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Summary

Mutations in the cyclin-dependent kinase like 5 gene (CDKL5) have been found in
individuals with a rare X-linked neurodevelopmental disorder, CDKLS5 deficiency disorder
(CDD), characterised by early-onset epileptic encephalopathy, severe intellectual
disability, drug-resistant seizures and infantile spasms (Fehr et al., 2013). In accordance
with the localisation of CDKL5 on the X-chromosome (Xp22), this disorder affects mostly
females who are heterozygous for CDKL5 deficiency and mosaic for the mutated allele
because of the random X-chromosome inactivation (Guerrini & Parrini, 2012). At present,
no cure exists for patients with CDD and the development of rationally designed drug-
based therapies is still extremely challenging due to the limited knowledge of CDKL5
functions. Most studies in CDKLS5 deficient neurons and mice converge on a crucial role
of CDKLS5 in regulating excitatory neurotransmission. Indeed, CDKL5 interacts with
PSD95 and controls maturation of dendritic spines and miniature excitatory postsynaptic
currents (Zhu & Xiong, 2018). Cdkl5-KO mice are useful for the study of the molecular
basis of CDD and for preclinical drug-testing since they recapitulate most features of the
human disorder such as autistic-like traits, impaired learning and memory and motor
control (Zhou et al., 2017). Nevertheless, spontaneous epilepsy is not present but an
altered susceptibility to pro-convulsant drugs has been observed (Amendola et al., 2014;
Yennawar et al., 2019).

Although the role of CDKL5 at excitatory synapses is widely studied, a potential role of
the protein in the specific regulation of the inhibitory neurotransmission has been rather
neglected up until now. Therefore, this thesis aims at exploring a potential role of CDKL5
at the inhibitory synapse. '-aminobutyric acid type A receptors (GABAARS) are the main
inhibitory receptors of the nervous system and their dysfunction is intrinsically linked to
epilepsy and autism-spectrum disorders (Comenencia-Ortiz et al.,, 2014). Indeed,
GABAergic transmission controls neuronal excitability and synchronises neuronal
networks to generate oscillations that underlie cognitive processes (Tyagarajan &
Fritschy, 2014).

The cell membrane distribution of GABAARS is dynamically regulated via the interactions
with the subsynaptic scaffolding protein gephyrin (Tyagarajan & Fritschy, 2014). Among
other important postsynaptic proteins at the inhibitory synapse are collybistin (CB), a

brain-specific GDP/GTP-exchange factor, which regulates gephyrin recruitment from



intracellular deposits to postsynaptic membranes and neuroligin2 (NL2) that interacts
with presynaptic neurexins.

In this study, we demonstrated that CDKL5 resides in the postsynaptic inhibitory
compartment where it interacts with both CB and gephyrin. Loss of CDKL5 led not only
to a reduced surface exposure of y, subunit-containing GABAaRS but also to a reduction
in the number of gephyrin-positive puncta, suggesting that CDKL5 might directly control
the stabilisation of synaptic GABAARSs through its interaction with the cytoplasmic CB-
gephyrin complex. Interestingly, CDKL5 was found to interact with the CB SH3 domain,
which acts as a regulatory switch in CB. Finally, a putative role of CDKL5 in modulating
NL2 phosphorylation appeared altogether suggesting that CDKL5 may directly influence
the functioning of the postsynaptic scaffolding complex.

The above defects were accompanied by a decrease in the frequency of miniature
inhibitory postsynaptic currents (mIPSCs). A similar result was observed when CDKL5
expression was acutely silenced, indicating that the impact of CDKL5 on the inhibitory
neurotransmission could be ascribed to its effect at the postsynaptic site, though we
cannot exclude a direct role of CDKL5 also in the presynaptic compartment. In this last
regard, CDKL5 was shown to diminish the punctate staining of the presynaptic marker
bassoon indicating that CDKL5 loss might lead to a reduced number of inhibitory
synapses. Furthermore, ex vivo findings corroborated the in vitro ones; indeed, a
deranged surface expression of synaptic GABAaRs was also found both in hippocampal
slices and in synaptosomal fractions of fully symptomatic Cdkl5-KO mice. Lastly, our ex
vivo electrophysiological recordings indicate that Cdkl5-KO mice have a hyperexcitability
phenotype.

CDKLS5 regulates MT dynamics and functions in part through its association with the MT
plus-end tracking protein CLIP170, which represents the intracellular target of the
neuroactive steroid pregnenolone (PREG) (Barbiero et al., 2019). Our laboratory
demonstrated that PREG and its synthetic derivative pregnenolone-methyl-ether (PME)
can normalise CLIP170 functioning and restore cellular and neuronal CDKL5-dependent
defects (Barbiero et al., 2017b, 2020). In the current study, we tested its effect on the
defective phenotypes in the inhibitory counterpart. Intriguingly, we found a restoration of
surface expressed GABAaR y2 both in vitro and ex vivo, of the number of gephyrin puncta
and of the deranged frequency of mIPSCs in Cdkl5-KO neurons. Accordingly, we also
found a rescue of the presynaptic defect.

To sum up, in this Ph.D. thesis, we focused on the key component of the inhibitory

synapse to elucidate possible alterations in the absence of CDKL5. Based on our



findings, we hypothesise that CDKL5 exerts a dual control on synaptic GABAAR
expression: a direct regulation through its interaction with the gephyrin-CB-NL2 complex
and an indirect effect through its control on MT dynamics. Future studies will aim at
investigating, in further details, the molecular composition of the inhibitory synapse and
the role of CDKLY5 in regulating the conformational switch of CB. Moreover, in agreement
with the control of CDKL5 of MT dynamics, the beneficial effect of PME treatment reveals
that the pharmacological targeting of such dynamics might stabilise postsynaptic sites
and potentiate GABAAR functioning, constituting an important breakthrough in the CDD
field.



1 Introduction

1.1 CDKL5 and its transcript isoforms

The cyclin-dependent kinase-like 5 gene (CDKL5; OMIM #300203) is located on the
short arm of the X-chromosome at position 22.13 (Xp22.13) and is subject to X-
chromosome inactivation. When this gene was cloned and sequenced, it was formerly
termed serine-threonine kinase 9 (STK9) (Montini et al., 1998). A number of studies have
investigated CDKL5 structure and its transcript expression in different tissues
(Kalscheuer et al., 2003; Montini et al., 1998; Williamson et al., 2012), but the set of
transcripts and resulting protein isoforms remained incompletely characterised until
2016. In 2016, Hector and colleagues analysed the mRNA products of human CDKL5
and mouse CdkI5 through a combination of bioinformatic analyses and molecular
methods, leading to a more complete picture. The human CDKL5 occupies
approximately 240 kb of the X-chromosome and it is composed of 27 exons. The first
five exons, namely 1, 1a, 1b, 1c/d, and le, are all untranslated and utilise the same ATG
start codon in exon 2.

CDKLS5 is known to undergo alternative splicing events and five transcript isoforms with
distinct coding regions, hCDKL5 1 to hCDKL5 5, have been found (Figure 1.1).
hCDKL5_1 (CDKL5s07 reported by Williamson et al. in 2012; 107 kDa; 960 amino acids)
is the most abundant isoform expressed within the central nervous system (CNS) but
was detected at low levels in other adult tested tissues (Hector et al., 2016). hCDKL5_ 2
is identical to hCDKL5_1 but includes also the 123 nucleotides long exon 17. hCDKL5_3
and hCDKL5_4 are identical to hCDKL5_1 and hCDKL5_2, respectively, but lack 51
bases of coding sequence from the 3’ end of exon 11. In contrast to the first four isoforms,
hCDKL5_5 (CDKL5115 reported by Williamson et al. in 2012; 115 kDa; 1,030 amino acids)
was only detected in testes amongst the adult tissues tested. Finally, considering
hCDKL5_5, itis interesting to note that the most extreme C-terminal region of the protein
and the 3’-untranslated region (UTR) are utterly different from those of the other isoforms
(Hector et al., 2016).
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Figure 1.1 Schematic representation of human CDKL5 and its transcript isoforms. The
structure of human CDKL5 and the exon composition of the five different coding isoforms
(hCDKL5_1 to hCDKL5_5) are shown. Splice events are indicated by lines between exons.
Differences among the isoforms are indicated by asterisks. Alternative splice sites are indicated
by dotted lines within exons (Hector et al., 2016).

The murine isoforms mCdkl5 1 and mCdkl5_2 are completely orthologous to their
human counterparts. In contrast, the coding regions of the other three murine transcripts
do not show full orthology to any human isoforms and are hence termed mCdkl5_6,
mCdkl5_7 and mCdklI5_8 (Figure 1.2). mCdklI5_1 represents the most abundant isoform
expressed within the mouse brain, followed by mCdkl5_ 2. No mouse orthologues of
hCDKL5_3 and hCDKL5 4 were identified, but it is intriguing that the expression of
mCdkl5_6 and mCdklI5_7, similarly to that of hCDKL5_5, is confined to the testes in the
adult mouse, whereas mCdkl5_8 is expressed in the spleen and at very low levels in

other tissues (Hector et al., 2016).
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Figure 1.2 Schematic representation of murine Cdkl5 and its transcript isoforms. Diagram
illustrating the structure of murine Cdkl5 and the exon composition of the different coding isoforms
(mCdkl5_1, 2, 6, _7, _8). Splicing events are indicated by lines between exons. Differences
among the isoforms are indicated by asterisks. Alternative splice sites are indicated by dotted
lines within exons (Hector et al., 2016).



1.2 CDKLD5 protein

CDKLS5 belongs to the CMGC family of serine-threonine kinases, which includes cyclin-
dependent kinases (CDKs), mitogen-activated protein kinases (MAPKSs), glycogen
synthase kinases (GSKs) and CDK-like kinases (CLKs) (Montini et al., 1998). Indeed,
CDKLS5 is characterised by a highly conserved NHz-terminal catalytic domain (amino
acids 13-297), homologous to that of the other CDKL-family members, and a large
COOH-terminal extension of almost 700 amino acids (amino acids 297-960).

Drilling down into the details, the catalytic domain comprises an ATP-binding region
(amino acids 19-43), a serine-threonine kinase active site (amino acids 131-143), and a
conserved threonine-glutamate-tyrosine (TEY) motif within its activation loop (amino
acids 169-171) (Bertani et al., 2006) the dual phosphorylation of which is required for
activation of extracellular signal-regulated kinases (ERKs) (Pearson et al., 2001). In
addition, it has been demonstrated that CDKL5 is able to both cis-phosphorylate (Lin et
al., 2005) and trans-phosphorylate (Bertani et al., 2006), showing an autocatalytic activity
directed against its TEY motif. The long C-terminal domain contains two distinct putative
signals for nuclear import (NLS: and NLS;; amino acids 312-315 and 784-789,
respectively) and export (NES; amino acids 836-845). The C-terminal region, which is
unique for CDKL5 and distinguishes it from other proteins, is highly conserved between
different CDKL5 orthologs that differ only in the most extreme C-terminus, suggesting a
potential crucial role. Accordingly, this region plays an important role in localising the
kinase properly within the nuclear compartment, possibly by its interaction with other
nuclear factors (Bertani et al., 2006; Lin et al., 2005) (Figure 1.3).

ATP S/T TEY NLS, NLS, NES
SHI | | | <
1 297 960 aa
| I J
catalytic domain C-terminus domain

Figure 1.3 Schematic representation of the human isoform hCDKL5_ 1. Diagram depicting
the CDKL5 isoform mainly expressed in the CNS with its principal functional domains. The
catalytic domain is shown in green while the included ATP binding site (ATP; amino acids 19-43),
the serine-threonine kinase active site (S/T; amino acids 131-143) and the TEY motif (amino acids
169-171) are highlighted in grey. The C-terminal domain is represented in red, the nuclear
localisation signal 1 (NLSz1; amino acids 784-789) and 2 (NLSz; amino acids 836-845) as well as
the nuclear export signal (NES) are in blue and violet, respectively (adapted from Balestra et al.,
2019).



The catalytic activity of CDKL5 must be tightly regulated. Post-translational modifications
constitute a major regulatory mechanism of many proteins and CDKLS5 is subjected to
various phosphorylation events. For example, phosphorylation on Ser®® by dual-
specificity tyrosine-phosphorylation-regulated kinase 1A (DYRKZ1A) interferes with the
nuclear localisation of CDKLS5, promoting its cytoplasmic location in Neuro2a cells (Oi et
al., 2017). In cultured neurons, brain-derived neurotrophic factor (BDNF) induces
transient phosphorylation of CDKL5 (Chen et al., 2010), which might be important for the
activation of its downstream effectors. However, this is a reversible process and,
accordingly, it has been reported that neuronal depolarisation induces the
dephosphorylation of CDKLS5 by protein phosphatase 1 (PP1), prompting its proteasome-
dependent degradation (La Montanara et al., 2015). In particular, N-methyl-D-aspartate
receptors (NMDARSs) mediate this process, suggesting that CDKL5 may participate in
activity-dependent neuronal development and function. In addition, CDKL5 undergoes
active auto-phosphorylation and is present in cells in its phosphorylated form (Chen et
al., 2010; La Montanara et al., 2015; Mari et al., 2005). Although the functional
significance of this auto-phosphorylation has not been defined yet, it is possible that it is
required for the activation of CDKL5.

1.3 CDKL5 localisation and expression patterns during

development

Since the cloning of CDKLS5 in 1998, multiple studies converge on CDKL5 mRNA being
highly abundant in brain tissues but can also be detected in liver, kidney and testes;
interestingly, the size of the mRNA appeared to be significantly shorter in the testes
(Chen et al., 2010; Lin et al., 2005; Montini et al., 1998). Within the brain, in situ
hybridisation studies indicated that Cdkl5 is enriched throughout the brain with high
levels in the cerebral cortex, hippocampus and cerebellum (Chen et al., 2010; Mari et
al., 2005). A detailed analysis of Cdkl5 expression in the adult mouse brain showed that
transcript levels are particularly abundant in the most superficial cortical layers of the
adult forebrain. Moreover, the hippocampus, a brain area that regulates learning and
memory, shows a large amount of Cdkl5 mRNA in all the Cornu Ammonis fields.
Conversely, dopaminergic areas, including the substantia nigra or the ventral tegmental
area, as well as noradrenergic areas, such as the locus coeruleus, express very low

levels of CdkI5. Interestingly, very high levels of Cdkl5 transcripts are detected in several



thalamic nuclei, involved in sensory and motor signal relay and in the regulation of
consciousness and sleep, whereas lower levels are detected in the cerebellum (Kilstrup-
Nielsen et al., 2012).

At the protein level, CDKL5 is a ubiquitous protein that is mainly expressed in brain,
testes and thymus (Lin et al., 2005; Rusconi et al., 2008). Moreover, CDKL5 is expressed
at moderate levels in heart, lung, spleen and prostate and lower but detectable levels in
liver, pancreas and skeletal muscle (Lin et al., 2005). Within the brain, in the adult mouse,
CDKL5 is particularly expressed in hippocampus, cerebral cortex, thalamus and
striatum, but its levels appear more reduced in the hypothalamus and cerebellum. In
human adult brain tissues, numerous and diffused CDKL5-positive cells were found in
both cerebral cortex and corpus callosum. Furthermore, in the human cerebellum,
CDKL5 was detected in most cells corresponding to granular, molecular, and Purkinje
cell layers (Rusconi et al., 2008).

At the cellular level, CDKL5 constitutively shuttles between the cytoplasm and the
nucleus in mitotic cells, while the shuttling between these compartments is not
constitutive in post-mitotic neurons. However, in both cases, the subcellular distribution
of the protein appears to be modulated through a CRM1-dependent active nuclear
export. The importance of this distribution is highlighted by pathogenic truncations of the
C-terminus that lead to a constitutive nuclear accumulation of CDKL5 (Rusconi et al.,
2008, 2011) . In the cytoplasm, CDKL5 is preferentially localised in structures that are
highly dynamic and actin-enriched. At early developmental stages of cultured neurons,
CDKL5 is localised in the growth cone, a dynamic structure at the tip of growing neurites
(Chen et al., 2010; Nawaz et al., 2016), whereas in mature neurons CDKL5 is enriched
in dendritic spines, where most excitatory synapses are present (Ricciardi et al., 2012).
Recently, it has been shown that CDKLS5 is also present at centrosomes of dividing cells
and post-mitotic neurons (Barbiero et al., 2017a). Notably, immunostaining of primary
neuronal cultures indicates that CDKL5 is expressed in both glutamatergic and
GABAergic neurons, but not in glial cells (Rusconi et al., 2008). However, a separate
study has found a distinct CDKL5 isoform expressed in the glia (Chen et al., 2010).
Intriguingly, CDKLS5 levels vary during development in different districts. As previously
mentioned, the CNS isoforms, hCDKL5_1, 2, 3, and _4, are all expressed at higher
levels in the adult brain than in the foetal brain. Conversely, hCDKL5_5 is expressed in
the foetal brain even if, in the adult, it is found only in the testes. In mice, the most
abundant CdklI5 isoforms, mCdki5_1 and mCdkl5 2, are expressed throughout

embryonic and early postnatal development, increasing in levels and peaking within the



first few weeks after birth (Hector et al., 2016). Western blot analyses of CDKL5 protein
levels in mice and rats have confirmed the transcript profile in adult brain even if the
onset of CDKL5 expression is still debated (Lin et al., 2005; Rusconi et al., 2008; Chen
et al., 2010). Several studies agree that CDKL5 protein levels reach the highest in
conjunction with the development and differentiation of the brain, supporting a role of
CDKL5 after the early stages of development. It is noteworthy that the detection of
different transcript isoforms is suggestive of a complex developmental regulation of
CDKLS5 expression and levels during pre- and postnatal development. Despite this, the
functional significance of different CDKLS5 transcript isoforms and their expression levels
remains to be assessed. Furthermore, the patterns of CDKL5 expression need to be
examined in post-mortem human tissues as well (Zhou et al., 2017).

