherry ex-

pression
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Figure 2.2: Flow diagram of mESC engineering via nucleofection. (a) Generation of PCDH19
KO cells via nucleofection of pU6-gRNA1-CBh-Cas9-T2A-mCherry and pU6-gRNA2-CBh-Cas9-
T2A-mCherry and subsequent selection of mCherry+ cells via FACS. (b) Generation of PCDH19
CYTO cells via nucleofection of ZFN-R, ZNF-L and Rosa26-Pcdh19-CYTO-HA targeting vector
followed by antibiotic selection. Cells are further nucleofected with pCIG-CRE in order to remove
the selection cassette.



2.5.3 Antibiotic selection and colony picking

After ZFN targeting, nucleofected cells were suspended in 10 ml of ESC medium and plated
at different densities (ranging between 0.625 and 2.5 ml/10 cm dish). Cells underwent a 10-
day selection process with 250 pug/ml of G418 (Geneticin). Media was changed every two days,
replenishing the antibiotics. After about 10 days, or when they were visible by the naked-eye, 100
colonies were manually picked. In brief, cells were incubated for a couple of minutes with 0.01%
trypsin (0.05% trypsin, diluted in PBS) in order for colonies to detach from the plate but without
dissociating. Colonies were then carefully transferred, using a 200 ul pipette tip, to individual wells
in a 96-well plate, trypsinized with 0.05% trypsin, resuspended and transferred to a 24-well plate to
grow. Clones were expanded for DNA and protein extraction and then frozen. For ESC subcloning,
after nucleofection for removal of the selection cassette, cells were plated at a density of 300
cells/10 cm plate. 24 colonies originating from different clones were picked as described above.
Once expanded, these clones were “reverse selected” to test out loss of antibiotic resistance, by

plating clones in two wells, one with and one without antibiotics.

2.5.4 Cell sorting

After nucleofection with the CRISPR/Cas9 constructs, cells were plated, to allow for expression
of the mCherry reporter. 24 hours post nucleofection, cells were trypsinised, counted and resus-
pended at a density of 1x106 cells/ml in ESC-medium with 1% FBS. Cells were transported to the
Sir Martin Evans Builiding for sorting using the BD FACS Aria Fusion cell sorter (BD Biosciences).
Operation of the cell sorting machinery was carried out by Mark Bishop, Cardiff University. Using
a specific nozzle, mCherry expressing cells were individually sorted into 0.2% gelatin pre-coated
and ESC medium-filled 96-well plates. Cells were returned to the incubator as quickly as possi-
ble and allowed to recover and grow into colonies, for about 10 days. Once colonies appeared,
they were passaged into 24-well plates, and further amplified for extraction of genomic DNA and

protein.
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2.5.5 DNA extraction and genotyping

Cells were pelleted, resuspended in 500 ul of cell lysis buffer (10 mM Tris, pH 8.0, 1 mM
CaCl2; 100 mM NaCl; 0.5% SDS; 5 mg/mL proteinase K (Promega)) and incubated overnight at
50°C in a heat-block. The following day, 500 ul of 100% isopropanol and 50 ul of 3 M NaOAc were
added to precipitate DNA. DNA was pelleted by centrifugation (15 minutes/top-speed), washed
with 70% ethanol and resuspended in 30 ul of TE buffer (Qiagen). Clones were genotyped
by PCR, using the long-range sequal prep PCR kit (Thermo Fisher Scientific). Primers were
designed around the homology arms to test for correct insertion (Table 2.9), or around cut site,

(Table 2.10). Sequencing of samples was done by Eurofins Genomics.

Table 2.9: Genotyping primers for Rosa26 Pcdh19-CYTO targeting

Primer Location Sequence (5'-3)

ReverseR260UT2 5’arm genomic CAAGCGGGTGGTGGGCAGGAATGCG
Neo-pR2 5" arm selection cassette | TCGGCAGGAGCAAGGTGAGATGAC
ForwardR260UT2 3’ arm genomic ACCAGAAGAGGGCATCAGATCCCATTAC
gen19-ICDF2 3’ arm intracellular domain | GCGTGAAGCGTCTGAAGGATATCGTTC

Table 2.10: Sequencing primers for PCDH19-KO targeting

Primer Location Sequence (5’-3’)

gRNA1 F | gRNA1 site | CTCCAGCTCTATCTGTGCGG
gRNA1 R | gRNAT site | TACTCGGTCGAAGAGGAGCA
gRNA2 F | gRNA2 site | CTCATCTGGATCGCTGGCAT

gRNA2 R | gRNAZ2 site | AGCTGGAGATCTCTGAGGCA
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2.5.6 Karyotyping

ESC clones to be karyotyped were incubated with demecolcine solution (0.1 pg/ml) for two
hours in the incubator. Cells were then trypsinised, pelleted and washed by centrifugation in 1X
PBS twice. Cells were then resuspended in 2 ml of 1X PBS and 6 ml of hypotonic 0.0375 M potas-
sium chloride solution and incubated for 12 min at 37°C. Cells were then pelleted, supernatant
removed and a 3:1 volume:volume ratio of cold methanol/acetic acid mixture (-20°C) was added
dropwise. Cells were incubated for 20 min at room temperature. Then cells were pelleted again,
supernatant removed, and fresh methanol/acetic acid was added. Cells were centrifuged one last
time, the supernatant was removed, this time leaving about 100 pl, in which the cells were resus-
pended. Finally cells were dropped from about 20 cm height on glass slides. Slides were left to
dry, stained with DAPI (1:4000 in ddH,0), coverslipped and imaged immediately. A minimum of
10 cells were imaged for each clone. Chromosomes were then counted using the ImageJ (Fiji)

cell-counter plug-in.

2.6 Drug treatments on cells

Treatments used on MEFs and mESC-derived neurons are listed below. (Table 2.11).

Table 2.11: List of compounds used for cell treatments

Drug Supplier Cat. No. uM | solubility
DAPT Sigma D5942 10 | DMSO
Gl254023X Sigma SMLO0789 10 | DMSO
lonomycin Sigma 13909 5 | DMSO
Bicuculline Sigma 14340 10 | DMSO
NMDA Sigma M3262 50 | Water
(+)-MK 801 maleate | Tocris 0924 1 | Water
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2.7 Cell lysis for RNA/protein extraction

For RNA extractions, neurons were rapidly washed twice with 1X PBS and lysed in 350 pul of
cold RLT buffer (Qiagen) with 1% g-mercapthoethanol. Neurons were scraped off the well with
a new scraper and collected in a clean eppendorf immediately on ice. For the RNA sequencing
samples, RNA was rapidly transferred and stored at -80°C until all samples for sequencing were
collected. For protein extractions, cells were rapidly washed twice with 1X PBS and lysed in 100
ul of RIPA buffer freshly supplemented with protease and phosphatase inhibitors (50 mM Tris-HCI,
150 mM sodium chloride, 1 mM EDTA, 1% Triton X-100, 0.2% Sodium deoxycholate supplemented
with: 1.5 mM aprotinin, 100 mM 1-10 phenantroline, 100 mM 6-aminohexanoic acid, 1% protease
inhibitor cocktail (Sigma), 1% phosphatase inhibitor cocktail (Sigma)). Lysates were kept on ice for
30 minutes with brief vortexing every 5 minutes. Samples were then centrifuged at 14000g for 10
minutes and supernatant was transferred to a clean tube. Samples were aliquoted and stored at

-80°C until used for western blotting.

2.8 Immunoprecipitation

For immunoprecipitation, tissues or cells were lysed in freshly made IP lysis buffer (20 mM
Tris-HCI, 150 mM NaCl, 1mM EDTA, 1% Triton X, 10 mM NaF, 1mM Na3VQO,,1% protease inhibitor
cocktail (Sigma), 1% phosphatase inhibitor cocktail (Sigma)). 10 ul of Protein G Sepharose beads
were washed twice with 500 ul of cold 1X PBS by centrifugation (2000g, 2min, 4°C). In paral-
lel, tissue or cell-lysate samples were centrifuged (14000g, 10 min, 4°C). Supernatant from the
samples, corresponding to the protein fraction, was added to the washed beads for pre-clearing
(removal of unspecific binding) (30 min, 4°C, constant rotating). Beads and unspecifically bound
proteins were precipitated by centrifugation (2000g, 2 min, 4°C). 10% of sample supernatant was
put aside and saved to be used as INPUT control. The remaining 90% of the supernatant was
used for immunoprecipitation and added to 20 ul of pre-washed Protein G Sepharose beads with

2 ul of antibody of interest (PCDH19, HA or MYC; details of antibodies provided later (Table 2.12))
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and incubated (2 hours, 4°C, constant rotating). Beads and antibody complex were precipitated
by centrifugation (2000g, 2 min, 4°C) and washed with lysis buffer (3X 2000g, 2min, 4°C). Finally,
samples were eluted in LDS buffer (for 500 pl: 250ul of 4X LDS, 50ul of DTT and 150 ul of water)
and incubated for (10 min, 70°C) for releasing the antibody from the beads. Finally, the beads
were removed by centrifugation (2000g, 5min, RT). Samples were stored at -80°C until analysed

by western blot (Section 2.10), or mass spectrometry (Section 2.12).