1.4 Multiple roles of CDKL5 and its molecular functions

The expression pattern of CDKL5 suggests that it is involved in the regulation of neuronal
development as well as in the maintenance of proper neuronal activity and morphology,
and that it has a function in the adult brain. Its localisation to different subcellular
compartments implies that it plays multiple roles and regulates distinct signalling
pathways.

1.4.1 Substrates of CDKL5 and its kinase activity

Several laboratories have attempted to characterise the molecular functions of CDKL5
through protein pull-down studies, yeast two-hybrid screening, or chemical genetics in
order to identify its interacting proteins and/or substrates.

To date, various CDKLS5 interacting proteins have been identified of which some have
been reported to be its substrates: in the nucleus, the kinase is able to interact with
methyl-CpG binding-protein 2 (MeCP2), DNA methyltransferase 1 (DNMT1),
serine/arginine-rich splicing factor SC35 (SC35) and histone deacetylase 4 (HDAC4),
while in the cytoplasmic compartment its interactors are postsynaptic density protein 95
(PSD95), netrin-G1 ligand (NGL-1), amphiphysin 1 (Amphl), Shootinl, Rac Family
Small GTPase 1 (Racl), IQ Motif Containing GTPase Activating Protein 1 (IQGAP1) as
well as the end-binding protein 2 (EB2) and the microtubule-associated protein 1S
(MAP1S) (Figure 1.4).



The first CDKLS5 interactor, MeCP2, was identified in 2005 by Mari and colleagues (Mari
et al.,, 2005). The two proteins share a partial overlap in the spatial and temporal
expression and were found to interact both in vitro and in vivo. CDKL5 mediates MeCP2
phosphorylation in vitro (Mari et al., 2005). Even though it is still unclear whether this
happens also in vivo, it is known that specific events of MeCP2 phosphorylation regulate,
among other functions, gene transcription, proper dendritic and synaptic development,
and behavioural responses to experience (Cohen et al., 2012; Li et al., 2011) along with

cell proliferation, division, migration, and differentiation (Bergo et al., 2015).

Highly dynamic edges
Rac1, IQGAP1, EB2, MAP1S

Dendrites and spines:
PSD5, NGL-1

Axonal growth cone:
Shootin1, Amph1

Nucleus:
MeCP2, DNMT1, SC35, HDAC4

Figure 1.4 Schematic representation of the localisation of CDKL5 known interactors in
neurons. CDKLS5 functions occur both in the nucleus and in the cytoplasm. In the nucleus, CDKL5
interacts with and phosphorylates MeCP2 and DNMT1. Furthermore, the protein colocalises with
SC35 in RNA speckles. In the cytoplasm, CDKLS5 is involved in the regulation of actin cytoskeleton
and dendritic arborisation. This function is mediated by the interaction with Racl. Other interactors
are PDS95, NGL-1, Shootinl, Amphl, IQGAP1, EB2 and MAP1S.

In an effort to identify kinases that phosphorylate DNMT1, the enzyme responsible for
the maintenance of genomic DNA methylation, Kameshita and colleagues demonstrated
that CDKL5 phosphorylates the DNMT1 N-terminus in vitro (Kameshita et al., 2008).
Nonetheless, similarly to MeCP2, whether DNMT1 is phosphorylated by CDKLS5 in vivo
has not been determined. Through its interaction with two key epigenetic factors, CDKL5
may thus play a role in epigenetics and gene expression.

Subsequently, CDKL5 was found to localise and be associated with the splicing factor
SC35, clustered in the so-called nuclear speckles where pre-mRNA splicing factors,

ribonucleoprotein particles (SnRNPs), spliceosome subunits and non-snRNP protein
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splicing factors accumulate. These data suggest a role of CDKLS5 in the regulation of the
nuclear trafficking of splicing machinery (Ricciardi et al., 2009).

HDACA4 is a transcriptional repressor, which controls the expression of various genes of
which some are important for synaptic function. In a phosphoproteomic-based study,
HDAC4 was identified as a direct phosphorylation target of CDKL5. In line with its role in
neuronal development and function, HDAC4 is highly abundant in neurons, where it is
retained in the cytoplasm in a phosphorylation-dependent manner. CDKL5
phosphorylates HDAC4 at Ser%%?, thereby regulating its cytoplasmic retention. CDKL5
loss leads to diminished HDAC4 phosphorylation increasing its nuclear translocation.
This aberrant localisation promotes HDAC4 binding to DNA and the inhibition of gene
transcription (Trazzi et al., 2016).

Synaptic targeting of CDKLS5 is promoted by its interaction with the palmitoylated form of
PSD95, a major scaffold protein in the postsynaptic density that regulates the
organisation of synaptic proteins and synaptic strength. CDKL5 also forms a complex
with PSD95 and NGL-1 of which the latter is a synaptic cell adhesion molecule that exerts
a regulatory role in synapse formation and homeostasis. CDKL5 mediates NGL-1
phosphorylation at Ser®, which is necessary to ensure stable binding to PSD95
(Ricciardi et al., 2012; Zhu et al., 2013).

Another cytoplasmic substrate of CDKL5 is Amphl, a multifunctional adaptor molecule
involved in neurotransmission and synaptic vesicle recycling through clathrin-mediated
endocytosis. CDKL5 phosphorylates Amph1 at Ser?®3, negatively influencing its binding
to endophilin, which is involved in synaptic vesicle endocytosis and receptor trafficking.
These pieces of evidence underline once again that CDKL5 plays crucial roles in
synaptic maintenance and function (Sekiguchi et al., 2013).

Nawaz and colleagues highlighted a role of CDKLS5 in regulating axon specification and
elongation in mouse primary hippocampal neurons through its interaction with Shootin1:
CDKLS5 silencing resulted in an increased number of neurons bearing no axon, while
both silencing and overexpression of the kinase were associated with the formation of
supernumerary axons and reduced axonal length (Nawaz et al., 2016). Shootinl is a
brain-specific protein acting as a determinant of axon formation during the process of
neuronal polarisation. These data reinforced the evidence that CDKLS5 is involved in the
regulation of neuronal polarisation, at least in part, through its interaction with Shootin1.
Recently, in our laboratory, IQGAP1 has been identified as a novel CDKL5 interactor
(Barbiero et al., 2017b). IQGAP1 is the most studied of the three members of the IQGAP

family of proteins, which are responsible for the regulation of several processes based
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on cytoskeletal remodelling, such as cell migration and polarity, proliferation, vesicle
transport as well as intracellular signalling through the interaction with numerous proteins
(Hedman et al., 2015). IQGAP1 regulates the interaction between microtubules (MTs)
and actin networks, through the formation of a tripartite complex with activated Racl and
CLIP170 (Fukata et al., 2002). CLIP170 is a plus-end MT binding protein that regulates
MT stability acting as a rescue factor facilitating MT growth. Loss of CDKL5 was found
to negatively impact the formation of the triple complex, resulting in an alteration of
IQGAPL1 localisation at the leading edge, a disruption of proper cell morphology and an
impairment of the MT binding of CLIP170 (Barbiero et al., 2017b).

The two MT-binding proteins EB2 and MAP1S were recently found to interact with
CDKL5 (Baltussen et al., 2018; Muiioz et al., 2018). EB2 was identified as a CDKL5
substrate through a chemical genetic approach and was found to be a bona fide
substrate of CDKL5 in vitro and in vivo, although the functional consequences of this
event are still unknown. Finally, MAP1S, the less characterised member of the MAP1
family proteins, was identified as a substrate of CDKL5 through two different approaches
providing strong support for a functional role of this association (Baltussen et al., 2018;
Mufioz et al., 2018).

A precise consensus sequence within CDKL5 substrates has been currently
characterised. Despite this, some CDKLS5 interactors have been crucial to outline the
conserved consensus site(s) of CDKL5 phosphorylation. Indeed, Amphl and its
homologue Amph2, which is not phosphorylated by CDKL5, have been used to identify
the RPXSX sequence as a putative consensus site (Katayama et al., 2015; Sekiguchi et
al., 2013). Recently, the result of two distinct but highly complementary mass
spectrometry-based phosphoproteomic approaches have revealed that CDKL5 prefers
to phosphorylate serines that lie in the motif RPX[S/T][A/G/P], such as Ser®® (Mufioz et
al., 2018) and Ser’® (Baltussen et al., 2018) of MAP1S and Ser??2 of EB2 (Baltussen et
al., 2018).

Considering the aforementioned data, it is pivotal to highlight that knowledge of the
molecular targets of CDKL5 may help, firstly, to fully understand the signalling pathways
that mediate the function of the kinase in neurons and, secondly, to identify substrates

for pharmacological intervention.
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1.4.2 CDKL5 in neuronal development and function

Among the above-mentioned interactors, MT-associated proteins such as IQGAP1,
MAP1S, and EB2 are crucial because the interaction with the said proteins has allowed
to demonstrate the participation of CDKLS5 in the regulation of MT dynamics (Baltussen
et al., 2018; Barbiero et al., 2017b; Mufioz et al., 2018). MT dynamics is the property
exhibited by the MT plus-end to alternate periods of prolonged assembly to rapid
disassembly and is fundamental for neurodevelopmental processes including formation,

maintenance and remodelling of synaptic connections (Conde & Céceres, 2009).

Defective MT dynamics associated with CDKL5 loss could explain why CdkI5-KO
neurons display altered migration (Barbiero et al., 2017b), different axonal defects,
including axon specification, axon outgrowth along with altered growth cone morphology
(Barbiero et al., 2020; Nawaz et al., 2016), and the impairment in both neurite growth
and dendritic arborisation (Amendola et al., 2014; Chen et al., 2010; Fuchs et al., 2014;
Wang et al., 2012). Moreover, the absence of CDKL5 impairs not only early neuronal
development but also dendritic spine formation. Dendritic spines are specialised
protrusions that characterise excitatory synapses; CDKL5 is highly enriched in the
postsynaptic density, a dense protein complex composed of the key proteins for synaptic
transmission, signal transduction, and cell adhesion (Ricciardi et al., 2012; Zhu et al.,
2013).

CdklI5-KO neurons show an increased number of immature spines such as filopodia-like
and thin-headed spines (Ricciardi et al., 2012; Trazzi et al., 2016; Trovo et al., 2020)
along with a reduced expression of synaptic markers and decreased frequency of
miniature excitatory postsynaptic currents (MEPSCs) (Ricciardi et al., 2012; Zhu et al.,
2013). In addition, several pieces of evidence suggest that CDKL5 regulates the
targeting and trafficking of glutamate receptors to postsynaptic sites. For instance, the
postsynaptic density fraction of Cdkl5-KO hippocampi presents an abnormal
accumulation of GIuN2B-containing NMDARs and SAP102, which regulates synaptic
trafficking of GIuUN2B-containing glutamate receptors (Okuda et al., 2017). Recently, our
laboratory demonstrated that CDKL5 deficiency in primary hippocampal neurons leads
to deranged expression of the alpha-amino-3-hydroxy-5-methyl-4-iso-xazole propionic
acid receptors (AMPARS). In particular, the GluA2 subunit was found dramatically
reduced jointly with its hyper-phosphorylation on Ser®° and increased ubiquitination.

These data also revealed that CDKL5 silencing alters the composition of membrane-
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inserted AMPARs towards the GluA2-lacking calcium-permeable form, which may
contribute, at least in part, to the altered synaptic functions and cognitive impairment
linked to loss of CDKL5 (Tramarin et al., 2018).

1.5 Main components of the inhibitory synapse

Considering all the above studies, it is glaring that CDKLS5 is localised at excitatory
synapses and that CDKL5 loss perturbs excitatory synaptic structure and function.
However, two types of synapses are distinguished in the CNS: excitatory synapses,
mainly located at the postsynaptic spines, and inhibitory synapses, typically incorporated
in the soma and dendritic shaft (Gray, 1959; Sheng & Kim, 2011). Although the role of
CDKL5 has hitherto been studied mainly regarding excitatory synapses, very little is
known about the influence of CDKL5 at the inhibitory counterpart of the synapse. This
Ph.D. project aims at investigating the possible role of CDKL5 in inhibitory
neurotransmission, which is pivotal to control neuronal excitability and to synchronise
neuronal networks to generate oscillations that underlie cognitive processes.

The essential neurotransmitter receptors of inhibitory synapses are y-aminobutyric acid
type A receptors (GABAaRS) and glycine receptors. In this Ph.D. thesis, | have focused
on GABAaRSs, which are the main mediators of GABAergic transmission and represent
the key source of inhibition in the adult brain. Such receptors are pentamers composed
of two q, two 3, and one y or 6 subunit (Comenencia-Ortiz et al., 2014).GABAARS on the
neuronal cell surface exist as diffuse receptor populations or as synaptic as well as
extrasynaptic clusters. Synaptic and extrasynaptic GABAARs mediate phasic and tonic
inhibition, respectively. The first ones efficaciously respond to high concentrations of
GABA during neurotransmitter release into the synaptic cleft and are activated
transiently, while the latter respond to lower ambient GABA concentrations or to GABA
spill over from synapses and are activated continuously (Tretter et al., 2012). Of note,
tonic current causes a steady inhibition and reduces neuronal excitability.

Both GABAARs and glycine receptors interact directly with gephyrin, a well-known
postsynaptic scaffold protein of the inhibitory synapses. Gephyrin is composed of three
functional domains, viz. G-, C-, and E-domains: G- and E-domains form a stable three-
dimensional structure while the central C-domain is intrinsically unstructured and gives
structural flexibility to the protein. Moreover, gephyrin is capable of self-aggregating into
a complex lattice due to dual multimerisation domains on its E- and G-domains.

Therefore, the combination of self-aggregation and direct binding to glycine receptor and
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GABAAR subunits enable their clustering at inhibitory postsynaptic sites (Groeneweg et
al., 2018).

A yeast two-hybrid screening, aiming at searching for gephyrin-interacting proteins,
identified the guanine nucleotide exchange factor (GEF) collybistin (CB) that catalyses
the GTP-GDP exchange on the Rho family GTPase Cdc42 and is involved in regulating
the submembrane distribution of gephyrin (Kins et al., 2000). Gephyrin interacts with the
actin cytoskeleton; this interaction is mediated by the actin binding proteins profilin | and
Il as well as by the microfilament adaptors of the Mena/VASP family that also interact
with each other and regulate microfilament dynamics. Other gephyrin interactors are the
dynein light chains -1 and -2 (DIcl and Dlc2), which mediate local transport of synaptic
proteins and provide a link to MTs and microfilaments. Finally, some GABAergic
synapses are associated with the dystrophin-glycoprotein complex (DGC) that links the
extracellular matrix with the cytoskeleton and neuroligins (NLs) that bridge the synaptic
cleft by interaction with presynaptic neurexins (Tretter et al., 2008) (Figure 1.5).

-

gephyrin

microfilaments

microtubules &

Figure 1.5 Schematic representation of the GABAergic synapse. Synaptic GABAaRs are
stabilised by a submembranous lattice of gephyrin through a direct interaction. The guanine
nucleotide exchange factor (GEF) collybistin (CB) is associated with the cell membrane and
interacts directly with gephyrin. DIc1/2 and Mena/VASP are cytoskeleton associated proteins. The
dystrophin-glycoprotein complex (DGC) stabilises the synapse and neuroligins bridge the
synaptic cleft by interaction with presynaptic neurexins (Tretter et al., 2008).
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1.6 CDKL5 Deficiency Disorder (CDD)

1.6.1 CDKL5 pathological mutations

Since 2003, molecular genetics has allowed identifying mutations in CDKLS5 in patients
affected by severe neurodevelopmental disorders. So far, in the vast majority of patients,
the mutations are de novo as they are absent in the parents and only one familial case
with three affected siblings has been described (Weaving et al., 2004). Most mutations
are unique, but few recurrent mutations have been identified (Bahi-Buisson et al.,
2012a).

To date, 317 CDKLS5 variants are listed in the RettBASE: RettSyndrome.org Variation
Database (http://mecp2.chw.edu.au/cdki5/cdkl5_home.php), consisting of 57.7%
pathogenic mutations, 10.1% likely pathogenic mutations, 13.6% benign mutations,
5.4% likely benign mutations and 13.2% variants of unknown significance (VOUS)
(Figure 1.6).

m Pathogenic

m Likely Pathogenic
= Benign

m Likely Benign

= VOUS

Figure 1.6 Schematic illustration of the distribution of pathogenicity in CDKL5 variant
database. The pie chart shows the distribution of CDKLS5 variants that are divided into pathogenic
(183), likely pathogenic (32), benign (43), likely benign (17) and variants of unknown significance
(VOUS; 42) (adapted by RettBASE: RettSyndrome.org Variation Database).
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Pathogenic mutations are distributed throughout the entire coding sequence of
hCDKL5_1 and include missense and nonsense mutations, translocations, frameshift
(small and large deletions as well as insertions), aberrant splicing and multiple mutations.
Pathogenic missense mutations involve almost exclusively the catalytic domain (Figure
1.7), suggesting that the kinase activity of CDKL5 is particularly important for brain
function (Bahi-Buisson et al., 2008a, 2012a; Fehr et al., 2015, 2016).

CDD mutations are mainly considered loss of function mutations as CDKL5 has less or
no catalytic activity (Bertani et al., 2006; Rusconi et al., 2008). Furthermore, Szafranski
and colleagues have highlighted the importance of CDKL5 dosage. Indeed, the authors
reported seven females and four males from seven unrelated families with genomic
duplications at Xp22, involving CDKL5. Increased dosage of CDKL5 may affect the
global output of the interactions with its substrates, leading to perturbation of synaptic
plasticity and development (Szafranski et al., 2015).

Pathogenicilikely pathogenic
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Figure 1.7 Pathogenic CDKL5 missense variants in patients localise mainly in the catalytic
domain. The image refers to hCDKL5_1, the predominant brain protein isoform. Numbers refer
to the positions of amino acids. Variants in red (upper) are pathogenic or likely pathogenic.
Variants in black (lower) are benign or likely benign. a8Variant with a splicing consequence.
bVariant of uncertain significance. NES = putative nuclear export signal; NLS = putative nuclear
localization signal; ST = serine-threonine kinase active site; TEY = conserved threonine-
glutamate-tyrosine motif (Hector et al., 2017).
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1.6.2 The history of the disease: from Rett Syndrome to CDD

Pathologic variants in CDKL5 cause CDKL5 deficiency disorder (CDD; OMIM #300203,
#300672), which is a rare X-linked neurodevelopmental disorder, affecting one in 40,000
to 60,000 live births (Olson et al., 2019).

As previously described, CDKL5 was first cloned in 1998 in a positional cloning effort to
identify disease genes linked to Xp22 (Montini et al., 1998). A number of human genetic
disorders were mapped to this region, including Nance-Horan syndrome (OMIM
#302350), oral-facial-digital syndrome type 1 (OMIM #311200) and a novel locus for non-
syndromic sensorineural deafness (OMIM #300066) (Montini et al., 1998). However, it
was not until 2003 when a link between CDKL5 mutations and disease was described in
a case report of two female patients with X-linked infantile spasms and severe mental
retardation (Kalscheuer et al., 2003). The triad of infantile spasms, hypsarrhythmia, and
profound mental retardation is known as West syndrome or, when X-linked, infantile
spasms syndrome (ISSX, OMIM #308350), mostly caused by mutations in the aristaless-
related homeobox gene (ARX) at Xp21.3-p22.1 interval. The two severely affected girls
were characterised by apparently de novo balanced X;autosome translocations
disrupting CDKL5 at Xp22.3 and, consequently, a second locus for ISSX was identified
(Kalscheuer et al., 2003). Subsequently, some patients who had been diagnosed with
atypical Rett Syndrome (RTT, OMIM #312750) were found to carry CDKL5 mutations
(Tao et al., 2004; Weaving et al., 2004).

Classical RTT is characterised by a period of normal development, followed by a
regression, where patients lose their acquired skills such as hand use, speech, and
social interaction. This typical regression is completely absent in CDD. Indeed, numerous
works highlighted the correlation between CDKL5 mutations and a clinical picture
characterised by early onset of epilepsy within the first three months, severe
encephalopathy, intractable neonatal seizures, severe X-linked infantile spasms, mental
retardation, and autistic features with intellectual disability (Archer et al., 2006; Bahi-
Buisson et al., 2008b, 2012b; Evans et al., 2005; Rosas-Vargas et al., 2008; Russo et
al., 2009).

In 2013, the pathology associated with CDKL5 deficiency was established as an
independent clinical entity referred to as CDKL5 disorder (Fehr et al., 2013b) or, lately,
as CDKL5 deficiency disorder (CDD). In this thesis, | will use the acronym CDD.
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1.6.3 Clinical features associated with CDD

A full clinical picture of CDD is still limited as a broader number of patients is needed to
delineate more thoroughly the natural history of this disease and to identify its main
features in order to better define the diagnostic criteria. As mentioned, the first mutations
in CDKL5 were initially identified in patients with the clinical diagnosis of the early-seizure
variant of RTT and only later these patients were classified as a distinct clinical entity.
Indeed, in a study from 2013, 77 females, aged from 6 months to 22.4 years, and 9
males, aged from 1.1 to 14.9 years, with a pathogenic or potentially pathogenic CDKL5
mutation were enrolled to assess their clinical presentation and physical appearance
(Fehr et al., 2013b). It was found that less than 25% of the cases fulfilled the clinical
criteria of atypical RTT previously described by Neul and colleagues (Neul et al., 2010),
especially because of the absence of regression in over two-thirds of patients.
Importantly, this confirmed previous studies (Artuso et al., 2010; Bahi-Buisson et al.,
2008b) and allowed to classify CDD as a separate disorder from RTT. CDD was
described as being mainly characterised by early-onset seizures occurring within the first
three months after birth, severe intellectual and gross motor impairment, while it is less
frequent that CDD patients achieve independent walking as well as show microcephaly

and major congenital malformations (Figure 1.8).

Recently, Olson and colleagues proposed the minimum CDD diagnostic criteria to
include a pathogenic or likely pathogenic CDKLS5 variant along with motor and cognitive
developmental delays and epilepsy with onset in the first year of life (Figure 1.9).
However, some patients with CDD may be atypical and not meet these formal criteria
(Olson et al., 2019).
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Extremely likely? Seizures within the first year of life (90% by 3 months)

Very likely?

Likely®

Unlikelyd

Global developmental delay
Severely impaired gross motor function

Sleep disturbances
Abnormal muscle tone
Bruxism
Gastrointestinal issues

Subtle dysmorphic features including three or more of the
following: broad/prominent forehead; large ‘deep-set’ eyes;
full lips; tapered fingers; and anteverted nares in males
Hand stereotypies

Laughing and screaming spells

Cold hands or feet

Breathing disturbances

Peripheral vasomotor disturbances

Independent walking
Microcephaly
Major congenital malformations

Figure 1.8 Clinical features
suggesting a diagnosis of CDD. The
figure shows the most typical features
of females and males with CDD. These
features can be used as a guide to
assist decision-making where targeted
CDKL5 mutation analysis is being
considered. 2Observed in >90% of
cases in the current study; *Observed
in 80-90% of cases in the current
study; “Observed more variably in 40—
80% of cases in the current study;
dObserved in <10% of cases in the
current study (Fehr et al., 2013b).

Common Clinical Characteristics

Proposed Minimal Diagnostic Criteria

Epilepsy, early onset, and refractory
Severe global developmental delay
Intellectual disability

Hypotonia

Cortical visual impairment

Sleep disturbance

Dyskinetic movements

Autonomic and breathing
disturbances

Gl disturbances (reflux,
constipation)

Dysphagia

e A pathogenic or likely pathogenic
variant in the CDKL5 gene

e Motor and cognitive developmental
delays

o Epilepsy with onset in the first
year of life

Figure 1.9 Common clinical characteristics and proposed minimal diagnostic criteria. The
figure displays a list of common clinical features of CDD patients and what are the minimum
diagnostic criteria of this disorder according to Olson and colleagues. Gl = Gastrointestinal.
(Olson et al., 2019).

Interestingly, some dysmorphic features were supposed to be useful for the diagnosis of

CDD (Figure 1.10). Indeed, females affected by CDD are frequently characterised by

prominent and/or broad forehead, deep-set but large appearing eyes, full lips, and

tapered fingers while most affected males were more dysmorphic with distinctly

anteverted nares, short philtrum and everted upper lip. (Fehr et al., 2013b).
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Figure 1.10 Examples of facial, hand and feet features in females (from ato g) and males
(h) with CDD. These photographs highlight frequently observed facial features including a
prominent and/or broad forehead, high hairline, relative mid-face hypoplasia, deep-set but large-
appearing eyes and infra-orbital shadowing. Moreover, some patients show well-defined philtrum,
tapered fingers, broad hallux, hallux valgus and regular toes (Fehr et al., 2013b).

Over time, much effort has been made to outline the clinical aspects of CDD patients. All
these studies are crucial because the selection of diagnostic criteria as well as the
identification of specific somatic features are useful for clinical management and ensure
a high degree of homogeneity in patients enrolled in treatment trials and other clinical
studies.

1.6.4 CDD: genotype-phenotype relationship

Genotype-phenotype correlation studies of CDKL5 mutations have been attempted over
the years (Bahi-Buisson et al., 2008b, 2012a; Fehr et al., 2016; Kalscheuer et al., 2003;
Russo et al., 2009). However, such prediction is still extremely difficult due to the limited
number of patients and the small number of recurrent mutations. In addition, the clinical
phenotypes among patients with recurrent mutations are heterogeneous. This is likely
due to the X-linked status of CDKL5 and to the fact that most patients are heterozygous
females. As a result of random X-chromosome inactivation (XCI), female patients
carrying the same genetic mutation can have different mosaic expression of CDKL5, thus
resulting in a spectrum of phenotypes (Zhou et al., 2017). Lastly, these clinical studies
should take into account the molecular aspects associated with CDKL5 mutations.
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A wider knowledge of the effect of pathogenic mutations on the expression and activity
of CDKL5 might help to better outline phenotype-genotype correlations, which is pivotal

from a therapeutic point of view.

1.6.5 CDD and mouse models

Animal models are instrumental to understand the molecular mechanisms underlying the
onset of a disease and, although not summarising all aspects of a disorder, they
generally represent an excellent tool to study gene functions. Thanks to the development
of both Cdkl5 constitutive and conditional KO mouse models, it has been possible to
shed light on the roles of CDKLS5.

The first CdkI5-KO mouse model was generated by Wang and colleagues, reproducing
a splice site mutation previously found in a CDD patient (Archer et al., 2006). Thanks to
the deletion of mouse CdkI5 exon 6 by homologous recombination in embryonic stem
cells, they created a mouse model in C57BL/6 genetic background with a truncation in
the N-terminal domain of CDKLS5, disrupting the kinase activity and resulting in loss of
function of CDKL5. These animals recapitulate most symptoms associated with CDD,
including impaired motor control on the rotarod, hyperactivity in locomotor assay, deficits
in learning and memory in a fear conditioning assay, and hindlimb clasping, a phenotype
believed to be related to impaired motor control. CdkI5-KO animals also show aberrant
auditory-evoked potentials and autistic-like deficits in social interactions in a three-
chambered social approach assay and in home-cage social behaviour (Wang et al.,
2012). Two years later, Amendola and collaborators (Amendola et al., 2014) produced a
second mouse model, deleting Cdkl5 exon 4 in mice with C57BL/6J genetic background,
through standard gene targeting in embryonic stem cells. This new model confirmed
most behavioural defects described by Wang and colleagues (Wang et al., 2012), such
as abnormal hindlimb clasping, impaired motor coordination and defective working
memory. In addition to the previous model, these mice showed a reduced number of
head tracks along with altered visual-evoked potentials, which indicate deficient visual
processing. Altogether, these features mimic the stereotypic hand movements,
hypotonia, eye-tracking abnormalities, reduced social interaction and intellectual
disability observed in CDD patients (Amendola et al., 2014). It is noteworthy that the
discrepancy in motor activity between these two models could be due to the different
genetic background of animals and/or the different experimental setting used to assess

locomotor activity. Recently, a further characterisation of the model carrying the deletion
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of Cdkl5 exon 6 was carried out by Jhang and colleagues (Jhang et al., 2017). Several
behavioural tests recapitulated the primary characteristics of autism spectrum disorders,
including impaired social interaction and communication as well as repetitive grooming
and digging behaviours. Moreover, features of attention deficit hyperactivity disorder
(ADHD) were delineated, such as increased locomotor activity, impulsivity and
aggressiveness, along with deficits in motor and spatial learning (Jhang et al., 2017).
Finally, to obtain a more extensive knowledge on the behavioural consequences of the
loss of CDKLS5, a third KO mouse model was generated by the deletion of Cdkl5 exon 2
through Cre-LoxP recombination, in the genetic background C57BL/6N. These mice
exhibited enhanced anxiety- and fear-related behaviours, significant hypoactivity,
impairments in acquisition and long-term retention of spatial reference memory as well
as in working memory (Okuda et al., 2017, 2018).

In addition to constitutive CdklI5-KO mice, conditional mouse models were used to relate
the behavioural features described above to distinct populations of neurons. Amendola
and colleagues generated two murine models, which carried a Cre-conditional KO allele
of Cdkl5 with the specific deletion in glutamatergic cortical neurons (Emx1::Cre-
mediated) and in GABAergic forebrain neurons (DIx5/6::Cre-mediated). Interestingly,
these two models revealed a double dissociation of behavioural phenotypes as hindlimb
clasping defects and reduced head tracking responses were only present in the Emx1-
conditional CdkI5-KO mice, while decreased locomotion was found in the DIx5/6-
conditional CdkI5-KO mice (Amendola et al., 2014). Moreover, a mouse model carrying
the ablation of CDKL5 expression specifically in glutamatergic forebrain neurons has
recently been generated (Nex-cKO). These animals were comparable with WT mice
regarding basic sensory and motor function as well as anxiety and social behaviours,
whereas they displayed an impairment in spatial working memory, increased locomotor
activity and hindlimb clasping (Tang et al., 2017). Lastly, mice lacking CDKL5 expression
selectively in forebrain GABAergic neurons (DIx-cKO) showed an autistic-like phenotype
characterised by reduced social preference and increased stereotypic behaviours but
revealed relative preservation of learning and memory, motor coordination, and anxiety-
related behaviours. In addition, they exhibited an enhancement of excitatory synaptic
transmission and circuit-level hyperexcitability, coupled with elevated levels of NMDA
receptors (Tang et al., 2019).

Surprisingly, in video-electroencephalography monitoring, none of these models
presented spontaneous epileptic seizures, a key phenotype in the human pathology. The

causes of this divergence may be the contribution of the genetic background to seizure
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susceptibility and differences in brain connectivity as well as in CDKL5
function/modification between humans and mice (Tang et al., 2017, 2019; Wang et al.,
2012; Yennawar et al., 2019). Despite this, Amendola and colleagues observed an
abnormal electroencephalogram response to a pro-convulsant treatment with kainic acid
(Amendola et al., 2014). In contrast, the KO model produced by Okuda and collaborators
showed normal sensitivity to kainic acid, but presented significant hyperexcitability in
response to NMDA, pointing out that CDKL5 may regulate seizure susceptibility by
controlling the postsynaptic localisation of GIluN2B-containing NMDARs in the
hippocampus (Okuda et al., 2017). Moreover, CdkI5R*** knock-in mice exhibited
decreased latency to seizure upon pentylenetetrazol administration, suggesting an
underlying hyperexcitability that may be contributing to their behavioural alterations
(Yennawar et al., 2019).

Considering that most CDD patients are heterozygous females with mosaic expression
of the mutated allele, a detailed characterisation of heterozygous female CdkI5-KO
(CdkI5+/-) mice was fundamental to advance preclinical and translational studies. In this
regard, Fuchs and collaborators (Fuchs et al., 2018a) have recently provided a
behavioural and molecular analysis of heterozygous female mice, derived from the
CdkI5-KO strain (Amendola et al., 2014). These mice showed several aspects of CDD,
including autistic-like behaviours, motor impairment, defects in learning and memory,
and abnormal breathing patterns. CDKL5 levels were found lower in the hippocampus
and cerebellum compared to the cortex possibly explaining the severe phenotypic
outcome in hippocampus-dependent behaviour. Finally, the heterozygous female mice
also exhibited neuroanatomical defects, such as dendritic hypotrophy, reduced spine
density, and an increased number of immature dendritic spines. Taking together, these
findings demonstrated that the heterozygous females represent a valuable animal model

for preclinical studies on CDD (Fuchs et al., 2018a).