2.9 Membrane fraction enrichment

Cells lysates were processed using the Mem-PER™ Plus Membrane Protein Extraction Kit

(Thermo Fisher Scientific, 89842) following the manufacturer’s instructions.

2.10 Western blotting

Protein lysates were prepared by addition of LDS buffer and 10% 0.5 M DTT, and boiled at
70°C for 10 min. Samples were then centrifuged at 14000 g for 10 min and loaded onto a NuPAGE
Novex 4-12% Bis-Tris gel (Novex Life Technologies, WC1020) alongside a standard protein ladder,
Novex Sharp pre-stained ladder (Invitrogen, LC5800) and run at 120 V for 90 minutes. Proteins
were transferred to a nitrocellulose membrane with a 0.2 um pore size (GE Healthcare Life Sci-
ences, 10600001) by wet transfer at 100 V for 120 minutes. Ponceau stain was routinely used to
ensure successful transfer before proceeding further. If the experiment required the use of differ-
ent primary antibodies, membranes were carefully cut with a scalpel at this point, and processed
separately. Membranes were incubated at RT shaking for 1 hour with 4% blocking solution (5%
milk powder (BioRad) in TBS-T). Primary antibody incubation was done overnight at 4°C shaking.
Details of primary antibodies used are listed below (Table 2.12). The following day, membranes
were then washed 3 times for 10 minutes in TBS-T and then incubated for one hour at RT with the
appropriate secondary antibody (in 5% milk powder in TBS-T blocking). Details of secondary anti-

bodies used are listed below (Table 2.13). Membranes were washed again 3 times for 10 minutes
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in TBS-T. Blots were finally developed with 1 ml of WesternBright ECL substrate (Advansta) for
60 seconds and immediately imaged with the BioRad imaging machine, using the Image Lab soft-
ware. Densitometric analysis of western blots was also done using Image Lab (v.6.0.1) (BioRad).
Lanes and bands were drawn in the software and adjusted volume intensity of each band was
extracted. When calculating proteolytic fragments, full-length protein and fragment band intensity
were detected on the same blot. Intensity of the proteolytic fragment was always calculated as a

ratio of the full-length protein.

2.11 Statistical Analysis

Statistical analysis was carried out on GraphPad Prism (version 8.4.2). Shapiro-Wilk test was
used to test for normality of the data. As all data sets passed the normality test (P > 0.05 ) ANOVA
was used for analysis. When one variable was to be compared for more than 2 groups, one-way
ANOVA was used, followed by Tukey’s correction for multiple comparisons. When comparing more
two variables, two-way ANOVA was used, followed by Dunnett’s multiple comparisons test. When

comparing two groups, two-tailed un-paired t-test was performed.
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Table 2.12: List of Primary Antibodies

Antibody Host | Type | Supplier Cat. No. Dilution
Pcdh19 (C-terminal) | Rabbit | pAb | Bethyl A304-468A 1:1000
Pcdh19 (N-terminal) | Rabbit | pAb | Biorbyt orb312580 1:1000
N-Cadherin (3B9) Mouse | mAb | Thermo Fisher 33-3900 1:1000
Adami10 Rabbit | pAb | Abcam ab1997 1:1000
Pan-Cadherin Rabbit | pAb | Abcam ab6529 1:1000
HA Rat mAb | Roche ROAHAHA 1:2000
Myc Mouse | mAb | Thermo Fisher MA1-980 1:2000
Histone H3 Rabbit | pAb | Abcam Ab1791 1:5000
beta-Actin Mouse | mAb | Abcam ab8226 1:2000
Table 2.13: List of Secondary Antibodies
Antibody Host | Type | Supplier Cat. No. Dilution
Anti-Rabbit-HRP Goat | pAb | Promega W4011 1:20°000
Anti-Mouse-HRP Goat | pAb | Promega W4021 1:20°000
Anti-Rat-HRP Goat | pAb | R&D systems HAF005 1:20°000
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212 LC-MS

Liquid-chromatography mass spectrometry analysis was performed by Dr Kate Heesom, at
the Bristol University Proteomics Facility. In brief, samples were run on an SDS-PAGE gel and
then individual lanes were cut into 3 pieces. Each piece was digested via DigestPro automated
digestion unit (Intavis Ltd.) and peptides were fractioned with the Ultimate 300 nano-LC system
with an LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific). Results were processed using
the Proteome Discoverer software v1.4 (Thermo Scientific). Finally, results underwent a SEQUEST

search against the mouse Uniprot database and were filtered at 1% false discovery rate (FDR).

2.13 RNA sequencing

RNA extraction was done with RNeasy Kit (Qiagen) in RNase-free conditions following the
user’s manual with DNase treatment (Qiagen). Quality control of the samples was done via Tapes-
tation (Agilent Technologies) and RNA integrity number (RIN) was determined for all samples.
Concentration of samples was measure by QUBIT. RNA sequencing was done at Cardiff Univer-
sity Genomic Hub. Library Preparation and sequencing was performed by Angela Marchbank.
Libraries were prepared following lllumina’s TruSeq Stranded mRNA sample preparation guide.
In brief, mRNA was purified from total RNA using poly-T oligos, mRNA was then fragmented
into smaller fragments and random priming was used for cDNA synthesis. The sequencing was
carried out on a lllumina Nextseq 500 platform with 4 cartridges PE (2x75bp) sequencing on high-
output 150 cycle V2.5 cartridges. 1% Phix was spiked into each run as per the lllumina recom-
mendations. The samples were pooled to obtain equal reads for each sample with an aim of at
least 44 M reads per sample. Sequencing was paired-end. Quality control of sequencing run,
such as QC content and sequence duplication, was performed with FastQC by Dr. Daniel Pass,
from the School of Biosciences, Cardiff University. Initial bioinformatics analysis, processing of
FASTQ files, sequence alignment, generation of counts and differential expression analysis was

performed by Dr. Sumukh Deshpande from the College of Biomedical Sciences, Cardiff Univer-
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sity. Paired-end reads from lllumina sequencing were trimmed of adaptor sequences with Trim
Galore and assessed for quality using FastQC, using default parameters. Reads were mapped
to the mouse GRCm38 reference genome using STAR (Dobin et al., 2013) and counts were as-
signed to transcripts using featureCounts (Liao et al., 2014) with the GRCm38 Ensembl gene
build GTF. Both the reference genome and GTF were downloaded from the Ensembl FTP site
(http://www.ensembl.org/info/data/ftp/index.html/). Differential gene expression analyses used the
DESeq2 package (Love et al., 2014), using the Benjamini-Hochberg correction for multiple testing.
Differential gene splicing analyses used the DEXSeq package (Anders et al., 2012), (Reyes et al.,

2013) also using the Benjamini-Hochberg correction for multiple testing.

2.14 R packages for plotting

All plotting of RNA sequencing and MS data was done on R (v.4.02) via RStudio (v.1.2.1335).
Plotting was done using R package "ggplot2” (v.3.3.2), in some cases supplemented by other
packages such as "EnhancedVolcano” (v1.6.0), for RNAseq vulcano plots or “eulerr” (v.6.1.0), for
plotting the proportional Venn diagrams. Over-representation analysis and Gene Set Enrichment
analysis was done via "clusterProfiler” (v.3.16.1) (Yu et al., 2012). Dotplots were made via "DOSE”
(v.3.14.0) (Yu et al., 2015). Cnet plots were made via “enrichplot” (v.1.8.1). "Pheatmap” (v.1.0.12)
was used to draw heatmaps. "UniprotR” (v1.4.0) was used to retrieve information from the Uniprot
Database regarding proteins discovered in the MS analysis (Soudy et al., 2020). "GO.db” (v.3.11.4)

was used for simplification of Gene Ontology terms (Carlson, 2019).
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Chapter 3
Proteolytic processing of PCDH19

3.1 Introduction

As described in (Section 1.3), many members of the cadherin superfamily have a signalling
function, which is initiated by their proteolytic processing at the membrane. Proteolytic processing
of cadherins often occurs in a two-step process whereby initial shedding of the extracellular
fragment triggers the subsequent release of the intracellular domain. Release of the cytoplasmic
domain leads to activation of downstream signalling pathways, indirectly by concurrent release of
cadherin binding proteins such as §-catenin and p120 into the cytoplasm (Uemura et al., 2006a),

or directly by the cytoplasmic fragment itself (Haas et al., 2005).