1.6.6 Therapeutic strategies for CDD

Since the discovery of the involvement of CDKLS5 in neurological disorders there have
been pivotal steps towards an increased knowledge of CDKL5; however, more studies
are still needed to allow the development of therapeutic strategies for CDD patients.
Unfortunately, there are currently no specific treatments that arrest or slow down the
progression of the disease. Therefore, the management is mainly symptomatic and

aimed at maximising the developmental and cognitive potential. As mentioned, one of
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the major problems in CDD is epilepsy, which is mostly refractory to medication.
Regarding this, the antiepileptic drugs valproate and vigabatrin are commonly used
during stage | (early epilepsy, from 1 to 10 weeks of birth), but when patients develop
myoclonic and multifocal epilepsy, seizure control is lost. Indeed, at this stage of the
disease, levetiracetam can be useful to treat myoclonic seizures while topiramate can be
effective against tonic seizures (Bahi-Buisson et al., 2012b). Very recently, 20 CDD
patients with treatment-resistant epilepsy have been enrolled in an open-label drug trial
to provide class Ill evidence for the long-term safety and efficacy of cannabidiol (CBD)
administration. Intriguingly, this study revealed that adjuvant therapy with CBD
significantly reduced seizure frequency in CDD patients and this improvement was stable
during time (Devinsky et al., 2018).

In the last years, pharmaceutical targeting of deficient pathways in animal models of
CDD has been proven efficient in restoring some neuroanatomical and behavioural
deficits. Loss of CDKL5 has been found to strongly affect both AKT/mTOR and
AKT/GSK-3B pathways. As regards the AKT/mTOR pathway, in 2015, Della Sala and
collaborators demonstrated that treatment with IGF-1, an activator of this pathway, could
rescue defective ribosomal protein S6 phosphorylation, spine density, and PSD95 levels
in young CdkI5-KO mice. Of note, these molecular alterations could not be linked to
lower-than-normal levels of endogenous IGF-1, as cortical IGF-1 levels were normal.
Moreover, IGF-1 administration was effective also in adult mice, whose synaptic deficit
was already established, and seemed to induce the formation of long-lasting spines
(Della Sala et al., 2016). On the other hand, Fuchs and colleagues tested a
pharmacological intervention to modulate the AKT/GSK-3B pathway in order to correct
hippocampal developmental defects due to the loss of CDKL5. More specifically, the
authors found that treatment with the GSK-3f inhibitor SB216763 restored neuron
survival, dendritic maturation as well as spine development, and recovered the
performance of CdkI5-KO mice in hippocampus-dependent memory tasks. Moreover,
one month after treatment withdrawal, the positive effects were still present, suggesting
a long-term impact of the drug on such phenotypes (Fuchs et al., 2015). However,
SB216763 is not usable in humans as it competes with ATP in its binding to GSK-38,
leading to potential non-specific effects. Consequently, non-ATP competitive compounds
are supposed to be more suitable for therapeutic use in humans. One of these molecules
is Tideglusib, which is able to improve hippocampal development and hippocampus-
dependent behaviours specifically in juvenile Cdkl5-KO mice. Indeed, although GSK-33

activity is impaired to the same extent in young and adult Cdkl5-KO mice, Tideglusib
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treatment administered in adulthood has no positive effects (Fuchs et al., 2018b). These
findings denote that the pharmacotherapy with GSK-3f inhibitors may be effective in
CDD patients only if administered early in postnatal development.

Another pharmacological target is HDAC4. As previously described, the loss of CDKL5
impairs HDAC4 activity and induces its nuclear localisation. It is important to highlight
that nuclear translocation of HDCA4 is accompanied by a decrease in histone acetylation
and, in turn, may produce distinctive cellular effects through epigenetic and non-
epigenetic mechanisms of gene regulation, which may contribute to the brain phenotype
of CDD patients. For this reason, Trazzi and colleagues tested LMK235, a drug that
inhibits HDACA4. This compound completely restored hippocampus-dependent memory
in CdkI5-KO mice, which is in line with the role of HDAC4 in memory formation. Besides,
LMK235 was able to normalise defective survival and maturation of neuronal precursor
cells of Cdkl5-KO mice (Trazzi et al., 2016).

Lately, in our laboratory pregnenolone (PREG) was found to have positive effects on
CDKL5-related morphological defects both in cycling cells and in neurons (Barbiero et
al., 2017b). PREG is an endogenous steroid generated from cholesterol by the action of
CYP11A1 that is known to bind and activate CLIP170 by changing its conformation and
potentiating its microtubule binding in this way promoting MT dynamics (Weng et al.,
2013), which are altered in CDKL5-lacking cells (Baltussen et al., 2018; Barbiero et al.,
2017b, 2020). Besides, the efficacy of the synthetic non-metabolisable derivative
pregnenolone-methyl-ether (PME; also known as 3B3-methoxy-pregnenolone) has been
evaluated. Intriguingly, PME is capable of ameliorating the morphological alterations
found in both young and mature Cdkl5-KO neurons (Barbiero et al., 2020). These results
suggest that PME may represent an interesting alternative to PREG in a future clinical
application as, while maintaining the same biological action, it is devoid of the undesired
side effects due to the metabolism of PREG into downstream steroids (Bianchi & Baulieu,
2012; Duchossoy et al., 2011). In addition to these compounds, in our laboratory, it has
been demonstrated that tianeptine, a cognitive enhancer and antidepressant drug,
known to recruit and stabilise AMPARSs at the synaptic sites, is capable of rescuing the
expression and membrane insertion of AMPARs as well as the number of PSD95
clusters. Indeed, tianeptine treatment normalised GIuA2 expression in Cdkl5-silenced
neurons (Tramarin et al., 2018). Interestingly, in a previous study, tianeptine was able to
improve the respiration phenotype in a mouse model of RTT (Pozzo-Miller et al., 2015),

making this drug an interesting candidate for the treatment of CDD.
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Although these data raise hope that pharmaceutical intervention is possible for CDD, the
field still needs to further elucidate the networks regulated by CDKLS5 to provide the basis

for the rational design of disease-modifying therapeutic strategies.

1.6.7 Neuroactive steroids as a possible pharmacological approach
for CDD

Neuroactive steroids are one of the drug classes, which have recently raised interest in
the CDD field. The concept that steroids could be synthesised de novo in the brain was
introduced by Baulieu and colleagues in the ‘80s (Baulieu, 1998; Melcangi et al., 2008).
These steroids were named “neurosteroids” to refer to their atypical origin and to
differentiate them from the steroids derived from classic steroidogenic tissues such as
gonads, placenta and adrenal glands (Magnaghi, 2007). Subsequently, the term
“neuroactive steroids” was used to indicate steroids that target neurons and glial cells,
including hormonal steroids originated in the peripheral glands, steroids locally
synthesised by the neurons and glial cells (neurosteroids) and synthetic steroids, some
of them used in clinical practice (Giatti et al., 2019). Of note, since neurosteroidogenesis
takes place not only in neurons but mainly in glial cells, which possess the enzymes
capable of forming neurosteroids or convert hormonal steroids into neuroactive
metabolites, the nervous system is considered a steroidogenic organ (Magnaghi, 2007;
Tvrdei¢ & Poljak, 2016). The neurosteroid synthesis (Figure 1.11) starts inside the
mitochondria, where lipophilic cholesterol is not able to freely pass through the aqueous
environment in order to reach the inner mitochondrial membranes. Thus, it must be
translocated through the hydrophilic media by a process that involves a multimolecular
complex composed by several proteins such as the translocator protein of 18kDa
(TSPO), the steroidogenic acute regulatory protein (StAR), the adenine nucleotide
transporter protein (ANT) and the voltage-dependent anion channel protein (VDAC)
(Giatti et al., 2019). Once cholesterol is transported from the outer to the inner
mitochondrial membrane, it is converted into PREG by the cytochrome P450 enzyme
11A1 (CYP11A1l), which is located close to the inner mitochondrial membrane.
Interestingly, this specific hydroxylase involved in cholesterol side chain cleavage was
found at the level of the white matter throughout the brain through immunocytochemical
evidence (Baulieu, 1998). PREG represents the precursor of all other endogenous
neurosteroids as it is further metabolised in the endoplasmic reticulum by multiple,

subsequent enzymatic reactions. The latter are catalysed with a variety of enzymes
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(CYP450 as well as non CYP450 types) and are able to produce functionally and
structurally diverse neurosteroids (Tvrdei¢ & Poljak, 2016). In one of the above reactions,
the enzyme 3B-hydroxysteroid dehydrogenase (33-HSD) converts PREG into
progesterone (PROG), which also serves as a precursor for the synthesis of important
neurosteroids. Indeed, PROG is reduced by the 5a-reductase (50-R) to 5a-
dihydroprogesterone (5a-DHP), which, in turn, is reduced to 5a-pregnan-3a-ol-20-one,
also known as allopregnanolone (ALLO), by the 3a-hydroxysteroid-dehydrogenase (3a-
HSD).
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Figure 1.11 The de novo neurosteroid synthesis. A schematic diagram of
neurosteroidogenesis with selected enzymes and drugs inhibiting enzyme. This process starts
with cholesterol, which is translocated across the mitochondrial membrane by translocator protein
(TSPO) and accessory proteins such as the 32-kDa voltage-dependent anion channel (VDAC).
Then, the mitochondrial cytochrome P450 enzyme 11A1 (CYP11A1) converts cholesterol to
pregnenolone, which diffuses into the cytosol. Cytosolic pregnenolone (PREG) is subsequently
converted to progesterone (PROG) by 3B-hydroxysteroid dehydrogenase (38-HSD). PROG,
either newly synthesised locally, or of peripheral origin, is reduced to 5a-dihydroprogesterone (5a-
DHP) and then to allopregnanolone (5a-pregnan-3a-ol-20-one; ALLO) by the enzymes 5a-
reductase (50-R) and 3ahydroxysteroid-dehydrogenase (3a-HSD) respectively. Pharmacological
agents such as finasteride and indomethacin inhibit the enzymes 5a-R and 3a-HSD respectively
(Belelli et al., 2017).
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A variety of physiological (e.g. development, puberty, pregnancy, stress, ovarian cycle)
and pathophysiological (e.g. stress, panic attacks, major depression, schizophrenia,
pregnancy, neural development and ageing) are associated with changes in
neurosteroid levels. Particularly, perturbations in the levels of progesterone-derived
steroids could be partly attributable to postpartum depression and premenstrual tension,
and certain neurological problems such as catamenial epilepsy (Belelli et al., 2017,
Belelli & Lambert, 2005).

In accordance with the aim of this thesis, it is crucial to mention that neuronal inhibition
could be enhanced by the above-mentioned physiological and pathophysiological as well
as drug-induced changes in neurosteroid levels. Indeed, some progesterone
metabolites, including ALLO, exert two different effects on GABAaRS: on one hand, a
GABA-modulatory effect (at low concentrations), being selective positive allosteric
modulators of such receptors, and, on the other hand, a GABA-mimetic effect (at high
concentrations), being able to directly activate the GABAaR-channel complex and to
suppress the excitatory neurotransmission (Belelli & Lambert, 2005; Chuang & Reddy,
2018).

The functional role of GABAaRS in the regulation of network excitability and susceptibility
to brain disorders could represent a novel target for CDD, paving the way to new
therapeutic strategies. Eventually, the possibility of using synthetic neurosteroids to treat

CDD patients might be of striking interest.
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2 Aim of the Work

Most studies converge on a role of CDKLS5 in regulating dendritic spine formation and
functions; so far, CDKLS5 appears to control excitatory neurotransmission by regulating
the expression of PSD95 and specific subunits of NMDARs and AMPARSs. Despite this,
the possible role of CDKL5 in regulating inhibitory neurotransmission is still unknown. A
further investigation of its function at inhibitory synapses would allow to characterise in
more details the molecular aspects underlying the autistic-like and the epileptic
phenotype of CDD patients. Indeed, seizures are the most disabling symptoms in CDD,
and seizure management is particularly troublesome since most patients are refractory
to conventional anti-epileptic drugs. For these reasons, the aim of my Ph.D. project was
to explore the possible role of CDKL5 in neuronal inhibition, pursuing three independent

approaches:

a) Characterising the interaction between CDKL5 and the main actors of the
inhibitory synapse from a molecular point of view. In a recent publication,
CDKL5 was identified as the direct interactor of CB but no functional role was
elucidated. The first part of the project was aimed at analysing the interaction of
CDKL5 with the key inhibitory components required for GABAaR clustering, such
as CB and gephyrin. Moreover, CB alternates between a folded inactive
conformation, in which it cannot interact with phosphoinositides of the plasma
membrane, and an open extended conformation, which allows inhibitory receptor
clustering and function (Papadopoulos & Soykan, 2011). Therefore,
hypothesising that CDKL5 could have a potential role in regulating the
conformation of collybistin, we found it relevant to map the CDKLS5 interaction

surface of CB.

b) Clarifying CDKL5 role in the inhibitory synapse, through biochemical and
electrophysiological analyses, in order to understand if the absence of
CDKLS5 could lead to basal defects in this compartment. The second intent
was to evaluate what CDKL5 deficiency in this compartment entailed, shedding
light on its possible role. To this end we decided to study the postsynaptic
compartment from a biochemical point of view, focusing on synaptic GABAAR

subunits, gephyrin and neuroligin2 (NL2) analysing their membrane exposure
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and possible phosphorylation events. To understand if CDKL5 loss leads to a
functional impairment, we decided to integrate our results with

electrophysiological recordings.

c) Performing a pharmacological treatment to target and normalise basal
defects in synaptic GABAAR expression and function. We hypothesise that
CDKL5 may regulate GABAaR expression through its control on MT dynamics.
Indeed, our published and submitted results indicate that CDKL5 loss impacts
the functionality of CLIP170 with negative consequences on MT dynamics that
appear to contribute to defects in neuronal morphology and maturation of
dendritic spines. The synthetic neuroactive steroid PME represents a
fundamental tool that allows studying the involvement of MT dynamics in CDKL5-
dependent defects. We therefore decided to test the effect of PME on CDKL5-
dependent inhibitory defects. Treatment with PME was therefore scheduled both
in vitro, on CdkI5-KO primary hippocampal neurons, and in vivo, in fully
symptomatic CdkI5-KO mice.

In summary, the aim of this study is to understand the role played by CDKL5 in the

inhibitory synapse and to investigate the possible beneficial effect of PME in restoring
the inhibitory defects due to the absence of CDKL5.
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3 Materials and Methods

3.1 Ethical statement

Protocols and use of animals were approved by the Animal Ethics Committee of the
University of Insubria and in accordance with the guidelines released by the Italian
Ministry of Health (D.L. 2014/26) and the European Community directives regulating
animal research (2010/63/EU). Juvenile and adult mice were euthanised by cervical
dislocation, while neonates were sacrificed by exposure to CO; followed by decapitation.

3.2 Mouse strains, husbandry and genotyping

All mice were handled according to protocols approved by the Italian Ministry of Health.
Cdkl5 wild-type (WT) and Cdkl5 knock-out (KO) mice were obtained crossing
heterozygous females (CdkI5”"*) with WT males. Littermate controls were used for all
experiments. After weaning, mice were housed three to five per cage (activity enriched)
on a 12 h light/dark cycle in a temperature-controlled environment with food and water
provided ad libitum. All efforts were made to minimise suffering. Genotyping of pups and
embryos was performed using the PCRBIO Rapid Extract PCR Kit (Resnova, PB10.24-
40). Extracted DNA was amplified in a proprietary buffer system using PCRBIO HS Taq
Mix Red (Resnova, PB10.23-02) with specific primers for Cdkl5: &
ACGATAGAAATAGAGGATCAACCC K (#108 forward), 5
CCCAAGTATACCCCTTTCCA 3’ (#109 reverse) and 5 CTGTGACTAGGGGCTAGAGA
3’ (#125 reverse). Embryos of either sex were used to generate primary cultures of

hippocampal neurons.