Despite several studies on proteolytic processing of members of all subfamilies of the cad-
herin superfamily (N-Cadherin (Reiss et al., 2005), (Uemura et al., 2006b), E-Cadherin and
a, v and ¢ protocadherins (Reiss et al., 2006), (Bonn et al., 2007), (Bouillot et al., 2011)),
the possible proteolytic processing of PCDH19 has not yet been investigated. Only one study
has demonstrated a nuclear function of PCDH19, which depends on the interaction between
the paraspeckle protein NONO and PCDH19 (Pham et al., 2017). In that study, it was shown

that the NONO-PCDH19 interaction leads to increased transcription of ER-a dependent genes.
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Although nuclear localisation of PCDH19 was shown by Pham et al., no processing mechanism
was described. Proteolytic processing of (proto)cadherins is a highly conserved mechanism
with recurring key proteases involved. For example, both N-Cadherin and PCDH12 are prote-
olytically cleaved in a two-step process in which ADAM10 releases the extracellular fragment
and subsequently PS1/vy-secretase releases the intracellular fragment. This process directly
alters cell-cell adhesion via removal of the extracellular domain, but also influences signalling via

release of the cytoplasmic domain (Reiss et al., 2005) (Uemura et al., 2006a) (Bouillot et al., 2011).

Given the similarities highlighted between members of the cadherin superfamily and the recent
report of a novel nuclear function of PCDH19 (Pham et al., 2017), it was decided to investigate if
PCDH19 can be subjected to proteolytic processing and if its cytoplasmic domain has a signalling
function. The role of both ADAM10 and PS1/v-secretase in the potential cleavage of PCDH19 was

also analysed, due to their involvement in the processing of other cadherins.

3.1.1 Aims

The aim of this chapter is to investigate the possibility that PCDH19, like other described
(proto)cadherins, is subjected to proteolytic cleavage at the plasma membrane and, if so, to
identify the protease(s) involved. This chapter also begins to investigate the functional significance
of the generated fragments by determining their subcellular localisation. In summary this chapter

will focus on the following questions:
- Can PCDH19, or part of it, be found in the nucleus?
- Is PCDH19 subjected to proteolytic processing and what fragments are generated?

- If PCDH19 is processed, which are the key proteases involved in the cleavage?

These questions are answered using in vitro treatment of mouse embryonic fibroblasts or

mouse embryonic stem cell (MESC) derived neurons with different inhibitors and observing
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PCDH19 fragments by western blot. As the processing mechanism for N-Cadherin has been ex-
tensively studied, N-Cadherin was used in several experiments throughout this chapter as positive

control for the inhibitor treatments.
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3.2 Results

3.2.1 PCDH19 nuclear localisation sequences

Nuclear localisation signals (NLSs) are recognised by nuclear transport proteins of the nuclear
import pathway that carry cargo proteins into the nucleus. NLSs can be classified as monopartite
(class | or class Il) or bipartite, based on having either one or two clusters of basic amino acids
(K/R). The basic sequence of monopartite NLSs is K(K/R)X(K/R), where X represents any amino
acid. The basic structure of bipartite NLSs is (K/R)(K/R)X10-12(K/R)3/5, with X representing
any amino acid and 3 out of 5 last amino acids being either K or R. The amino acid sequence
of PCDH19 was inputted into the online NLS prediction tools cNLS mapper (Kosugi et al.,
2009) and NLStradamus (Nguyen Ba et al., 2009) which predicted that the intracellular domain
of PCDH19 contains a bipartite nuclear localisation signal (NLS) KRIAEYSYGHQKKSSKKKK
(Figure 3.3a). PCDH19 ICD also contains two monopartite NL sequences, PTLKGKR and
PGVKRLK (Figure 3.3a), which have been reported previously together with evidence of pres-
ence of PCDH19 in the nucleus (Pham et al., 2017). In that study a PCDH19 double-tagged
construct was generated: PCDH19 was tagged with an N-terminal MYC-tag and a C-terminal
FLAG-tag. It is important to note that tagging a transmembrane protein at the N-terminus, right
before the signal peptide, could interfere with its correct translocation within the secretory pathway,

hence subcellular localisation studies would have to be carefully interpreted.

3.2.2 Nuclear accumulation of PCDH19 cytoplasmic domain

Subcellular localisation of full length PCDH19, or of its cytoplasmic domain alone, was deter-
mined by transfection of C-terminal HA tagged PCDH19-HA or PCDH19-CYTO-HA, in HEK293T
cells and mESC-derived neurons, plasmids described in methods (Table 2.2). mbEGFP plas-
mid was used as a reporter for transfection and to visualise the outline of the cells, which is

especially useful when working with neuronal cells. Immunohistochemistry was used to detect

69



70

(a)

DAPI mbEGFP

<
T
‘O_) ;
I
o
| .
o
(b)
DAPI mbEGFP
<
T
3
o
&
I
o
(@]
| .

Figure 3.1: PCDH19 cytoplasmic domain localises to the nucleus in HEK293 cells. (a) Full-
length PCDH19-HA or (b) PCDH19-CYTO-HA transfected HEK293 cells in combination with a
mbEGFP reporter for transfection. Anti-HA staining (red) shows full-length protein at the mem-
brane and in the cytoplasm (a) whilst PCDH19-CYTO is mainly seen in the nucleus (b). Nuclei are
stained with DAPI (blue). Scale bars: A-B, 10 um; A’-B’, 5 um.



71

(a)

PCDH19-HA

(b)

PCDH19-CYTO-HA

Figure 3.2: PCDH19 cytoplasmic domain localises to the nucleus in mESC-derived neurons.
(a) Full-length PCDH19-HA or (b) PCDH19-CYTO-HA transfected mESC-derived neurons in com-
bination with a mbEGFP reporter for transfection. Anti-HA staining (red) shows full-length protein
at the membrane and in the cytoplasm (a) whilst PCDH19-CYTO is mainly seen in the nucleus (b).
Nuclei are stained with DAPI (blue). Scale bars: A-B, 10 um; A’-B’, 5 um.



PCDH19 via the HA-tag. Overexpression of the full-lenght PCDH19-HA led to accumulation of
the overexpressed protein in the perinuclear region, possibly corresponding to the endoplasmic
reticulum. Staining was also observed at the plasma membrane, as seen at the contact site be-
tween cells (Figure 3.1a). Interestingly, overexpression of the intracellular domain of PCDH19,
PCDH19-CYTO, leads to its accumulation in the nucleus, in both HEK293 cells (Figure 3.1b) and
in mESC-derived neurons (Figure 3.2b). This finding validates the predicted nuclear localisation
sequences (Figure 3.3a) confirming a possible nuclear function for the cytoplasmic domain of

PCDH19.

3.2.3 Predicting the size of PCDH19 cleavage fragments

In order to be trafficked into the nucleus, a membrane bound protein needs to be released
from its attachment. Commonly, this is achieved by cleavage of the protein on the cytosolic side,
as discussed in the introduction. Given basic structural similarities and the knowledge available
of N-Cadherin processing, a similar mechanism was hypothesised for PCDH19. Sequence align-
ment of the two proteins was done in order to compare putative cleavage sites and predict the
size of proteolytic fragments of PCDH19 (Figure 3.3b). N-Cadherin cleavage by ADAM10 hap-
pens in the extracellular domain, very close to the transmembrane domain, at amino-acids R"
and 1'% (Uemura et al., 2006b) (Figure 3.3b), whereas the second cut by PS1/v-secretase hap-
pens just outside the transmembrane domain, at the membrane-cytosol interface (e-cleavage), at
amino-acids K™7 and R™® (Uemura et al., 2006b). Although, interestingly, the KR residues are
conserved in PCDH19, there is no consensus sequence for PS1/y-secretase cleavage. If pro-
cessing of PCDH19 happened similarly to N-Cadherin, two fragments would be generated. A first
C-terminal fragment PCDH19-CTF1, containing the transmembrane domain of approximately 55
kDa, and a second, smaller C-terminal fragment without the transmembrane domain, PCDH19-
CTF2, of approximately 50 kDa. The difference in size is calculated based on the size of the
transmembrane domain, which is about 5 kDa. Depending on the inclusion or exclusion of the al-

ternatively spliced exon 2 in CTF1 and CTF2, the fragments could also vary by an additional 5 kDa
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Figure 3.3: Functional domains and putative cleavage sites of PCDH19. (a) Hypothesised
proteolytic processing of PCDH19 generates CTF1, which includes the TM, and CTF2, without
TM. Amino acid sequence of mouse PCDH19 C’ terminal portion. Highlighted in green is the
TM domain (679-699); highlighted in grey are amino acids coded by alternatively spliced exon
2 (716-762). Amino acids in bold pink are CM1, CM2 and the WIRS domain. Amino acids in
bold black are predicted nuclear localisation sequences (NLS). (b) Alignment of PCDH19 and
N-Cadherin. Transmembrane domain is highlighted in green and known cleavage sites for N-
Cadherin are highlighted in grey.



(Figure 3.3a). Although PCDH19 contains a GxxxG motif in its transmembrane domain, which
is common to 25% of y-secretase substrates, cleavage site prediction cannot be determined by
sequence analysis alone. This is because PS1/y-secretase cleavage is not only dependent on
primary structure of the substrate protein but also on its secondary structure - for instance, helix
destabilisation is one of the mechanisms that triggers processing (Ben-Shem et al., 2007), (Beel
and Sanders, 2008). Only a few substrates have known point mutations that abolish processing
(ErbB4, Notch1, N-Cadherin) (Beel and Sanders, 2008). Moreover, the GxxxG motif might serve

for homodimerisation of substrate, which in turn could affect processing (Beel and Sanders, 2008).

3.2.4 PCDH19 processing generates NTF, CTF1 and CTF2

The A304-468A PCDH19 antibody recognises an antigen present at the end of the C-terminus
of PCDH19. For this reason, it is a valuable tool to investigate the production of intracellular
PCDH19 fragments which contain the C-terminal end of the protein (Figure 3.4a). Previous
western blot analysis conducted in the Martinez-Garay lab with this antibody on cell lysates from
mouse embryonic fibroblasts (MEFs) showed the appearance of several bands in addition to
the expected 120 kDa band corresponding to the full-length protein. In order to characterise
these bands, membrane fraction enrichment was used as a method to determine subcellular
localisation of the small cytoplasmic fragments of PCDH19. This fractionation method is relatively
crude and is used to generate two fractions, a membrane enriched fraction and one containing
everything else, which includes both cytoplasm and nucleus (described in methods (Section 2.9)).
The method was validated by blotting against pan-cadherin and $-actin, seeing enrichment in
the membrane and in the "cytoplasmic” fraction, respectively (Figure 3.4b). The pan-cadherin

antibody recognises the conserved cytoplasmic cadherin tail, common to classical cadherins.
After validation, the membrane enrichment method was used to determine subcellular locali-

sation of the PCDH19 C-terminal fragments. Together with PCDH19 FL, a C-terminal fragment of

about 55 kDa was found to be enriched in the membrane fraction. This band could correspond to
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Figure 3.4: Detection of PCDH19-CTF1, CTF2 and NTF in different cellular fractions. (a)
Schematic of detection of PCDH19-CTFs and NTF with different C-terminal and N-terminal an-
tibodies. (b) Validation of membrane fraction enrichment on MEF lysates. Membrane bound
cadherins are enriched in the membrane fraction (M) as shown by the pan-cadherin band and
cytoplasmic S-actin is enriched in the cytoplasmic fraction (C). The fractionation technique used
does not distinguish cytoplasmic and nuclear proteins as seen by presence of Histone H3 in the cy-
toplasmic fraction. (¢) PCDH19-CTF1 and PCDH19-CTF2 enrichment in membrane and cytosolic
fractions, respectively. (d) Detection of PCDH19-NTF in cell media.



PCDH19 CTF1, as CTF1 is predicted to contain the transmembrane domain and therefore should
still be anchored at the plasma membrane. A second, smaller band below 50 kDa, which was
visibly enriched in the cytoplasmic fraction, would then correspond to PCDH19 CTF2, reflecting
the potential loss of membrane attachment (Figure 3.4¢c). The observed sizes of the PCDH19

cytoplasmic fragments are considerably close to the predicted sizes.

If the ectodomain of PCDH19 is being shed, there should be a detectable N-terminal fragment
being released to the extracellular space. For cells in culture, this would be the medium, which
is easily collectable. Medium of WT MEFs was changed 1 hour prior to collection, and substi-
tuted with medium containing no FBS, to avoid western blot saturation with serum proteins. The
collected medium was then concentrated by centrifugation and run on a western blot. Using a
PCDH19 N-terminal antibody (orb25312580) (Figure 3.4a), a fragment of about 70 kDa in size
was detected in the cell medium (Figure 3.4d). The combination of the molecular weights of the
detected PCDH19-NTF and CTF1 fragments, of about 70 kDa and 55 kDa respectively, approxi-

mately reconstitutes the molecular weight of the full length protein, predicted to be 126 kDa.

3.2.5 ADAM10 cleaves PCDH19 in mouse embryonic fibroblasts

ADAM10 is the main sheddase for N-Cadherin, as determined using ADAM10 KO mouse
embryonic fibroblasts (MEFs) and specific inhibitors (Reiss et al., 2005), (Uemura et al., 2006b).
Since N-Cadherin proteolytic processing has been well characterised, this protein was chosen
as a positive readout for treatments, to validate the method and to strengthen conclusion on
PCDH19 processing. ADAM10 KO and WT MEFs, kindly gifted to us by Prof. De Strooper at
KU Leuven in Belgium, were initially used to replicate published data on N-Cadherin processing
and to establish a reliable method in the lab. N-Cadherin processing can be induced by changes
in intracellular calcium (Marambaud et al., 2003). lonomycin has often been used to increase
intracellular calcium, as it leads to an increase in calcium influx through the plasma membrane

and from intracellular calcium stores, thus mimicking a generalised “activation” and triggering
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multiple downstream signalling pathways. lonomycin has been used also to trigger processing of

N-Cadherin.

ADAM10 KO MEFs and ADAM10 WT MEFS were treated with 5 M ionomycin for 10, 30
or 60 min, in order to stimulate shedding, in the presence or absence of the ADAM10 specific
inhibitor GI1254023X (Gl25X). Lysates were run on western blots and probed against N-Cadherin.
As previously observed (Reiss et al., 2005), treatment with ionomycin stimulates production of a
37 kDa C’ terminal fragment (CTF). Shedding is rapid and the strongest effect is seen after just
10 min (Figure 3.5a). As the CTF is produced, a parallel reduction in N-cadherin full-length (FL)
is clearly visible (Figure 3.5a). In the presence of the ADAM10 inhibitor, the processing fragment
is completely undetectable in WT MEFs. In the case of ADAM10 KO MEFs (Figure 3.5b), no
processing of N-Cadherin is detected at all in the presence of ionomycin, thus strengthening and

validating the previous results that ADAM10 is necessary for ectodomain shedding of N-Cadherin.

The same lysate samples were then tested for PCDH19. Similarly to N-Cadherin, ionomycin
treatment seemed to trigger proteolytic processing of PCDH19 in the ADAM10 WT cells, as
demonstrated by increased intensity of the CTF1 band, while treatment with GI254023X signifi-
cantly reduced generation of CTF1 (Figure 3.6). The effects of MEF genotype (ADAM19 WT vs
ADAM10 KO) and treatment were later confirmed to be significant by a two-way ANOVA analysis
of the quantified CTF1s ((Figure 3.7a); Genotype: F (1, 32) = 26.74, P < 0.0001; Treatment: F
(7, 32) = 11.49, P < 0.0001; two-way-ANOVA). A Dunnett’s multiple comparisons test showed
further significant differences in ADAM10 WT MEFs (Control vs IM 10°, P < 0.0001; Control
vs IM 30°, P = 0.0031). It is important to note that although there is a significant difference in
PCDH19 processing between ADAM10 KO and WT cells, the same fragments, CTF1 and CTF2,
can be detected at much lower levels in ADAM10 KO cells, suggesting that PCDH19 can be

promiscuously cleaved by other proteases.

ADAM10 KO cells were also blotted next to WT cells to verify the absence of the protein.
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Figure 3.5: Stimulated shedding of N-Cadherin by ADAM10. (a) ADAM10 WT or (b) ADAM10
KO mouse embryonic fibroblasts were treated with nothing, DMSO, or 5 M ionomycin for 10, 30
or 60 min in the presence or absence of G1254023X, an ADAM10 specific inhibitor. Treatment with
ionomycin stimulates shedding of N-Cadherin, with the generation of a CTF of 37kDa in the WT
but not in the ADAM10 KO MEFs. Shedding is blocked in the presence of the ADAM10 inhibitor.
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Figure 3.6: Stimulated shedding of PCDH19 by ADAM10. (a) ADAM10 WT or (b) ADAM10 KO
mouse embryonic fibroblasts were treated with nothing, DMSO, or 5 M ionomycin for 10, 30 and
60 min, in the presence or absence of G1254023X, an ADAM10 specific inhibitor. Treatment with
ionomycin stimulates shedding of PCDH19, with the generation of CTF1 (55 kDa) in the WT cells.