3.3 Primary neuronal cultures

Primary hippocampal cultures were prepared from embryonic day 17 (E17) mouse
embryos considering the day of the vaginal plug as EO. CdkI5-WT and Cdkl5-KO
embryos were obtained from pregnant CdkI5’* females crossed with WT males, kept on
a CD1 background. Pregnant CdklI57 female mice were sacrificed by cervical dislocation

and the embryos were recovered and hippocampi rapidly dissected. After washing in
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Hank’s balanced salt solution with calcium and magnesium (HBSS/Ca?*/Mg?*; Gibco,
14025100), the hippocampi were dissociated by incubation at 37°C for 10 min in 0.25%
trypsin (Gibco, 25200-056) and further washed in HBSS/Ca?'/Mg?*. Neurons were
suspended in dissecting medium [Dulbecco’s modified Eagle’s medium (DMEM,;
Euroclone, ECM0101L), 10% horse serum (Euroclone, ECS0090L), 2 mM L-glutamine
(Euroclone, ECB3000D), 1 mM sodium pyruvate (Gibco, 11360-039)] to block the action
of trypsin. Eventually, cells were mechanically dissociated by pipetting and plated on
coverslips coated with 1 mg/mL poly-L-lysine (Sigma-Aldrich, P2636) in 24-well plates
(densities: 60,000 neurons/well, 300 cells/mm? for both immunofluorescence and
western blotting) or in 6-well plates (densities: 225,000 neurons/well, 234 cells/mm? for
electrophysiological studies). Regarding in vitro biotinylation, neurons were directly
plated on 6-well plates coated with 0.1 mg/mL poly-L-lysine (Sigma-Aldrich, P2636)
(densities: 400,000 neurons/well, 416 cells/mm?). Neurons were maintained in
neurobasal medium (Life Technologies, 21103-049) supplemented with 1X GlutaMAX™
supplement (Gibco, 35050-038) and 2% B27 (Gibco, 17504044) in a humified incubator
with 5% of CO, at 37°C. After 3 days in vitro (DIV), cytosine B-D-arabinofuranoside
(Sigma-Aldrich, C1768) was added to cultured neurons at final concentration of 2 uM to

prevent astroglial proliferation.

3.4 Pharmacological treatment

Pregnenolone-methyl-ether (PME) was kindly provided by Massimilliano Bianchi
(Transpharmation Ltd, Ireland). Primary hippocampal neurons were treated at DIV11
with 0.3 and 1 yM PME or DMSO 0.1% (vehicle), one pulse, for 72 h. Male CdkI5-WT
and CdklI5-KO mice were treated with PME (10 mg/kg) or sesame oil (vehicle) through
subcutaneous injection for 7 days starting from postnatal day (PND) 60.

3.5 Plasmids

pEGFP-gephyrin, pRK5myc-CB2-SH3", pRK5myc-CB2-ASH3, pRK5myc-CB2-SH3"-
APH, pRK5myc-CB2-ASH3-APH have been kindly provided by Theophilos
Papadopoulos’s laboratory. All the above constructs were generated as described
previously (Harvey et al., 2004). pFlag-CDKL5-FL encoding the 107 kDa splice variant

was generated as described elsewhere (Williamson et al., 2012).
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3.6 Cell cultures

Human embryonic kidney 293 (HEK293T) cells were maintained in DMEM (Euroclone,
ECMO0101L) supplemented with 10% fetal bovine serum (FBS; Euroclone, ECS0180L),
2 mM L-glutamine (Euroclone, ECB3000D), penicillin/streptomycin (100 units/mL and
100 pg/mL respectively, Euroclone, ECB3001D) at 37°C with 5% CO,. Cells were
cultured in 60 mm Petri dishes for 24 h and Lipofectamine™ 3000 (Life Technologies,
L3000015) was used to co-transfect 2.5 ug of each construct (ratio of 1:1) for a total

amount of 5 ug.

3.7 Antibodies

The following primary antibodies were used in immunofluorescence and western blotting
experiments: rabbit anti-CDKL5 (Sigma, HPA002847), mouse anti-CDKL5 (Santa Cruz,
sc-376314), mouse anti-Flag (Sigma, F4042), mouse anti-gephyrin (Santa Cruz, sc-
25311), mouse anti-pSer?’® gephyrin (SYSY, 147011), rabbit anti-collybistin (SYSY,
261003), mouse anti-Neuroligin2 (SYSY, 129511) , rabbit anti-GABAsR y2 (SYSY,
224003), rabbit anti-GABAAR B3 (SYSY, 224403), rabbit anti-pERK 1/2 (Santa Cruz, sc-
16982), mouse tERK 1/2 sc-514302), mouse anti-GluA2 (Millipore, MAB397), mouse
anti-bassoon (Santa Cruz, sc-58509), chicken anti-MAP2 (SYSY, 188006), rabbit anti-
GAPDH (Sigma, G9545), mouse anti-aTubulin (Sigma-Aldrich, T6074). Secondary
antibodies Alexa Fluor anti-mouse 555nm (ab150114), anti-rabbit 488nm (ab150077),
anti-chicken 488nm (A-11039) and anti-chicken 405nm (ab175674) for
immunofluorescence experiments were purchased from Abcam or Invitrogen. HRP
conjugated secondary anti-mouse (115-035-062) and anti-rabbit (111-035-144)

antibodies for western blottings were obtained from Jackson Immunoresearch.

3.8 Immunofluorescence on primary hippocampal neurons

After fixation in 4% formaldehyde (Pierce™, 28908) with 4% sucrose (Sigma-Aldrich,
16104), neurons were blocked in 1X Phosphate Buffered Saline (PBS) with 5% goat
serum (Euroclone, ECS0200D) and 0.2% Triton X-100. To analyse surface exposed y:
subunit-containing GABAaR, the immunostaining was performed under non-

permeabilising conditions, therefore neurons were blocked in 1X PBS with 5% goat
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serum but without 0.2% Triton X-100. Then neurons were incubated with the appropriate
primary antibody overnight at 4°C and subsequently with the secondary antibody for 1 h
at room temperature. Slides were mounted with ProLong Gold antifade reagent (Life
Technologies, P36930).

Gephyrin puncta, bassoon puncta and surface expression of GABAAR y- clusters were
analysed at DIV14 by staining with the specific antibodies using MAP2 staining to
visualise neuronal dendrites. Images were captured using a 60x objective coupled to an
Olympus BX51 fluorescence microscope equipped with Retiga R1 (Qlmaging) CCD
camera. The number of gephyrin and bassoon puncta along with the fluorescence
intensity of GABAAR vz clusters were measured in 30 um long segments of 10-30
dendrites per condition, using the software Fiji ImageJ (function: analyse particles or

measure).

3.9 Immunofluorescent staining of hippocampal slices

Mice were deeply anesthetised with CO,, brains were removed and cut along the midline
and frozen in liquid nitrogen. Slices were then cut with cryostat (30 um) and fixed by
immersion in 2% formaldehyde plus 2% sucrose in 1X PBS for 90 seconds. Slides were
blocked for 1 h in blocking solution (0.05% goat serum, 3% Triton X-100 in 1X PBS)
incubated with anti-GABAAR y2 antibody (1:1000) in a humid chamber overnight at 4°C.
After incubation with the secondary antibody (Alexa Fluor anti-rabbit 488 nm) for 1 h at
room temperature the slices were mounted with ProLong Gold antifade reagent (Life
Technologies, P36930) (Schneider Gasser et al., 2006). Images of the molecular layer
of the dentate gyrus were acquired with a LEICA TCS SL confocal microscope (LEITZ;
Leica Mycrosystems, Wetzlar, Germany) with objective 63X (NA 1.32; zoom factor = 8)
and the pinhole set at 1 Airy unit. Four slices per animal were analysed and the number
of GABAAR vy- clusters was quantified using the software Fiji ImageJ (function: analyse
particles). Optimised threshold values and size filters (0.1 - 0.8 um?) were applied for all
the images to identify GABAAR vz clusters. The number of GABAAR y2 puncta was
calculated in four identical sections for each slice (in order to have a mean of four
separate zones of the dentate gyrus per single slide) and expressed per um? (McLeod
et al., 2017).
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3.10 Western blotting

Samples were separated by 8-10% SDS-PAGE, transferred to nitrocellulose
membranes, and blocked in 5% non-fat milk in TBS [20 mM Tris-HCI, pH 7.4, 150 mM
NaCl (Sigma-Aldrich)] with 0.2% Tween-20 (TBS-T). Blots were incubated with primary
antibodies overnight at 4°C, washed in TBS-T, and incubated with appropriate secondary
antibodies for 1 h at room temperature. After extensive washes, blots were developed
with protein detection system-ECL (Genespin, STS-E500) coupled to G:BOX Chemi
Imaging System (Syngene). Densitometric expression analyses were performed using
ImageJ software. Protein expression levels were normalised using GAPDH as internal
standard. However, for the immunoprecipitation experiment in vitro as well as for the cell
surface biotinylation assay, protein levels were quantified differently as described below.
Primary hippocampal neurons were lysed directly in Laemmli buffer 3X and a volume
corresponding to approximately 10 ug of proteins was separated by SDS-PAGE and

western blotting.

3.11 Immunoprecipitation

For immunoprecipitation (IP) of CDKL5 ex vivo, we used 1 mg of a mouse brain extract
(PND20) lysed in lysis buffer [50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1% Triton X-100,
1 mM EDTA, 1 mM EGTA, 1X protease inhibitor cocktail (PIC; Sigma-Aldrich, P8340)
and 1X PhosSTOP (Roche, 4906837001)]. The lysate was pre-cleared with 20 pL of
slurry protein-G agarose (Life Technologies, 15920010) for 1 h at 4°C on a rotating wheel
and, subsequently, incubated overnight at 4°C with 1 ug of anti-CDKL5 or unrelated IgGs
as control (anti-Flag). The immunocomplexes were precipitated with 30 pL of slurry
protein-G agarose for 2 h at 4°C on a rotating wheel, washed four times for 10 min with
lysis buffer (50 mM Tris-HCI pH 7.4, 200 mM NacCl, 1% Triton X-100, 1 mM EDTA, 1 mM
EGTA, 1X PIC and 1X PhosSTOP) and analysed by SDS-PAGE and western blotting.

For IP of CDKLS5 in vitro, HEK293T cells were harvested in 1X PBS on ice, lysed in 300
pL of lysis buffer (50 mM Tris-HCI pH 7.4, 150 mM NacCl, 1% Triton X-100, 1 mM EDTA,
1 mM EGTA, 1X PIC and 1X PhosSTOP) for 30 min. Cell lysates were sonicated and
clarified by centrifugation at 14,000 rpm for 10 min at 4°C, where after the supernatants
were collected and quantified by Quick Start™ Bradford Kit (Bio-Rad, 5000205). 400 ug
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of HEK293T extract was incubated overnight at 4°C, on a rotating wheel, with 1 ug of
anti-CDKL5. Subsequently, the immunocomplexes were precipitated with 30 pL of slurry
protein-G agarose (Life Technologies, 15920010) for 2 h at 4°C on rotating wheel,
washed four times for 10 min with lysis buffer and analysed by SDS-PAGE and western
blotting. Changes in the interaction between Flag-CDKL5 and each collybistin construct

were evaluated as the ratio co-IP/IP, normalised on total cell lysate (input).

3.12 Dephosphorylation Assay

Hemi-hippocampi of CdkI5-WT and Cdkl5-KO mouse brains (PND60) were
homogenised with tissue grinder (30 strokes) in 450 uL of lysis buffer (50 mM Tris-HCI
pH 7.4, 150 mM NacCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 1X PIC). Each extract
was then divided into two parts and lysed for 30 min with or without 1X PhosSTOP on
ice. 100 pg of protein extract was incubated with or without 1200 U of lambda-
phosphatase (APP; NEB, P0753S) in 150 pL of lysis buffer supplemented with 1 mM
MnCl, and 1X NEBuffer for protein metallophosphatase (PMP) for 3 h at 30°C.
Subsequently, the reaction was stopped by incubation at 65°C for 15 min. The samples
were analysed by SDS-PAGE on 8% gel with 150:1 acrylamide:bisacrylamide and

western blotting.

3.13 Biotinylation and purification of plasma membrane-

associated proteins

Biotinylation assays were performed according to a previously described protocol
(Arancibia-Carcamo et al., 2006; Ferreira et al., 2015) with slight modifications. Primary
hippocampal neurons at DIV14 were washed twice with HBSS/Ca?*/Mg?*, followed by
incubation with 0.5 mg/mL Sulfo-NHS-SS-Biotin (Cyanagen, B101N,0050) for 15 min at
4°C under mild shaking. Cells were then washed twice with HBSS/Ca?'/Mg?*
supplemented with glycine (50 mM) and BSA (0.5%). After a 30 min incubation, cells
were lysed with standard radio-immunoprecipitation assay buffer (RIPA) buffer (50 mM
Tris-HCI pH 7.4, 150 mM NaCl, 1% NP40, 0.1% SDS, 0.5% SDC, 1 mM EDTA, 2 mM
EGTA, 1X PhosSTOP, 1X PIC). Subsequently, the Ilysates were placed in
microcentrifuge tubes and left to solubilise with rotation on a wheel at 4°C for 1 h. After

solubilisation, the lysates were sonicated briefly, and cell and nuclear debris were
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removed by centrifugation at 14,000 g for 15 min. The supernatants were quantified by
BCA protein assay kit (Pierce™, 23227) and 500 ug of cell lysates were precipitated with
50 pL of StreptAvidin UltraLink Resin (Pierce™, 53114) overnight at 4°C on rotating
wheel. The slurry was spun down from the supernatant (4000 g, 5 min) and washed three
times for 5 min in RIPA containing 500 mM NacCl followed by a further wash in standard
RIPA. Finally, the samples were eluted with Laemmli gel loading buffer and heated at
70°C for 10 min prior to SDS-PAGE and western blotting. Surface expression of
postsynaptic proteins was evaluated as the ratio between biotinylated fraction (surface)
and total cell lysate.

3.14 Synaptosomal fractionation

CD1 mouse hippocampi were homogenised using a tissue grinder in homogenization
buffer [320 mM sucrose (Sigma-Aldrich, 16104), 5 mM sodium pyrophosphate (Sigma-
Aldrich, 71516), 1 mM EDTA, 10 mM HEPES (Sigma-Aldrich, H4034) pH 7.4, and
protease inhibitor mixture]. The homogenate was then centrifuged at 800 g for 10 min at
4°C to yield P1 (nuclear fraction) and S1 fractions. S1 fraction was further centrifuged at
17,000 g for 20 min at 4°C to yield P2 (membrane/crude synaptosome) and S2 (cytosol)
fractions. P2 was resuspended in homogenisation buffer and layered onto nonlinear
sucrose gradient cushion (1.2 M, 1.0 M, and 0.8 M sucrose from bottom to top), then
centrifuged at 82,500 g for 2 h at 4°C. Synaptosomes were collected at the interface of
1.0 M and 1.2 M sucrose cushion. Collected synaptosomes were diluted with 10 mM
HEPES pH 7.4, to reach a final concentration to 320 mM sucrose and then centrifuged
at 150,000 g for 30 min at 4°C (Heo et al., 2018). In the end, the homogenate and the
P1, S2 and synaptosomal fractions were incubated in RIPA buffer (50 mM Tris-HCI pH
7.5, 150 mM NacCl, 1% NP40, 0.1% SDS, 0.5% SDC, 1 mM EDTA, 1 mM EGTA, 1X PIC
and 1X PhosSTOP) for 20 min on ice, quantified with BCA Protein Assay Kit and
analysed by western blotting.

3.15 In vitro electrophysiological recordings

GABA-mediated inhibitory post synaptic currents in miniature (mIPSCs) were recorded
by patch-clamp technique in whole-cell voltage clamp configuration in presence of 1 uM

tetrodotoxin (TTX, Tocris), which is a reversible blocker of the sodium channel thus
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blocking the generation of action potentials. The miniature postsynaptic currents occur
spontaneously by the release of single synaptic vesicles, meaning that they are events
generated from the quantal release of neurotransmitter molecules interacting with their
postsynaptic receptors. These recordings were obtained from primary hippocampal
neurons at DIV14 using the Axopatch 200B amplifier and the pClamp-10 software (Axon
Instruments). Recordings were performed in Krebs’-Ringer's-HEPES (KRH) external
solution (125 mM NaCl, 5 mM KCI, 1.2 mM MgSO4, 1.2 mM KH2PO4, 2 mM CaClz, 6 mM
glucose, 25 mM HEPES-NaOH pH 7.4). Recording pipettes were fabricated from glass
capillary (World Precision Instrument) using a two-stage puller (Narishige); they were
filled with the cesium-gluconate intracellular solution (130 mM: 8 mM CsClI, 2 mM NacCl,
10 mM HEPES, 4 mM EGTA, 4 mM MgATP, 0.3 mM GTP pH 7.3) and the tip resistance
was 3-5 MQ. In order to identify inhibitory miniature events, primary hippocampal
neurons were held at +10 mV. The recorded traces have been analysed using Clapfit-
pClamp 10 software, after choosing an appropriate threshold.