The shedding is blocked in the presence of the ADAM10 inhibitor.
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Figure 3.7: PCDH19 CTF1 production in WT MEFs. (a) Densitometric quantification of PCDH19
CTF1/FL in response to ionomycin treatment in ADAM10 WT (black dots) and ADAM10 KO MEFs
(pink dots). (****) indicates P < 0.0001; (**) indicates P < 0.01, (ns) indicates non significant
comparison. (b) ADAM10 is detected via western blot in WT MEFs but not in ADAM10 KO cells.



ADAM10 could be detected in WT but not KO MEFS, confirming absence of ADAM10 in KO cells
(Figure 3.7b). Note that the visible band corresponds to ADAM10 precursor, which can be cleaved
to generate the mature form (Brummer et al., 2018), as after cell lysis ADAM10 undergoes rapid
auto-proteolysis, and in the absence of ADAM10 inhibitors becomes quickly undetectable by west-

ern blot (Brummer et al., 2018).

3.2.6 Shedding by ADAM10 in mESC-derived neurons

PCDH19-epilepsy is a neurological disorder. Therefore, it is necessary to transition from
mouse embryonic fibroblast to a more pertinent model, so we chose stem-cell-derived neurons,
which have been shown to express PCDH19 in previous work carried out in the Martinez-Garay
lab. Mouse embryonic stem cells were differentiated into a homogeneous population of cortical-

like neurons following the protocol (Bibel et al., 2004) described in (Section 2.4.1).

Having determined from the fibroblasts experiments that 10 min was the most effective timing
for ionomycin treatment (Figure 3.6), this condition was also used to stimulate processing in
mESC-derived neurons. As previously described, N-Cadherin extracellular fragment is released
by ADAM10, which triggers a subsequent proteolytic event resulting in the generation of a CTF.
Initially, we replicated existing evidence that ADAM10 is the neuronal N-Cadherin sheddase.
Pre-treatment of neurons with the specific ADAM10 inhibitor GI254023X, as previously done in
mouse-embryonic fibroblast, inhibits the generation of N-Cadherin-CTF, elicited by ionomycin
(one-way ANOVA: F (2, 6) = 11.02; P = 0.0098. Tukey’s multiple comparisons test: CTRL vs IM,
P =0.0111; CTRL vs IM + G25X, P = 0.7673; IM vs IM + G25X, P = 0.0245) (Figure 3.8a), and

the ADAM10 inhibitor effectively reverts the effect of ionomycin.
Having validated the inhibitor treatments in mESC-derived neurons, the same neuronal lysates

were blotted also for PCDH19. lonomycin led to the accumation of CTF1 and CTF2, but whilst

CTF1 is barely detectable, CTF2 appears to be the main PCDH19 cytoplasmic fragment in neu-
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Figure 3.8: Stimulated shedding of N-Cadherin and PCDH19 by ADAM10 in mESC-derived
neurons. DIV8 mESC-derived neurons were treated with DMSO (CTRL), or 5 M ionomycin for 10
minutes (IM), or with 5 M ionomycin after pre-treatment with 10 uM G1254023X, an ADAM10 spe-
cific inhibitor (IM + G25X). Neuronal lysates were blotted against (a) N-Cadherin or (b) PCDH19,
and relative intensity of generated fragments in relation to full-length protein was quantified by
densitometric analysis. (***) indicates P < 0.001; (**) indicates P < 0.01; (*) indicates P < 0.05;

(ns) indicates non significant comparison.



rons. Nonetheless, after GI1254023X, a reduction in the generation of CTF1 was detected (one-way
ANOVA: F(2, 6) = 40.63; P = 0.0003. Tukey’s multiple comparisons test: CTRL vs IM, P = 0.0003;
CTRL vs IM + G25X, P = 0.1847; IM vs IM + G25X, P = 0.0014) (Figure 3.8b) consistent with the
findings in MEFs. Interestingly, the treatment with GI1254023X had no effect on blocking the gen-
eration of PCDH19-CTF2 by ionomycin (one-way ANOVA: F (2, 6) = 8.226; P = 0.0191. Tukey’s
multiple comparisons test: CTRL vs IM, P = 0.0250; CTRL vs IM + G25X, P = 0.0350; IM vs IM +
G25X, P = 0.9567) (Figure 3.8b). So whilst ADAM10 can cleave PCDH19, this does not seem to

be necessary for the downstream production of PCDH19-CTF2 in mESC-derived neurons.

3.2.7 PS1/y-secretase cleaves PCDH19

PS1/y-secretase is known to cleave N-Cadherin and many other substrates at the membrane.
In the case of N-Cadherin, PS1 cleavage generates the second fragment, free from membrane
attachment, N-Cadherin-CTF2 (Uemura et al., 2006b). PS1/y-secretase involvement in PCDH19
processing was tested in mESC-derived neurons using a selective inhibitor for the complex, DAPT

(Figure 3.9).

As demonstrated by the previous results, changes in intracellular calcium in MEFs and
mESC-derived neurons, triggered by ionomycin treatment, lead to generation of PCDH19-CTF1
and CTF2, respectively. For this experiment, in order to artificially mimic neuronal activity and
increase intracellular calcium, KCI was used. DIV8 mESC-derived neurons were pre-treated
with the PS1/y-secretase inhibitor DAPT for 3 hours, followed by 15 minute treatment with KCI.
Whilst triggering processing by KCI led to rapid accumulation of PCDH19-CTF2, pre-treatment of
neurons with 10 uM DAPT, led to a significantly reduced generation of PCDH19 CTF2 (one-way
ANOVA: F (2, 9) = 11.14, P = 0.0037; Tukey’s multiple comparisons test: CTRL vs KCL, P =
0.0042; CTRL vs KCL + DAPT, P = 0.7180; KCL vs KCL + DAPT, P = 0.0136) (Figure 3.9a).

A parallel experiment was conducted to see the effects of DAPT in the absence of KCI. Neurons
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Figure 3.9: PCDH19 can be processed by PS1/y-secretase. (a) CTF2 intensity is reduced in the
presence of DAPT. DIV8 mESC-derived neurons were treated with or without 10 M DAPT, PS1/4-
secretase inhibitor for 3 hours. 15’ before lysis, neurons were activated with 50 mM KCI. KCI
triggers production of CTF2 but processing is inhibited in the presence of DAPT. (b) DAPT treat-
ment leads to accumulation of CTF1. mESC-derived neurons were treated with 10 M DAPT for 16
hours. DAPT treatment results in accumulation of PCDH19 CTF1, substrate for PS1/vy-secretase.
(**) indicates P < 0.01; (*) indicates P < 0.05; (ns) indicates non significant comparison.



were treated with DAPT or DMSO for 16 hours, and then blotted against PCDH19. DAPT treatment
resulted in the accumulation of PCDH19-CTF1, which is the substrate for PS1/+-secretase, even in
the absence of induced calcium influx (unpaired t-test, DAPT vs DMSO, P = 0.0090) (Figure 3.9b).
DAPT treatment for 16 hours also resulted in the accumulation of a third, smaller intracellular
fragment suggesting that alternative proteases could be cleaving PCDH19, at a different site, in
order to clear membrane-bound fragments. Taken together these data shows that PS1/+-secretase

can cleave PCDH19 CTF1 and generate CTF2.

3.2.8 Activity-dependent processing of PCDH19

Activity-dependent processing of cell-adhesion molecules found at synapses has been shown
to play a key role in modulating synaptic plasticity (Conant et al., 2015). Many cell-adhesion
molecules, including N-Cadherin, are cleaved at the synapse in response to neuronal activity and
this serves as a mechanism to modulate synaptic function. For example, N-Cadherin cleavage

at glutamatergic synapses affects size and maturation of dendritic spines (Malinverno et al., 2010).

As PCDH19 has been shown to partially localise with synaptic markers such as Homer and
Synapsin1/2 (Hayashi et al., 2017), it was important to determine if levels of full-length PCDH19
could also be altered by activity. For this experiment more mature neurons were used, at DIV11. At
this stage, mESC-derived neurons in culture have formed functioning synapses and are electrically
active (Bibel et al., 2007). N-Methyl-D-aspartic acid (NMDA), the specific ligand of the NMDA
receptor, was used to trigger neuronal activity in the mESC-derived neuronal cultures. 30 minute
treatment with NMDA led to increased generation of PCDH19 CTF2, whilst pre-treatment with MK-
801, a specific antagonist of the NMDA receptor, in combination with NMDA blocked generation of
CTF2 (one-way ANOVA: F (2, 6) = 12.83, P = 0.0068; Tukey’s multiple comparisons test: CTRL
vs NMDA, P = 0.0108; CTRL vs NMDA + MK-801, P = 0.9994; NMDA vs NMDA + MK801, P =
0.0112) (Figure 3.10). Interestingly, when this experiment was carried out on less mature DIV8

mESC-derived neurons there was no detectable CTF2 triggered by treatment with NMDA (data
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Figure 3.10: PCDH19 processing is triggered by activity of the NMDA Receptor. DIV11
mESC-derived neurons treated with 50 M of NMDA or 50 uM + 1 M MK-801, 30 min pre-lysis.
FL: full-length; CTF2: C-terminal fragment 2.



not shown). Whilst GRIN1 is expressed at this timepoint, at DIV8 neurons are still not electrically
active (Bibel et al., 2004), therefore although the machinery for PCDH19 processing is present at

DIV8, processing via activation of NMDA receptor requires electrically mature neurons.

3.3 Discussion

This chapter discusses the proteolytic processing of PCDH19. Using two different cell-culture
systems, MEFs and mESC-derived neurons, it was determined that, in vitro, PCDH19 can be
processed into a soluble, extracellular N-terminal fragment (PCDH19-NTF) and at least two
intracellular C-terminal fragments (PCDH19-CTF1 and PCDH19-CTF2). Slightly different than
originally predicted, the sizes of the fragments are 55 kDa and about 45 kDa for PCDH19 CTF1
and CTF2, respectively, with 10 kDa difference between them, meaning cleavage sites of either

protease might be slightly apart from the membrane interface.

Using inhibitors, an ADAM10 KO cell line and N-Cadherin as a positive control it was de-
termined that PCDH19 ectodomain shedding can be mediated by ADAM10 in MEFs and in
mESC-derived neurons in vitro, but interestingly, in neurons, ADAM10 inhibition has no effect on
downstream generation of CTF2, suggesting the possible production of CTF2 directly from the
full-length protein or the involvement of other sheddases. ADAM10 is expressed and active in
mESC-derived cortical-like neurons, as seen by cleavage of N-Cadherin, and seems to be able to
cleave PCDH19 to generate PCDH19-CTF1, but with no effect on CTF2. Therefore ADAM10 does
not seem to be the main neuronal sheddase for PCDH19 and it remains necessary to investigate
the involvement of other possible sheddases. The most efficient approach would involve using
broad-spectrum inhibitors for whole families of proteases such as the matrix metalloproteases
or other ADAMs. Initial investigations probing BACE-1 and MMPs in the cleavage of PCDH19
seem to imply that these proteases are not involved (data not shown), but they constitute very
preliminary experiments so far. Processing in vivo can also be cell-type specific, for instance

p75NTE ig differentially cleaved in hippocampal neurons and in cerebellar neurons, resulting in
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the prevalence of different cytoplasmic fragments in each neuronal cell-type (Vicario et al., 2015).

Treatment with DAPT, a PS1/y-secretase inhibitor, led to a reduction in the production of
the cytoplasmic fragment CTF2 in mESC-derived neurons. In parallel, it was seen that DAPT
treatment, in the absence of stimulation also led to the accumulation of CTF1, the substrate
for CTF2 production, as downstream processing is inhibited. Combined, these data show that
PS1/~-secretase can indeed process PCDH19. It is also possible that, in some instances,
PS1/~-secretase could be cleaving PCDH19 without prior ectodomain shedding, generating CTF2
directly from full-length PCDH19. A similar mechanism has been reported for the neurotrophin
receptor p75. In response to nerve growth factor binding, p75-ICD is directly released via
PS1/~-secretase and translocated to the nucleus, independently from the shedding of p75-ECD
via metalloproteases (Frade, 2005). It is also possible that another protease, such as calpain,
could be generating PCDH19-CTF2 in parallel, as the band does not entirely disappear in the
presence of the y-secretase inhibitor. N-Cadherin, for instance, in addition to being cleaved by

~-secretase can also be cleaved by calpain in the cytoplasmic domain (Jang et al., 2009).

Although some processing of PCDH19 is detectable in untreated cells at baseline, stimulation
of cells with substances that increase intracellular calcium (such as ionomycin, KCI or NMDA)
greatly increased the production of the cytoplasmic fragments. Interestingly, ionomycin treatment
in MEFs leads to rapid accumulation of CTF1, whereas in neurons, it is CTF2 which is the most
visible. The mechanism underlying this observation remains to be elucidated, but it is interesting
to speculate that CTF2 might have a more relevant role in neurons as opposed to MEFs and there-
fore it is not immediately lost to proteasome degradation. Alternatively, this discrepancy could also
be due to different expression levels of PS1/y-secretase in MEFs and neurons, whereby CTF1

in neurons is immediately processed into CTF2 because of localised presence of PS1/y-secretase.

This chapter also investigated the effect of neuronal activity on proteolytic processing of

PCDH19. It was determined that PCDH19 undergoes activity-dependent processing in mature
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mESC-derived neurons following treatment with NMDA. The effect of NMDA could be blocked by
simultaneous use of the NMDA antagonist MK-801. NMDA receptor activation can trigger pro-
cessing of N-Cadherin, EphA4, (Inoue et al., 2009), Notch (Alberi et al., 2011) and other synaptic
proteins regulating the development and function of excitatory synapses. Interestingly, a study
found that Pcdh19 mRNA is downregulated in response to neuronal activity. Benito et al. triggered
activation of neurons in vitro by expression of constitutively-active CREB (cAMP Response
Element-Binding Protein) and constitutively active cFOS in hippocampal-derived neurons and
detected downregulation of Pcdh19 by RNAseq, amongst many other genes (Benito et al., 2011).
So whilst neuronal activity stimulates processing of PCDH19, which alters PCDH19-mediated

adhesion, it can at the same time downregulate transcription of Pcdh19.

Adding to the complexity, combinatorial expression of «- and ~-pcdhs has been shown
to affect their susceptibility to processing, meaning that heteromers of a- and ~-pcdhs are
processed differently to homomer formations (Bonn et al., 2007).Therefore, depending on their
cell-specific expression, processing of different pcdhs is altered leading to differential downstream
signalling. As mentioned, PCDH19 is know to form a complex with N-Cadherin. The formation
of the PCDH19/N-Cadherin complex in neurons could therefore be affecting the susceptibility to

processing of PCDH19, as well as N-Cadherin, but this has yet to be investigated.

This chapter also confirmed that, when overexpressed alone, the cytoplasmic domain of
PCDH19 can be found in the nucleus of both HEK293 cells and mESC-derived neurons but it re-
mains to be confirmed that, in vivo, the PCDH19 cytoplasmic fragment released after processing,
CTF2, can translocate to the nucleus. Another experiment to investigate subcellular localisation
of PCDH19 could involve mutational analysis done by altering nuclear localisation signals and
seeing if distribution of protein changes. This has been done successfully for other ICDs, such
as for NICD (Huenniger et al., 2010), NRG1-ICD (Fazzari et al., 2014) and ErbB4-ICD (Williams
et al.,, 2004). A further experiment that could resolve this would involve fusion of PCDH19 to

a Gal4 transactivation domain that can induce luciferase reporter activity. The construct could
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be transfected together with a reporter plasmid and cells treated with ionomycin in order to
induce processing. Reporter activity would indicate cleavage and nuclear translocation, as further

discussed in (Section 7.6).

Many cadherins are processed and the released fragments have biological activity but for
PCDH19-CTF1/2 it remains to be elucidated if these fragments retain biological activity or if they
are subjected to proteosomal degradation. The fragments are most visible after 10 min of ion-
omycin treatment and almost undetectable one hour after treatment meaning that the signalling

function of the fragment is short lived.

3.3.1 Conclusion

This chapter demonstrates the previously unknown processing of PCDH19. It was determined
that PCDH19 can be processed generating smaller intracellular fragments. Although the neuronal
role of ADAM10 in PCDH19 processing remains to be investigated, it has been determined that
PS1/~-secretase can generate PCDH19-CTF2 and that, in ESC-derived neurons in vitro, process-
ing is triggered by activation of the NMDA receptor. These observations highlight a novel role for
PCDH19 in mediating signalling in neurons. The following chapters aim to resolve if PCDH19-
CTF2 can have a signalling function: (Chapter 5) describes the generation of PCDH19-ICD over-
expressing and PCDH19-KO ESCs as an in vitro model to investigate the role of the intracellular
domain of PCDH19 and (Chapter 6) describes the results of an RNA-sequencing analysis car-
ried out with those PCDH19-ICD overexpressing and PCDH19-KO cortical-like progenitors and

neurons.
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Chapter 4

PCDH19 interactors

4.1 Introduction

Although currently not much is known about PCDH19 interacting proteins, increasing evidence
demonstrates a role for PCDH19 in diverse cellular processes, ranging from cell-cell interactions

and reorganisation of the cytoskeleton to nuclear signalling, as reviewed in (Gerosa et al., 2018).