3.16 Ex vivo electrophysiological recordings

Coronal slices containing the hippocampus (400 um) were obtained from CdkI5-WT and
CdkI5-KO mice at PND60 using a standard method and maintained in an interface
chamber (Lithi et al., 1997). Briefly, after being anesthetised with CO,, animals were
decapitated, and brains were quickly removed from the skull and placed in ice-cold
cutting solution (83 mM NacCl, 2.5 mM KCI, 1.25 mM NaH,PO,4, 21 mM NaHCO3, 72 mM
sucrose, 25 mM glucose 25, 0.45 mM sodium ascorbate, 1 mM CacCl,, 4 mM MgCly).
Slice were kept at interface for 30 min at 35 °C; the pH was maintained at 7.4 by bubbling
carbogen (5% CO2, 95% Oy). During the field recording experiments, slices were
submersed and perfused at 33°C with artificial cerebro-spinal fluid (ACSF; 125 mM NacCl,
2.5 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCOs3, 10 mM glucose, 1.5 mM CaClz, 1 mM
MgClz) bubbled with 95% 02/5% CO., pH 7.4. Schaffer collateral in stratum CA3 was
stimulated by a concentric electrode (WPI, TM33CCINS; 2-3 um in diameter) and
multiple population spikes (polyspikes) were recorded from the CA1 pyramidal layer by
a borosilicate glass microelectrode (1-2 mQ) filled with ACSF. A stimulating intensity that
elicited 50-60% of maximal polyspikes amplitude (0.05 Hz, 1 ms pulse duration) was
used. In order to increase the excitability in CA1, Schaffer collateral was stimulated using

30 sweeps at 1 Hz (intensity and duration as above).
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3.17 Statistical Analysis

All experiments and analyses were performed knowing the respective genotypes of the
animals. Data quantification were analysed with Prism software (GraphPad) and all
values were expressed as the mean+SEM. The significance of western blotting and
immunofluorescence results was evaluated by unpaired Student's t-test, One-way
ANOVA followed by Tukey’s multiple comparisons test and Two-way ANOVA followed
by Tukey’s multiple comparisons test or Fischer's LSD test. The significance of in vitro
electrophysiological studies was evaluated by Mann Whitney U test, Kruskal-Wallis test,
followed by Dunn's multiple comparisons test, One-way ANOVA followed by Tukey’s
multiple comparisons test and unpaired Student's t-test. Statistical evaluations of ex vivo

electrophysiological recordings were performed by unpaired Student’s t-test.

3.18 Nomenclature

CDKLS5 written in upper case letters refers to the human and mouse protein. CDKL5 and
CdklI5 reported in italics indicate, respectively, the human and the murine genes and
transcripts.
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4 Results

4.1 CDKLS5 interacts with the molecular complex of collybistin

and gephyrin

In a recent study, Uezu and colleagues used an in vivo chemico-genetic proximity-
labelling approach to discover novel inhibitory postsynaptic proteins (Uezu et al., 2016).
In a clustergram of this work, the authors identified CDKL5 as a direct interactor of CB.
CB, which is encoded by Arhgef9, is a brain-specific GEF selectively localised at the
GABAergic postsynapses (Kins et al., 2000). It interacts with gephyrin (Kins et al., 2000),
a scaffold protein that forms postsynaptic lattices at these synapses (Tretter et al., 2012;
Tyagarajan & Fritschy, 2014).

To evaluate a possible role of CDKL5 at the inhibitory synapses, we investigated its
interaction with proteins that play a fundamental role in the organisation of the inhibitory
sites. In particular, gathering the evidence provided by Uezu and colleagues, we
performed immunoprecipitation (IP) experiments allowing us to detect both CB and
gephyrin among the CDKL5-interacting proteins. In detail, lysates from PND20 mouse
brains were used to immunoprecipitate CDKL5 and, through the subsequent western
blotting (WB), we could appreciate both CB and gephyrin in the immunoprecipitate
(Figure 4.1).

This result confirms the interaction between CDKL5 and CB as reported by Uezu et al.
(Uezu et al., 2016), further including also gephyrin as part of the complex. Altogether,
this might suggest a novel role of CDKLS5 in regulating inhibitory receptor clustering and

function.
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Figure 4.1 CDKL5 belongs to the molecular complex of collybistin (CB) and gephyrin ex
vivo. A-B) Representative IP experiment of PND20 mouse brain lysates with an anti-CDKL5
antibody or unrelated 1gGs. Whole brain lysate (input; 2.5%) and immunocomplexes were
analysed through WB with antibodies against CDKL5, CB (A) and gephyrin (B). In (A), CDKL5
was precipitated from CdkI5-WT and -KO lysates while only WT lysates were used in (B). n=3.

CB harbours three major functional domains (Figure 4.2): a Src homology 3 (SH3), a
nucleotide exchange factor (DH) that selectively activates the small GTPase Cdc42 and
a pleckstrin-homology (PH) domain (Kins et al., 2000). Considering the direct interaction
between CDKL5 and CB, we proceeded mapping the CB domains involved in this
interaction. In rodents, three splice variants of CB have been reported (CB 1-3; Figure
4.2), differing in their C-termini. CB2 and CB3 isoforms are expressed in adult neurons
and are present with or without the SH3 domain (Harvey et al., 2004; Kins et al., 2000).
Expression vectors of myc-tagged CB2 (kindly provided by Papadopoulos, University of
Gottingen) with or without the SH3 domain, myc-CB2-SH3* and myc-CB2-ASH3, as well
as with or without the PH domain, myc-CB2-SH3*-APH and myc-CB2-ASH3-APH, were
transfected into HEK293T cells together with Flag-tagged CDKL5 and the lysates used

for IP experiments.
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Figure 4.2 Schematic representation of the domain structures of known CB isoforms. CB
splice variants (CB 1-3) carry a dbl-homology (DH) and a pleckstrin-homology (PH) domain
connected by a short linker sequence. The DH-domain mediates the GDP/GTP-exchange activity.
The PH region is thought to regulate the membrane attachment of GEFs by binding to
phosphatidylinositol-3-phosphate. The N-terminal region contains a Src homology 3 (SH3)
domain, although two splice variants of CB2 and CB3 were detected, one containing (SH3*) and
one lacking (ASH3) the SH3-domain. Importantly, this domain acts as an autoinhibitory domain
maintaining CB in an inactive conformation (adapted from Papadopoulos & Soykan, 2011).

Upon IP of CDKL5 with an anti-CDKL5 antibody, we analysed the presence of the CB
derivatives through WB (Figure 4.3A). It appeared that only CB derivatives containing
the SH3 domain interact significantly with CDKL5 since the CB-ASH3 and CB-ASH3-
APH were barely detectable in the WB. The quantification of the interaction in three
separate experiments confirmed this: the ratio co-IP/IP, normalised with the respective
input, is significantly lower in lysates from cells expressing pFLAG-CDKL5 with myc-
CB2-ASH3 or myc-CB2-ASH3-APH (Figure 4.3B; myc-CB2-SH3*: 1.00+0.00; myc-CB2-
ASH3: 0.0410.02; myc-CB2-SH3*-APH: 0.51£0.15; myc-CB2-ASH3-APH: 0.12+0.05).

Moreover, in accordance with the ex vivo IP, we also detected gephyrin in the co-
immunoprecipitate of cells expressing CDKL5. Interestingly, this interaction appears to
be independent of exogenously expressed CB but whether the lowly expressed

endogenous CB mediates this interaction remains presently unclear.
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4.2 Neuroligin2 seems to be more phosphorylated in the
absence of CDKL5

Being CDKL5 a kinase and considering that the phosphorylation status of various
postsynaptic proteins has frequently been associated with neuronal activation and
synaptic plasticity, we proceeded investigating whether phosphorylation of gephyrin, CB
and neuroligin2 (NL2) might change in the absence of CDKL5.
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As mentioned, gephyrin anchors, clusters and stabilises GABAaRS at inhibitory synapses
of the mammalian brain. It self-aggregates into a hexagonal lattice and interacts with
various inhibitory synaptic proteins, among which CB and NL2 (Groeneweg et al., 2018;
Ko et al., 2015). The latter is a neuronal transmembrane protein that was identified as
the first adhesion molecule being constitutively and selectively present in inhibitory
postsynaptic sites. Moreover, NL2 is involved in the differentiation and maturation events
at nascent inhibitory postsynapses (Poulopoulos et al., 2009).

Since phosphospecific antibodies against these proteins are not commercially available,
we exploited the fact that the migration of some proteins in SDS-PAGE is influenced by
their phosphorylation status. To assess protein phosphorylation, we incubated mouse
hippocampal extracts with lambda-phosphatase (APP) and separated the proteins
through SDS-PAGE (8%, 150:1 acrylamide:bis-acrylamide) followed by WB. The
efficient dephosphorylation was confirmed by the disappearance of pSer?°-Gephyrin
and pERK 1/2 signals in the APP-treated lysates (Figure 4.4). We also confirmed
previous data showing that CDKL5 acquired a higher mobility upon dephosphorylation
(La Montanara et al., 2015).

KO WT WT KO
+APP -APP  -APP +\PP APP +APP -APP +APP
- —100 kDa P
CDKL5 | - | PERK 1/2
Gephyrin - —ESE
PIYTIN | - —— 48 kDa
tERK 1/2 - e e— o —
pSer2’°-Gephyrin | ‘ ' |_1°0 kDa
* —100 kD
NL2‘- ek -| @
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Collybistin

Figure 4.4 Dephosphorylation assay on hippocampal lysates of CdkI5-WT and CdkI5-KO
mice. WB showing the mobility of CDKL5, gephyrin, NL2 and CB after 3 h incubation of CdkI5-
WT and -KO hippocampal lysates (PND60) with or without lambda-phosphatase (APP). pSer?70-
Gephyrin and pERK 1/2 were used as index of the successful treatment. Asterisks illustrate
retarded electrophoretic mobility of the analysed proteins. (*) indicates the difference between -
APP and +APP in WT samples; (**) indicates a slight difference in migration of NL2 in -APP CdkI5-
KO lysate. The extracts were separated under appropriate electrophoretic conditions on 8% SDS-
PAGE with 150:1 acrylamide:bis-acrylamide. n=1 mice/group.
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In agreement with the high number of phosphorylation sites of gephyrin (Zacchi et al.,
2014), its electrophoretic mobility appeared faster upon APP treatment in both CdkI5-WT
and CdklI5-KO lysates, as shown in figure 4.4. However, as there is no difference in basal
conditions (-APP) between WT and KO samples, CDKL5 does not seem to be involved
in this phosphorylation. Regarding CB, we did not appreciate any change in its
electrophoretic mobility in either -APP or +APP samples. However, comparing the
migration of NL2 in untreated CdkI5-WT and -KO lysates the protein appeared to migrate
more slowly in the KO sample, though this difference was very slight. The reduced
mobility of NL2 in CdkI5-KO samples would be compatible with its increased
phosphorylation in the absence of CDKLS5, thus indicating that CDKL5 influences NL2
phosphorylation indirectly. Future experiments will be performed to address this aspect
in further details.

4.3 Total expression levels of inhibitory synaptic proteins are
not affected by CDKL5 deficiency

The above results show that CDKLS5 interacts with proteins that are involved in the
synaptic clustering of GABAARs. We therefore decided first to evaluate the total
expression levels of the main inhibitory synaptic proteins, among which y» and 3; subunit-
containing GABAaRs, gephyrin, CB and NL2. GABAaRs are the main receptors
supporting inhibition in the CNS (Bogdanov, 2019). Synaptic GABAARS generate phasic
inhibition and are predominantly characterised by the presence of the y, subunit in
combination with two a1, a2 or as subunits together with two B> or Bz subunits (Luscher
et al., 2011). Among the 8 subunits, the most abundant and widespread subunit is (32,
while the distribution of the B3 subunit is more discrete although highly expressed (Olsen
& Sieghart, 2008).

Protein abundance was analysed in total lysates of primary hippocampal neurons
obtained from CdkI5-WT and -KO embryos and cultured until DIV14, a time point when
neurons under our culture conditions can be considered mature (La Montanara et al.,
2015). As shown in figure 4.5, we did not find any variation in the analysed proteins
between CdkI5-WT and -KO primary hippocampal neuronal lysates (WT gephyrin:
1.00+0.06; KO gephyrin: 1.08+0.11; WT GABAAR y2: 1.00+0.07; KO GABAAR Yy2:
0.98+0.15; WT GABAAR B3: 1.00+0.04; KO GABAAR f3: 1.09+0.09; WT NL2: 1.00+0.10;
KO NL2: 1.26+0.14; WT CB: 1.00+0.05 vs KO CB: 0.97+0.08).
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Figure 4.5 Evaluation of total expression levels of the main inhibitory proteins in the
absence of CDKL5. A-B) Representative WB analysis of whole cell lysates of Cdkl5-WT and
CdkI5-KO primary hippocampal neurons at DIV14. GAPDH was used as loading control. C-G)
The graphs show the quantification of gephyrin (C), GABAAR y2 (D), GABAAR B3 (E), NL2 (F) and
CB (G) expression levels. Values are presented as meantSEM. n=6-8/group from at least three
independent preparations. Statistical analysis: unpaired Student’s t-test; ns, p>0.05.
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4.4 CDKL5 deficiency alters the surface expression levels of
GABAAR subunits

We proceeded performing the highly sensitive cell surface biotinylation assay to
investigate if the absence of CDKL5 might influence the surface expression of GABAxRS.
The biotinylation approach allows to covalently link cell surface receptors with biotin,
which can then be affinity purified. In particular, sulfo-NHS-biotin  (N-
hydroxysulfosuccinimidobiotin) is a biotin derivative that is commonly used in neuronal
receptor trafficking experiments. It contains a negatively charged sulphate group, which
confers membrane impermeability thus minimising labelling of intracellular proteins
(Arancibia-Cércamo et al., 2006).

Upon biotinylation of primary hippocampal Cdkl5-WT and -KO neurons, the biotinylated
proteins were affinity purified and the whole lysate and purified proteins analysed by WB
(Figure 4.6A). To determine the proportion of the total receptor pool that resides at the
cell surface, we quantified the ratio of the biotinylated fraction (surface) over the receptor
pool in the total lysate. As control of the biotinylation of surface exposed proteins, we
verified that the cytoplasmic protein GAPDH was barely present in the pool of affinity
purified proteins (Figure 4.6B-C). In line with previous reports, we observed reduced
levels of surface exposed AMPAR subunit GIuUA2 in CdkI5-KO neurons compared with
the WT controls (Figure 4.6B) (Tramarin et al., 2018; Yennawar et al., 2019). Besides,
we found that CdkI5-KO neurons displayed reduced surface levels of both y. and B3
subunit-containing GABAxRS, even if only ;3 reaches statistical significance (Figure
4.6B-C). Intriguingly, surface levels of the transmembrane protein NL2 resulted to be
affected by the absence of CDKL5 (Figure 4.6C). As discussed below, this is in line with
the increased NL2 phosphorylation in CdkI5-KO neurons. Although preliminary and not
yet utterly significant, these data showed an intriguing difference between the two
experimental groups indicating that membrane levels of postsynaptic inhibitory proteins
are reduced in CdklI5-KO neurons (WT GIuA2: 1.00+0.00; KO GIuA2: 0.59+0.00; WT
GABAARSs y2: 1.00+0.00; KO GABAARSs y2: 0.80+£0.23; WT NL2: 1.00+0.00; KO NL2:
0.56+0.07; WT GABAARs B3: 1.00+0.00; KO GABAARS B3: 0.74+0.00).
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Figure 4.6 Cell surface biotinylation assay to determine surface expression of GABAARS
and NL2 in CdklI5-KO primary neurons. A) Schematic diagram of cell surface biotinylation
protocol. Sulfo-NHS-biotin is allowed to bind surface proteins in conditions that block endocytosis.
Upon quenching of unreacted biotin, cells are solubilised in RIPA buffer and biotinylated proteins
are precipitated using streptavidin beads. The precipitated complexes are analysed through WB
together with the whole cell lysate. B-C) Representative WB of a biotinylation experiment of
CdkI5-WT and CdkI5-KO primary hippocampal neurons at DIV14. The surface fraction was
obtained from 500 g of lysate, while 30 pug of whole cell lysate was used as total. Levels of
GluA2, y2 and B3 GABAAR subunits, and NL2 were analysed and GAPDH was used as loading
control in the total lysate and to verify that intracellular proteins were not biotinylated (surface).
The graphs show the ratio of surface/total levels of GluA2, GABAAR y2, GABAAR Bsand NL2.
GluA2: n=1/group from one experiment; NL2, GABAAR y2 and GABAAR 3: n=3/group from three
independent preparations. Values are presented as meantSEM. Statistical analysis: unpaired
Student’s t-test; **p<0.01; ****p<0.0001; ns, p>0.05.
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45 CDKL5 deficiency impairs the expression of synaptic

GABAxRs and gephyrin clusters

The above experiment suggests that the loss of CDKL5 leads to an impaired surface
expression of synaptic GABAARs. To get further evidence of this, we examined the
surface expression of the y2 subunit of GABAaRS through immunofluorescent staining of
primary CdkI5-WT and -KO neurons.

According to the in vitro biotinylation experiment, decreased membrane expression of
synaptic GABAAR subunit y> could be observed also through the immunofluorescence
analysis that was performed under non-permeabilising conditions to detect only the
surface exposed receptors (Figure 4.7; WT: 1.00£0.03; KO: 0.84+0.02).
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Figure 4.7 CDKL5 deficiency impairs the expression of synaptic GABAaRs. A) Surface
exposed GABAAR y2 (green, sSGABAAR y2) was detected through immunostaining of CdkI5-WT
and CdkI5-KO primary hippocampal neurons at DIV14 under non-permeabilising conditions.
MAP2 (blue) was used as dendritic marker. Scale bar, 5 um. B) The graph shows the
guantification of the fluorescence intensity of SGABAAR y: staining of 30 um long dendritic MAP2-
positive segments. Values are presented as mean+SEM. n=6-8/group from four independent
preparations. Statistical analysis: unpaired Student’s t-test; ****p<0.0001.