So far, PCDH19 has been shown to be involved in cell-adhesion in three ways: by binding
other PCDH19 molecules on neighbouring cells in trans via EC1-4 (Cooper et al., 2016); by
forming a cis complex with N-Cadherin, which has stronger adhesion properties than PCDH19
alone (Emond et al., 2011), (Biswas et al., 2010); and by cis interaction with other §-Pcdhs,

PCDH10 and PCDH17 (Pederick et al., 2018).

As mentioned in the introduction (Figure 1.2), PCDH19 has a WAVE regulatory complex
(WRC) interacting receptor sequence (WIRS) in its cytoplasmic domain, via which it can interact
with the WRC. The WAVE regulatory complex consists of 5 proteins: CYFIP1/2, NAP1, ABI1/2/3,
HSPC300 and WAVE1/2 /3, also known as WASF1/2/3. It has been demonstrated that CYFIP

and ABI form a composite surface that is recognised by the WIRS sequence, generating a
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binding interface which exists only when the WRC is assembled and functioning. Membrane
proteins such as PCDH19, which contain a WIRS sequence, can recruit the WRC to the plasma
membrane in order to modulate cytoskeletal rearrangements (Chen et al.,, 2014). In fact,
the interaction between PCDH19 and different WRC components has been experimentally vali-

dated, in particular CYFIP2 and NAP1 have been shown to interact with PCDH19 (Tai et al., 2010).

PCDH19 can also bind DOCK7, a guanine nucleotide exchange factor (GEF) which regulates
Rac activity (Emond et al., 2021) and seems to be important for interkinetic nuclear migration
during corticogenesis (Yang et al., 2012). In the same study it was determined that PCDH19
interacts with NEDD1, a centrosomal protein (Emond et al., 2021). In the hippocampus, PCDH19
binds the GABA-A receptor a1, and is capable of modulating GABAergic transmission by altering
levels of receptor found at the surface (Bassani et al., 2018). It is speculated that this could
be mediated by endocytosis and that PCDH19 could be involved in vesicle trafficking. Finally,
PCDH19 has been shown to have a nuclear role, via its interaction with the paraspeckle protein

NONO, which is capable of modulating gene expression (Pham et al., 2017).

The observations summarized above are derived from independent studies in different organ-
isms (mouse, rat, chicken, zebrafish) and in vitro models (HEK293 cells, primary cultures). No
comprehensive neuronal PCDH19 interactome has been published so far, and there is also no
study comparing interactors during development and in adulthood. Although conserved functions
are highly probable, PCDH19 will be playing different and specific roles during cortical develop-
ment and in adulthood. Uncovering new pathways in which PCDH19 is involved can also advance

our current understanding of PCDH19-epilepsy.

411 Aims

The aim of this chapter is to investigate novel interactors of PCDH19 in vivo, in adult and in

embryonic brain, by immunoprecipitation combined with mass spectrometry analysis, in order to
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identify novel processes or pathways in which PCDH19 might be involved. In particular, relating to
our previous findings on PCDH19 processing and nuclear translocation of overexpressed PCDH19
cytoplasmic domain, this chapter aims to uncover potential links to a nuclear function of PCDH19.
Because of the expression pattern of PCDH19, adult cortical tissue and forebrain at the onset of

neurogenesis at E11.5, when PCDH19 is highly expressed, were chosen as starting material.
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4.2 Results

4.2.1 Experimental setup

In order to investigate PCDH19 interacting proteins in an unbiased manner, we performed
liquid-chromatography mass-spectrometry (LC-MS) analysis on brain lysate samples after im-
munoprecipitation with the PCDH19 antibody. We compared cortex samples from pregnant an-
imals and forebrain samples from their E11.5 litters from 3 Pcdh19 KO and 3 WT animals and their
respective E11.5 litters (Figure 4.1a). The Pcdh19 KO litters originated from KO x KO matings,
whilst the WT litters originated from WT x WT matings, to ensure that all embryos in the litter had
the same genotype and the samples could be pooled to obtain enough starting material. Before
LC-MS, all samples were checked via western blot to confirm PCDH19 expression and successful
immunoprecipitation (Figure 4.1b). As expected, all WT samples showed a band around 120 kDa,
corresponding to full-length PCDH19, that was absent in all KO samples. Also as expected, the
PCDH19 band appeared enriched after immunoprecipitation when compared to the band from the
input, which contains the total protein lysate. Despite high expression levels of PCDH19 in neuro-
progenitor cells, immunoprecipitation was more successful for the adult cortex samples compared
to the E11.5 forebrain samples, possibly due to the total amount of starting tissue. It is important
to note that in the adult cortex samples there are two specific bands over 120 kDa corresponding
to full-length PCDH19, whilst in the E11 tissue, there is only one. The two bands in the adult
cortex probably represent glycosilated/unglycosilated forms or alternatively spliced isoforms or a

combination of both.
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Figure 4.1: Immunoprecipitation of PCDH19 for LC-MS analysis. (a) Experimental design.
(b) Western blot anti-PCDH19 to confirm immunoprecipitation of PCDH19 in WT samples and
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absence of PCDH19 in the KO samples. Ponceau stain is used as a loading control.
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4.2.2 PCDH19 peptides

First of all, the presence of peptides corresponding to PCDH19 was checked in all samples.
Consistent with the immunoprecipitation, PCDH19 was one of the most abundant peptides in the
WT samples. However, a few PCDH19 peptides were unexpectedly detected in the KO adult
cortex samples, although at much lower levels than in the WT samples (Table 4.1). An analysis
of the distribution of the PCDH19 peptides along the PCDH19 protein (Figure 4.2) showed that
although in cortex sample KO 1 peptides mapped along the whole protein, all PCDH19 peptides
detected in cortex samples KO 2 and 3 mapped exclusively to the cytoplasmic domain of the
protein (Figure 4.2). Dissections and immunoprecipitation were carried out on different days for
KO and WT animals, therefore samples could not have been mixed or contaminated during those
procedures. It was later determined that the first KO sample had been run on a gel together with the
WT 1, 2 and 3 samples and could thus have been cross-contaminated in the process. Therefore,
the KO 1 sample was eliminated from all downstream analysis. KO samples 2 and 3 were instead
retained for the analysis based of the following rationale: as mentioned previously, (Figure 1.4a)
(Section 2.1.2), in the Pcdh19 KO mouse model used in this thesis, exons 1, 2 and 3 have been
replaced by a 5-gal/NeoR fusion cassette. This means that the last three exons of Pcdh19 (exons
4, 5 and 6) are still present. Hence there is a possibility that in the Pcdh19 KO mouse there might
be residual expression of an alternative transcript encompassing exons 4, 5 and 6. Expression
levels of this potential truncated form of PCDH19, would be very low, as this was undetectable by
western blot using the C-terminal antibody (the uncropped version of the western blot is shown
in the appendix (Figure 8.2)). Unfortunately, these results indicated that the KO samples are not
true negative controls; in fact, if there is residual expression, the resulting protein would be entirely
cytoplasmic and therefore might be enriching the KO samples for non-membrane bound interacting
partners of PCDH19. Nonetheless, for the purpose of this work, downstream analysis was carried

out as it might still provide interesting and useful information.
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Table 4.1: PCDH19 peptides identified by LC-MS at 1% FDR

Adult Coverage || E11.5 Coverage
UniqueTotal UniqueTotal
Cortex (%) Forebrain (%)
WT 1 16 21 19.83 WT 1 24 32 29.17
WT 2 43 147 47.86 WT 2 17 24 20.42
WT 3 29 53 34.41 WT 3 4 4 4.56
KO 1 14 25 20 KO 1 0 0 0
KO 2 5 6 5.33 KO 2 0 0 0
KO 3 3 4 3.23 KO 3 0 0 0
Adult Cortex E11.5 Forebrain
1 1148 1 1148
WD 1 wr 1[I0 T | | |
2
2 Lus u I8 | |
[[|HE HNINN il . i :
3 AN I N | | | | ! | |
1 1148

KO 1 1_ H v . | 1‘%8 KO 1|

2 N 2|

3 |

TENYSFDSNYVNSRAHLIKSSSTFKDLEGN
SPEHVRNITALSIEATAADVEAYDDCGPTKRTFATFGKDVSDHPA! GKR'

DLEQYVNNVNNGPTRPSEAEPRGADSEK'

Figure 4.2: Distribution of detected peptides along the PCDH19 protein. Peptides mapping

SLYCDTAVNDVLNTSVTSMGSQMPDHDONEGFHCREECR

EGRNKESPGVKRLKDIVL

VNSVIR

CWMPRNPMPIRSK

SSLPTKPSVSYTIALAPPAR

onto mouse PCDH19 identified by LC/MS. Arrowhead indicates end of exon 3. All peptides iden-

tified in the adult cortex KO 2,3 samples (green bold sequences) map onto the C-terminal region
of the protein — shown amino acid sequence encoded by exon 4, 5 and 6 with alternated highlight.

Green 1% FDR, Yellow 5% FDR.
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4.2.3 PCDH19 interactors

LC-MS identified 3298 total proteins in the adult cortex samples and a total of 1767 proteins
in the E11.5 forebrain samples. These lists were strictly filtered, by eliminating any protein that
appeared in any of the KO samples of the same dataset. After filtering, 632 proteins appeared
only in the WT samples for adult cortex . Of these 632, only 3 proteins appeared in 3/3 samples.
For E11.5 forebrain, 361 proteins were only found in the WT samples after filtering. Of these 361
proteins, only 4 appeared in 3/3 litters. Interesting, only 29 proteins are detected at least once in
both datasets. Those proteins are listed in the appendix (Appendix 8.2.1). Protein expression is
very different in the two tissues analysed, but common interactors could give a clue of the core

processes in which PCDH19 is involved.

Before proceeding with the analysis, the lists were scanned for known PCDH19 interactors, in
order to validate our results. N-Cadherin (CDH2) was detected in the E11.5 dataset. ABI1 and
ABI2, and WASF1, 2 and 3 were also detected in the E11.5 sample, as well as DOCK7. PCDH17

was instead detected in the cortex samples (Table 4.2).

Using the R package "UniprotR” (v.2.0.3), and the "GetSubcellular location” function, known
subcellular distribution of identified proteins, was retrieved from the UniProt database (Soudy et al.,
2020). Almost half of the proteins were classified as undefined, meaning that distribution is promis-
cuous or has yet to be experimentally determined (Figure 4.3). The vast majority of defined pro-
teins are located in "cytoplasm” or "membrane”. Interestingly, there is a substantial proportion of

nuclear proteins in the cortex samples that is much smaller in the E11.5 samples.
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Table 4.2: Known PCDH19 interactors identified by LC-MS

Gene ID Protein Name Protein Function | Dataset | Reference
Cdh2 N-Cadherin adhesion molecule E (Emond et al.,
2011), (Biswas
et al., 2010)
Pcdht7 Protocadherin-17 adhesion molecule C (Pederick
et al., 2018)
Abl1-2 Abl interactor 1-2 WRC component E (Chen et al,,
2014)
Wasf1-3 WASP family member 1-3 WRC component E (Chen et al,
2014), (Emond
et al., 2021)
Dock7 | Dedicator of cytokinesis protein 7 Rac GEF E (Emond et al.,
2021)
(E) E11.5 dataset; (C) cortex dataset.
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Figure 4.3: Subcellular distribution of detected proteins. Number of proteins detected in each
subcellular compartment for adult cortex (CTX), E11.5 and the overlap between the two datasets.
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4.2.4 Gene ontology analysis

Gene ontology analysis was carried out on R (v.4.3) using the package "Cluster Profiler”
(v.3.16.1) (Yu et al., 2012). Analysis of the two datasets (CTX, E11.5) was performed for Biological
Process (BP), Molecular Function (MF), and Cellular Component , with a p-value cut off < 0.05.

Results were visualised in dotplots and cnetplots.

In the adult cortex dataset the analysis revealed several gene ontology terms which reflected
previously known functions of PCDH19. In particular, for biological processes (GO:BP), the term
"cell-cell adhesion via plasma membrane cell adhesion molecules” highlights the known function
of PCDH19 at the cell membrane in mediating contacts with neighbouring cells. Interestingly,
the terms “Golgi vesicle transport”, “neurotransmitter metabolic process” and “trans-synaptic
signalling, modulating synaptic transmission” were also significant, suggesting a role for PCDH19
at the synapse, possibly in mediating or participating in vesicle transport (Figure 4.4a). For
molecular function (GO:MF) “calcium dependent protein binding” was found amongst the
significant terms, in line with known function of protocadherins. Interestingly, the terms "RAN
GTPase binding”, "nucleocytoplasmic carrier activity” and "nuclear import signal receptor activity”
were also significant (Figure 4.4b). Those terms suggest the possibility of nuclear transport of
PCDH19 via interaction with different transporters. Some of these nuclear transporters are shown
in (Figure 4.5a). "General transcription initiation factor binding” is also enriched, suggesting a
potential nuclear function of PCDH19. Finally, for cellular compartment (GO:CC), some of the
most significant terms related to the synapse, including “integral component of synaptic mem-
brane” and "GABA-ergic synapse”. Several terms were also associated with vesicle trafficking, in
particular “synaptic vesicle’ and "transport vesicle membrane” (Figure 4.4c). Network depictions
of the interacting proteins found in the analysis indicating their relationship to selected GO terms

for biological process, molecular function and cellular compartment are shown in (Figure 4.5).

In the E11.5 dataset, most of the biological process (GO:BP) terms relate to actin dynamics,
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Figure 4.4: Dotplot of GO enrichment analysis for adult cortex. (a) Biological Process (BP). (b)
Molecular Function (MF). (¢) Cellular Compartment (CC). "Count” indicates the number of genes
in the dataset associated with a specific GO term and is represented by the size of the dot. "Gene
ratio” is the ratio between the number of genes associated with a specific GO term present in the
dataset, over the total number of genes in the dataset. "p.adjust” value is indicated by the colour
of the dots with bright red dots corresponding to most significantly enriched GO terms.
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such as ’“actin polymerization and depolymerization”, “regulation of actin filament organization”
and “regulation of actin filament length” (Figure 4.6a), in line with previous reports of PCDH19
interacting with the WRC and modulating actin dynamics (Chen et al., 2014), (Emond et al., 2021).
The significant molecular function terms (GO:MF) include "microtubule binding” and “actin bind-
ing”, as well as "SH3 domain binding” and "PDZ domain binding” (Figure 4.6b), highlighting a role
for PCDH19 in cytoplasmic signalling and signal transduction. Amongst the interactors associated
with "PDZ domain binding” we find, for example, DLG1, a multidomain scaffolding protein, neces-
sary for recruiting and anchoring receptors and ion channels to the plasma membrane. The signif-
icant cellular compartment terms (GO:CC) include again terms relating to the actin cytoskeleton,

EART]

such as “actin-based cell-projection”, "actin filament” and also several terms related to the micro-
tubules. (Figure 4.6¢). Interestingly, "nuclear pore” was also identified in this dataset, driven by
the presence of several components of the nuclear pore (NUP155, NUP50, NUP153, NUP133),
which are important for nucleocytoplasmatic trafficking and can interact with importins (Ogawa
et al., 2012). Again, network depictions of several of the interacting proteins found in the analysis,
indicating their relationship to different GO terms for biological process, molecular function and

cellular compartment are shown in (Figure 4.7).

4.2.5 Interesting potential novel interactors of PCDH19

Several members of the cadherin superfamily were identified in this analysis. In addition
to CDH2 and PCDH17 that have been described previously as PCDH19 interactors (Pederick
et al., 2018) (Emond et al., 2011), PCDH1, PCDH7, PCDH9, PCDH10, PCDH«a 12, PCDHf31,2,9,
PCDH~a3,12, PCDH~b1,6, PCDH~c3,4, CDH10, CDH11, CDH18 and CDH20 were also identi-
fied. This is interesting because interactions between members of the same or a different cadherin
subfamily can alter adhesion properties of the protein alone (Pederick et al., 2018) (Bisogni et al.,
2018). Another RacGEFs was detected: DOCKS3, belonging to the same protein family as the
recently described interactor of PCDH19, DOCK7 (Emond et al., 2021). Both DOCK7 and DOCKS3

are guanine nucleotide exchange factor (GEFs), which activate Rac and promote restructuring
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Figure 4.6: Dotplot of GO enrichment analysis E11.5 forebrain. (a) Biological Process. (b)
Molecular Function. (¢) Cellular Compartment. ”Count” indicates the number of genes in the
dataset associated with a specific GO term and is represented by the size of the dot. "Gene ratio”
is the ratio between the number of genes associated with a specific GO term present in the dataset,
over the total number of genes in the dataset. "p.adjust” value is indicated by the colour of the dots
with bright red dots corresponding to most significantly enriched GO terms.
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Figure 4.7: Cnetplo