As previously reported, the stabilisation of GABAaRS at inhibitory synapses depends on
their post-translational modifications and on their interaction with the scaffold protein
gephyrin. Since gephyrin plays an important role in GABAAR clustering and having
demonstrated that surface levels of synaptic GABAARs are reduced in CdklI5-KO
neurons, we found it relevant to analyse whether CDKL5 deficiency impacted the number

of gephyrin-positive puncta.
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Despite the fact that CDKL5 deficiency did not impact gephyrin expression levels,
immunofluorescence analyses of Cdkl5-KO primary hippocampal neurons revealed a
significant reduction in the number of gephyrin-positive puncta (Figure 4.8; WT:
23.77+0.60; KO: 16.88+0.65).
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Figure 4.8 CDKL5 loss causes a reduced number of gephyrin-positive puncta. A) Gephyrin
clusters (red) in dendritic MAP2-positive segments (blue) of DIV14 CdkI5-WT and -KO primary
hippocampal neurons. Scale bar, 5 um. B) The graph shows the quantification of gephyrin puncta
along 30 ym long segments. Values are presented as meantSEM. n=8-10/group from five
independent experiments. Statistical analysis: unpaired Student’s t test; ****p<0.0001.

Although we did not manage to evaluate collybistin-positive puncta because of the poor
quality of the antibody in immunofluorescence experiments, the above-mentioned results
point out that CDKLS5, probably through its interaction with gephyrin and collybistin,

regulates membrane levels of synaptic GABAxRS.

4.6 CDKL5 deficiency leads to impaired inhibitory

neurotransmission

We proceeded addressing the functional consequences associated with the loss of
CDKLS5 in the inhibitory postsynaptic compartment in collaboration with Dr. Flavia
Antonucci (Department of Medical Biotechnology and Translational Medicine, University
of Milan). In particular, inhibitory postsynaptic currents in miniature (mIPSCs) of primary
hippocampal cultures at DIV14 were recorded by patch-clamp technique in whole-cell

voltage clamp configuration.
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The patch clamp technique allows observing the currents in single ionic channels. It
requires the formation of a tight seal between the cell membrane and the glass tip of a
recording electrode, which is characterised by a very high resistance. This resistance
ensures that most of the currents, originating in a small patch of membrane, flow into the
pipette and further into the current-measurement circuitry. The patching electrode is
obtained from a pointed glass capillary, filled with a saline solution, on which a
chlorinated silver wire has been added (Hamill et al., 1981). In this technique, the
capillary tip is placed on the cell membrane and the tight seal between the tip of glass
and the membrane is generated by a gentle suction (cell-attached configuration).
However, applying a stronger and rapid suction, the membrane fraction surrounded by
the tip of the capillary is broken, thus allowing to record all the currents flowing through
the entire active membrane (whole-cell configuration).
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Figure 4.9 The loss of CDKL5 leads to a reduction in the frequency of mIPSCs. A)
Representative traces of mIPSCs recorded from primary hippocampal neurons from CdkI5-WT
and CdkI5-KO at DIV14 patching at +10 mV. B-C) Graph showing mIPSC frequency (B) and
amplitude (C) in CdkI5-WT and -KO cultures. Values are presented as meantSEM. CdkI5-WT
cultures: n=16, CdklI5-KO cultures: n=11 from three different experiments. Statistical analysis of
mIPSC frequency: Mann Whitney U test; *p<0.05. Statistical analysis of mIPSC amplitude:
unpaired Student’s t-test; *p<0.05; ns, p>0.05.

While CDKL5 loss did not affect the amplitude of mIPSCs (Figure 4.9; WT: 19.88+1.01;
KO: 18.49+1.39), electrophysiological recordings showed a significant reduction in the
frequency (Figure 4.9; WT: 1.21+0.19; KO: 0.77%0.16).
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Interestingly, the same result was obtained in primary hippocampal neurons silenced for
CDKLS5 expression and innervated by non-silenced CDKL5-positive cells (Figure 4.10).
In this experiment, CDKL5 expression was abruptly silenced through the transfection of
a CDKL5-silencing construct (shCDKL5) using as negative control shLacZ. Both vectors
expressed the shRNA from a bicistronic cassette expressing also GFP allowing
visualising the silenced neurons. In addition, non-transfected neurons (NT) were used
as negative control. Transfections were performed at DIV11 and mIPSCs were recorded
at DIV14 (mIPSC frequency = NT: 1.56+0.14; shLacZ: 1.61+0.25; shCDKL5: 0.89+0.15;
mIPSC amplitude = NT: 14.36+0.53; shLacZ: 15.82+1.33; shCDKL5: 14.65+0.71).
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Figure 4.10 CDKL5 deficiency leads to impaired inhibitory transmission. A) Representative
traces of mIPSCs recorded from primary hippocampal neurons silenced for CDKL5 expression
(shCDKL5) and in control neurons (shLacZ). Neurons were transfected with shRNA vectors
expressing also GFP at DIV11 and mIPSCs were recorded at DIV14 patching at +10 mV. B, C)
Graphs showing mIPSC frequency (B) and amplitude (C) upon acute CDKL5-silencing. Values
are presented as meantSEM. NT n=10, shLacZ n=5, shCDKL5 n=13 from three different
experiments. Statistical analysis: One-way ANOVA, followed by Tukey’s post-hoc; *p<0.05; ns,
p>0.05.
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Altogether, these electrophysiological studies indicate that CDKL5 deficiency leads to an
altered inhibitory neurotransmission. Even though a direct effect of CDKL5 loss at the
presynaptic site cannot be excluded, the silencing studies imply that the absence of

CDKLS5 at the postsynaptic site is sufficient to cause the impaired mIPSCs.

4.7 Theloss of CDKL5 impacts the presynaptic compartment

Considering our electrophysiological data showing a reduction in the frequency of
mIPSCs, we decided to explore if CDKL5 loss influenced the presynaptic compartment.
To this aim, we analysed one of the most common presynaptic markers, bassoon.
Bassoon is a 420-kDa protein specifically localised at the active zone of presynaptic
nerve terminals, where it is involved in the structural organisation of the neurotransmitter
release site (Richter et al., 1999).

We evaluated the number of bassoon-positive puncta in Cdkl5-WT and -KO neurons at
DIV14 through immunofluorescent staining. As reported in figure 4.11, we found that the
number of bassoon-positive puncta was significantly reduced in CdkI5-KO primary
hippocampal cultures (WT: 29.98+0.86; KO: 20.32+0.69). This result suggests that the
loss of CDKLS5 leads to a presynaptic defect; however, since bassoon is present at the
presynaptic site of both excitatory and inhibitory synapses (Richter et al., 1999), we are
currently evaluating whether CDKLS5 loss affects the inhibitory presynaptic site analysing

the number of vesicular GABA transporter (VGAT)-positive puncta.
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Figure 4.11 Bassoon puncta are reduced in Cdkl5-KO hippocampal neurons. A) Bassoon
puncta (red) in dendritic MAP2-positive segments (blue) of DIV14 CdkI5-WT and -KO primary
hippocampal neurons. Scale bar, 5 ym. B) The graph shows the quantification of bassoon puncta
along 30 ym long segments. Values are presented as meanzSEM. n=7/group from four
independent experiments. Statistical analysis: unpaired Student’s t test; ****p<0.0001.
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To sum up, our data indicate that CDKL5 loss leads not only to a postsynaptic but also
to a presynaptic defect. These alterations are supported by the electrophysiological
findings and, considering the recordings obtained in CDKL5-silenced neurons,
alterations in the postsynaptic site might represent the primary defect that has

repercussions on the presynaptic counterpart.

4.8 CDKL5-related defects are ameliorated by PME treatment

As previously described, recent findings converge on a role of CDKLS5 in regulating MT
dynamics through the interaction with various MT-binding proteins (Baltussen et al.,
2018; Barbiero et al., 2017b, 2020). Among them, the MT plus-end tracking protein
CLIP170 regulates MT dynamics acting as a rescue factor, thus facilitating MT growth
(Komarova et al., 2002). It has been shown that CDKL5 deficiency interferes with the
formation of the IQGAP1/CLIP170/Racl ternary complex and negatively influences the
MT-binding of CLIP170. According to our data, CDKL5 loss impacts neuronal MT
dynamics, which is likely to underlie some of the morphologic and molecular defects in
neurons (Barbiero et al., 2017b, 2020, 2021 under revision). From a pharmacological
point of view, PREG, through its activating function on CLIP170, was demonstrated to
be capable of ameliorating CDKL5-related defects both in cycling cells and in neurons
(Barbiero et al., 2017b). Recently, in our laboratory it has been demonstrated that the
non-metabolisable synthetic analogue of PREG, PME, is capable of rescuing not only
axonal phenotypes in young neurons, but also the dendritic spine defects associated
with CDKLS5 loss in vitro and in vivo (Barbiero et al., 2017b, 2020, 2021 under revision).
PME maintains the same biological action of PREG but is devoid of the downstream
effects linked to the further metabolism of PREG.

Considering the pivotal role of MTs in the membrane stabilisation of gephyrin and
GABAxRs through their interaction with various proteins at the postsynaptic site
(Bogdanov, 2019; Kittler et al., 2004; Luscher et al., 2011), we decided to evaluate if
PME might have any effect on the CDKL5-dependent defects in GABAAR expression

and function that we found in CdklI5-KO primary hippocampal neurons.
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4.8.1 Effect of PME on reduced surface expression of synaptic

GABAARs and gephyrin clusters in Cdkl5-KO neurons

We first examined if PME could promote the membrane stabilisation of GABAARS
through its effect on MT dynamics. Thus, primary hippocampal neurons were treated
with 0.3 and 1 uM PME for 72 hours starting from DIV11 and surface levels of GABAAR
y2were examined at DIV14 through immunofluorescence. Our data (Figure 4.12) showed
that treatment with PME could rescue the decreased surface expression of synaptic
GABAxRs in CdkI5-KO primary hippocampal cultures without affecting the expression in
WT neurons (WT 0.1% DMSO: 1.00+0.03; WT 0.3 uM PME: 0.99+0.02; WT 1 uM PME:
0.98+0.03; KO 0.1% DMSO: 0.89+0.02; KO 0.3 yM PME: 1.08+0.03; KO 1 yM PME:
1.03+0.04).
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Figure 4.12 PME treatment rescues the decreased surface expression of synaptic
GABAARs in Cdkl5-KO primary hippocampal neurons. A) Surface exposed GABAaR y2
(sGABAAR vz, green) was detected through immunostaining under non-permeabilising conditions
of CdkI5-WT and -KO neurons treated with 0.3-1 uM PME or vehicle (0.1% DMSO) at DIV11 for
72 hours. MAP2 (blue) staining, performed under permeabilising conditions, was used as
dendritic marker. Scale bar, 5 um. B) The graph shows the fluorescence intensity of SGABAAR y2
per 30 um long dendritic segments. Values are presented as mean+SEM. n=5-6/group from four
independent preparations. Statistical analysis: One-way ANOVA, followed by Tukey’s post-hoc;
*p<0.05; **p<0.01; ****p<0.0001; ns, p>0.05.
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In parallel, we analysed the number of gephyrin puncta. As reported in figure 4.13,
treatment with PME at both concentrations had a beneficial effect on the reduced number
of gephyrin-positive puncta in Cdkl5-KO primary hippocampal neurons (WT 0.1%
DMSO: 29.33+1.02; WT 0.3 uM PME: 28.47+1.06; WT 1 uM PME: 27.41+0.76; KO 0.1%
DMSO: 17.67+0.76; KO 0.3 uM PME: 26.83+£1.19; KO 1 uM PME: 26.55+0.91).
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Figure 4.13 PME treatment normalises the reduced number of gephyrin puncta in Cdkl5-
KO neurons. A) CdkI5-WT and CdkI5-KO primary hippocampal neurons were treated with 0.3-1
UM PME or vehicle (0.1% DMSO) at DIV11 for 72 hours. Neurons were stained for gephyrin (red)
and MAP2 (blue). Scale bar, 5 um. B) The graph shows the number of gephyrin puncta per 30
um long dendritic segments. Values are presented as meantSEM. n=6/group from four
independent preparations. Statistical analysis: One-way ANOVA, followed by Tukey’s post-hoc;
****%n<0.0001; ns, p>0.05.
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4.8.2 Effect of PME on the reduced frequency of mIPSCs in Cdkl5-KO

neurons

Since CDKL5-related defects were accompanied by an altered inhibitory
neurotransmission, we proceeded analysing the effect of PME on mIPSCs in CdkI5-KO
neurons. As above, neurons were treated for 72 hours with 0.3 uM PME prior to
electrophysiological recordings. Interestingly, PME treatment rescued the decreased
mIPSC frequency of primary hippocampal cultures at DIV14 (Figure 4.14; mIPSC
frequency = WT 0.1% DMSO: 1.48+0.16; KO 0.1% DMSO: 0.66+0.07; KO 0.3 uM PME:
1.33+0.13; mIPSC amplitude = WT 0.1% DMSO: 18.61+1.13; KO 0.1% DMSO:
18.44+0.95; KO 0.3 uyM PME: 19.98+1.66).
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Figure 4.14 Positive effect of PME on the diminished frequency of mIPSCs in CdkI5-KO
neurons. A) Representative traces of mIPSCs in CdkI5-WT and -KO primary hippocampal
neurons treated as indicated with either vehicle (0.1% DMSO) or 0.3 uM PME for 72 h starting at
DIV11. B-C) Graphs showing mIPSC frequency (B) and amplitude (C) of Cdkl5-WT and -KO
neurons treated as indicated. Values are presented as mean+SEM. CdkI5-WT vehicle n=24,
CdklI5-KO vehicle n=27, Cdkl5-KO PME 0.3 uM n=22 from three different experiments. Statistical
analysis mIPSC frequency: Kruskal-Wallis test, followed by Dunn's multiple comparisons test;
**p<0.01. Statistical analysis mIPSC amplitude: One-way ANOVA, followed by Tukey’s post-hoc;
ns, p>0.05.
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4.8.3 Effect of PME on the decreased number of bassoon-positive

puncta in Cdkl5-KO neurons

Confident of the positive effect of PME on the above postsynaptic defects, we proceeded
evaluating the number of bassoon puncta. According to the electrophysiological rescue,
PME treatment was capable of normalising the presynaptic defect found in CdkI5-KO
primary hippocampal cultures. Indeed, as a result of the pharmacological treatment, the
number of bassoon-positive puncta was increased (Figure 4.15; WT 0.1% DMSO:
29.8840.94; WT 0.3 uM PME: 28.850.65; WT 1 uM PME: 28.95+0.93; KO 0.1% DMSO:
21.8440.66; KO 0.3 yM PME: 25.96+0.62; KO 1 yM PME: 28.16+0.62).
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Figure 4.15 PME treatment has a beneficial effect on the decreased number of bassoon
puncta in Cdkl5-KO neurons. A) Immunofluorescent staining with bassoon (red) and MAP2
(blue) of CdkI5-WT and CdklI5-KO primary hippocampal neurons treated with 0.3-1 uM PME or
vehicle (0.1% DMSO) at DIV11 for 72 hours. Scale bar, 5 um. B) The graph shows the number
of bassoon puncta in 30 um long dendritic segments. Values are presented as meantSEM.
n=3/group from three independent preparations. Statistical analysis: One-way ANOVA, followed
by Tukey’s post-hoc; ***p<0.001; ****p<0.0001; ns, p>0.05.
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4.8.4 Treatment with PME restores synaptic GABAAR defects in vivo

Encouraged by the beneficial effect of PME in vitro, we found it challenging to analyse
the effect of this compound also in vivo. We thus performed a pilot experiment on male
CdkI5-KO mice at PND60, when they are fully symptomatic. CdkI5-WT and -KO mice
were treated for seven consecutive days with PME (10 mg/kg) or sesame oil as vehicle
through a subcutaneous injection (s.c.). Subsequently, hippocampal sections were
subjected to immunofluorescent staining against GABAAR y. subunit and observed

through confocal imaging (Figure 4.16A).

40 - WT

ek = KO
- Jedekk

w
o
1

Vehicle

n° of GABAAR 12 <:Iusters/‘10um2
- N
o o
L L

0+

|

%
,o%\ ]

PME

Figure 4.16 Rescue of reduced levels of hippocampal GABAAR y: clusters in Cdkl5-KO
mice treated in vivo with PME. A) Hippocampal slices (dentate gyrus) from CdkI5-WT and
CdkI5-KO male mice treated with PME (10 mg/kg, s.c. for seven days starting from PND60) or
sesame oil (vehicle) were stained for GABAAR y2. Scale bar, 5 um. B) The graph shows the
quantified levels of GABAaR vy clusters/100 um?2. Values are presented as mean+SEM. Cdkl5-
WT vehicle n=5 mice, Cdkl5-WT PME n=4 mice, Cdkl5-KO vehicle n=5 mice, Cdkl5-KO PME n=5
mice. Statistical analysis: Two-way ANOVA followed by Tukey’s post-hoc; ****p<0.0001.

This result was in line with our in vitro data; indeed, as disclosed in figure 4.16B, the
number of GABAAR y: clusters was dramatically and significantly reduced in the dentate
gyrus of vehicle-treated CdkI5-KO hippocampi compared to WT animals (WT vehicle:
27.731£1.67; KO vehicle: 6.55+0.78). Interestingly, the pharmacological treatment with
PME could visibly rescue the synaptic defect in Cdkl5-KO mice (WT PME: 23.21+3.19;

KO PME: 20.59+2.90).
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4.8.5 Reduced levels of GABAAR y2 in the postsynaptic compartment
of CdklI5-KO hippocampi are restored upon treatment with PME

The above data demonstrate that CDKL5 loss alters the surface expression of synaptic
GABAxRs both in vitro and ex vivo as well as the number of gephyrin clusters, defects
that were restored upon PME treatment. Therefore, we found it crucial to analyse through
a complementary biochemical approach the content of gephyrin together with GABAAR
y2 subunit in CdkI5-WT and CdklI5-KO hippocampi. We thus isolated the synaptosomal
fraction, highly enriched in synaptic proteins, from hippocampi of CdkI5-WT and -KO
mice treated with either vehicle or PME and analysed the expression of GABAaR y2 and
gephyrin through WB. Of note, the same amount of lysate was loaded to evaluate
synaptic protein composition in a comparable number of synaptosomes and GAPDH was
used as internal control. The quality of the synaptosomal fractionation was confirmed
through WB showing the expected enrichment of PSD95, the AMPA-receptor subunit
GluA2, and CDKL5 in the synaptosomal fraction while nuclear histone H1 was totally
absent (Figure 4.17A).

Interestingly, a significant decrease in the expression of y. subunit-containing GABAARS
was observed in synaptosomes of vehicle-treated CdkI5-KO mice compared to the
control group. Consistent with the effect of PME described above, a strong tendency in
the raise of defective GABAAR vy levels upon PME treatment was observed in
synaptosomes of Cdkl5-KO mice (Figure 4.17B; WT vehicle: 1.00+0.05; WT PME:
0.96+0.12; KO vehicle: 0.75+0.07; KO PME: 0.95+0.07). As shown in figure 4.17C,
gephyrin levels in the synaptosomal fraction did not vary amongst the experimental
groups (WT vehicle: 1.00+£0.07; WT PME: 0.89+£0.08; KO vehicle: 1.00+0.09; KO PME:
1.11+0.12). This result can be explained with the bias that the protocol introduces for the
enrichment of coupled pre- and postsynaptic structures containing comparable amounts
of the postsynaptic density scaffolds. Lastly, total expression levels of both y, subunit-
containing GABAARs (WT vehicle: 1.00+0.05; WT PME: 0.96+0.07; KO vehicle:
1.01+0.09; KO PME: 0.86+0.05) and gephyrin (WT vehicle: 1.00+0.05; WT PME:
1.19+0.08; KO vehicle: 1.20+0.13; KO PME: 1.14+0.11) did not change between CdkI5-
WT and CdklI5-KO hippocampal lysates (Figure 4.17D). Since we did not observe any
difference in total protein levels amongst the four analysed groups, the reduction of y:
subunit-containing GABAaRs in the synaptosomes may be explained by impaired

localisation events, possibly caused by defective MT dynamics due to CDKLS5 loss.
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Figure 4.17 Decreased levels of GABAAR y2 in the postsynaptic compartment of Cdkl5-KO
hippocampi are restored upon treatment with PME. A) Subcellular fractionation of mouse
hippocampi was monitored by WB analyses of synaptic and non-synaptic proteins. Total
homogenate (HOM; whole lysate), nuclei/debris (P1), cytosol (S1), and synaptosomal fractions
(SYN) were analysed. B-C) Representative WB of synaptosomal fractions from hippocampi of
CdkI5-WT and -KO mice showing y2 subunit-containing GABAaRs and gephyrin. Graphs show
GABAAR y2 subunit and gephyrin levels normalised to GAPDH. D) Graphs show the total
expression levels (total homogenate) of y2 subunit-containing GABAaRs and gephyrin normalised
to GAPDH. n>8 mice/group. Values are presented as mean+SEM. Statistical analysis: Two-way
ANOVA, followed by Fischer’s LSD test; *p<0.05; ns, p>0.05.
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4.9 Cdkl5-KO mice develop polyspikes in response to

repetitive stimulation

Early-onset epilepsy is known as one of the main hallmark features of CDD. Given this
aspect and considering our ex vivo data showing a reduction in synaptic GABAaRS, we
explored whether this inhibitory defect mirrored a hyperexcitability phenotype ex vivo,
despite the absence of spontaneous seizures in Cdkl5-KO mice.

Extracellular field potentials are electrical signals measured in the extracellular space.
They are typically generated by the electrical activity of a population of neurons that
cause changes in the extracellular potential (Johnston & Wu, 1994).

In collaboration with Dr. Lia Chiara Forti (Department of Biotechnology and Life
Sciences, University of Insubria), we performed an experiment in which extracellular field
potentials from the CAL region of the hippocampus were recorded after stimulating the
Schaffer collaterals in the CA3 region. In response to electrical stimulation of the Schaffer
collaterals, it is therefore possible to record a negative deflection of the extracellular
potential, called signal from population spikes. In particular, it is generated by the firing
of action potentials in a population of neurons, the cell bodies of which are in the stratum
pyramidale of CA1 (Figure 4.18A-B). This downward deflection represents the first peak
of the electrophysiological trace and it is indicated as P:1 (Figure 4.18C). Using
pharmacological agents such as 100 pM picrotoxin to block inhibition, or an
electrophysiological protocol to decrease inhibition (Thompson & Gahwiler, 1989) or in
pathologic conditions such as epilepsy (Luthi et al., 1997), further negative deflections of
the potential appear in the signal. These are called multiple population spikes or

polyspikes (Pn; Figure 4.18D) and are generated by burst discharges from neurons.

In our experimental procedure, we chose a stimulating intensity (0.05 Hz, 1 ms pulse
duration) that elicited 50-60% of maximal signal amplitude. In order to verify if the number
of polyspikes, generated after P1, were different between CdkI5-WT and Cdkl5-KO
hippocampal slices, the protocol provided by Lithi and colleagues (Lithi et al., 1997)
was adopted. According to this study, the repetitive stimulation of Schaffer collateral with
30 sweeps at 1 Hz (intensity and duration as above) could increase the excitability in

CAL1 stratum because it provoked an activity dependent disinhibition.
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Figure 4.18 Extracellular recording of polyspikes in CAl pyramidal layer. A) Diagram of a
hippocampal slice where CA1 and CA3 subfields as well as Schaffer collaterals of the synaptic
pathway are labelled. The recording of neural activity from the CAl area is evoked by the electrical
stimulation of the Schaffer collaterals in the CA3 region. B) lllustration of pyramidal layer where
the recording electrode is placed extracellularly in the CA1 field. C) Example of field potentials
evoked by a stimulating intensity (0.05 Hz, 1 ms pulse duration) that elicit 50-60% of maximal
signal amplitude represented by the first peak (P1). P1 is the negative deflection generated by the
summation of action potentials of different neurons belonging to the stratum pyramidale. D)
Representative traces where polyspikes (Pn), indicated by arrows, are evoked by repetitive
stimulation (1 Hz for 30 seconds) of the Schaffer collaterals (adapted from Karadas et al., 2018;
Lathi et al., 1997).

Our results demonstrated that hippocampal slices from CdkI5-KO mice exhibited an
increased polyspiking activity in the CAL1 field upon 1 Hz of stimulation, as compared with
CdkI5-WT mice (Figure 4.19A). After field potential recordings, averages of the number
of the first 5, of the last 10, and of all 30 consecutive sweeps were measured and
compared between CdkI5-WT and CdklI5-KO slices. The latter showed a significant rise
in the number of polyspikes during repetitive stimulations (Figure 4.19B). Since a
significant difference was found in all of the three above-mentioned conditions, we
proceeded conducting a more detailed analysis on the traces generated by the average
of the 30 sweeps. The mean areas of P, and the sum of the areas of P, (2P,) were
calculated for a time length of 15 ms. While the average of P: areas of Cdkl5-KO slices
was identical to CdkI5-WT slices, the average of 2P, areas was bigger in Cdkl5-KO mice
(Figure 4.19C). Of note, since no polyspikes were observed in either of the experimental

groups after 15 ms, we evaluated traces during the first 15 ms.
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To sum up, this raise in epileptiform activity suggests that Cdkl5-KO mice may have an

altered inhibition or excitation and a greater seizure susceptibility than the WT

counterpart.
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Figure 4.19 CdkI5-KO hippocampal slices exhibit an epileptiform activity. A) Example of
field potentials evoked by stimulation of the Schaffer collaterals and recorded in the stratum
pyramidale of the CALl area. P1: first peak; Pn: polyspikes. B-C) After repetitive stimulation (1 Hz
for 30 seconds), slices from Cdkl5-KO mice exhibited an increase in the number of polyspikes (B)
and in the average of ZPn areas, but the average of P1 area was the same as CdkI5-WT slices
(C). D) The table illustrates mean values obtained from the analysis and the related statistic. n=5
CdkI5-WT mice/11 hippocampal slices; n=4 Cdkl5-KO mice/11 hippocampal slices. Statistical
analysis: unpaired Student’s t-test; **p<0.01; ns, p>0.05.
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5 Discussion

In the mammalian brain, synapses link neurons to other nerve cells thereby forming the
specific neural circuits central to all brain functions. Two types of synapses are
distinguished in the CNS: type | (asymmetric, also known as excitatory synapses) mainly
located in dendritic spines and type Il (symmetric, also defined as inhibitory synapses)
typically incorporated in the soma and dendritic shafts (Ko et al., 2015). Type | synapses
use glutamate to mediate excitatory synaptic transmission, while type Il synapses use
GABA and glycine to mediate inhibitory synaptic transmission. CDKL5 is a serine-
threonine kinase, highly expressed in the brain, mainly in neuronal nuclei and dendrites
(Olson et al., 2019). So far, the role of CDKL5 has been studied predominantly in
excitatory synapses (Zhu & Xiong, 2018); on the contrary, up to now very little is known
about the influence of CDKLS5 at inhibitory synapses. Indeed, CDKL5 was reported in the
past to be almost exclusively localised at excitatory synapses as it marginally colocalised
with inhibitory synaptic markers (Ricciardi et al., 2012); nevertheless, CDKL5 is
expressed in both glutamatergic and GABAergic neurons (Rusconi et al., 2008; Tang et
al., 2017, 2019), suggesting that it may have distinctive functional roles in both neuronal
populations (Schroeder et al., 2019).

Beyond the well-established role of CDKLS5 at glutamatergic synapses, the results of this
thesis shed light on a hitherto undescribed function of CDKL5 in the inhibitory
compartment, possibly helping explaining the seizure phenotype observed in CDD
patients. By applying biochemical and electrophysiological approaches on in vitro and in
vivo models of CDD we have demonstrated, for the first time, that CDKL5 controls
GABAAR expression and that its loss leads to an altered inhibitory neurotransmission
that may generate an altered excitation-inhibition balance causing the seizure
phenotype. Furthermore, we obtained important proof-of-principle data demonstrating
that the pharmacological stimulation of MT dynamics with the synthetic neurosteroid

PME can rescue the defective phenotypes associated with CDKL5 deficiency.
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5.1 CDKLS5 deficiency leads to dysfunctions in the inhibitory

synapse

GABAxRs are ion channels permeable to chlorine and bicarbonate ions and are
members of the family of channels with cysteine loops at the extracellular N-terminal
(Bogdanov, 2019). In the mammalian CNS, these receptors can be localised to
postsynaptic inhibitory specialisations or at extrasynaptic sites, where they mediate
inhibitory neurotransmission. Indeed, while synaptic GABAARS are activated transiently
following the release of GABA from presynaptic vesicles, extrasynaptic GABAaRs are
typically activated continuously by ambient GABA concentrations and thus mediate tonic
inhibition. The difference in proprieties is reflected by a different subunit composition of
the two receptor subtypes (Comenencia-Ortiz et al., 2014).

Herein, we analysed synaptic GABAaRSs focusing our attention on y, subunit-containing
GABAAxRSs as in situ hybridisation has disclosed that this is the most abundant subunit in
rat brain (Olsen & Sieghart, 2008). We first showed, through immunofluorescence
analyses, a significant reduction of GABAAR y2 surface expression in both hippocampal
neurons and slices of CdkI5-KO mice. This defect was corroborated through biochemical
approaches. Since CDKL5 loss did not impact the total expression levels of synaptic
GABAR subunits, we performed the highly sensitive cell surface biotinylation assay to
investigate if the absence of CDKL5 influenced their surface expression levels. This
technique is particularly useful if antibodies to the protein in question are either
unsuitable for microscopy or are raised to intracellular and hence inaccessible domains
(Arancibia-Carcamo et al., 2006). With this approach, we found that CdkI5-KO
hippocampal cultures exhibited a reduced expression of membrane-inserted vy»
containing GABAaRs. While the above-mentioned results are still preliminary, they
corroborated the immunofluorescence analyses, indicating that CDKL5 loss may affect
the membrane insertion and/or stabilisation of synaptic GABAaRS.

GABAxRs are assembled within the endoplasmic reticulum, transported to the Golgi, and
then to the plasma membrane (Mele et al, 2019). Surface-exposed GABAaRS
continuously undergo recycling between the plasma membrane and the intracellular
compartments (Mele et al., 2019). In the future, we will address through a modified
version of the biotinylation assay if GABAAR turnover is altered in Cdkl5-KO neurons.
Lastly, the surface exposure of Bz subunit-containing GABAaRS, which represent a
higher proportion of diffuse and/or extrasynaptic receptors (Jacob et al., 2008), was

diminished. Considering that phosphorylation levels of Bs are involved in stabilising
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GABAxRs in the plasma membrane (Mele et al., 2019), we will further evaluate through
the same approach the role of CDKLS5 role in receptor trafficking.

The clinical features commonly associated with CDKL5 mutations include early onset of
epilepsy, intellectual disability, autistic features, motor impairment, hypotonia, and sleep
disturbances (Fehr et al., 2013b). It is interesting to note that mutations in genes
encoding the proteins that we found to be impaired in the absence of CDKL5 are
associated with symptoms similar to those that characterise CDD patients. In particular,
the gene encoding GABAAR Y2 subunit, GABRG2, is the most common epilepsy-
associated GABAAR gene. This feature is in agreement with the fact that the y» subunit
plays a central role in postsynaptic GABAAR assemblies and is required for synaptic
trafficking, clustering, and maintenance of such receptors. In vitro studies demonstrated
that de novo GABAAR y2 mutations, associated with epileptic encephalopathies, led to a
reduction in cell surface expression of such receptor subunit (Shen et al., 2017).
Accordingly, the same phenotype was also found in GABAR y2 variants associated with
childhood epilepsy (Reinthaler et al., 2015). Intriguingly, pathogenic variants in GABRG2
have recently been described in a patient affected by atypical RTT (Cogliati et al., 2019).
Lastly, variants in GABRB3, encoding the GABAAR (33 subunit, are also involved in
developmental neurological disorders, including epilepsy and autism (Fatemi et al.,
2009). An interesting point that we will take into account for our future experiments is
that a mouse model of status epilepticus has shown reduced surface expression of
GABAR Bz in hippocampal slices due to a deficit in phosphorylation of this subunit at
Ser408/4%9 (Terunuma et al., 2008).

The cell membrane distribution of synaptic GABAaRSs is dynamically regulated via the
interactions with the subsynaptic scaffold molecule gephyrin, which binds and clusters
synaptic GABAxRs at sites directly opposite to GABA releasing axon terminals
(Tyagarajan & Fritschy, 2014). In particular, gephyrin takes part in the aggregation but
not in the surface insertion or stabilisation of a, and y. containing GABAARs (Groeneweg
et al., 2018). Accordingly, the reduction of surface expressed synaptic GABAAR was
accompanied by a reduction in the number of gephyrin-positive puncta in Cdkl5-KO
primary cultures. We are currently addressing whether the number of gephyrin puncta is
altered in hippocampal slices of CdkI5-KO brains. Of note, Pizzo and colleagues did not
observe any decrease in gephyrin puncta in the primary visual cortex of Cdkl5-KO mice
(Pizzo et al., 2016) but we envisage that defective gephyrin clustering in vivo might be

limited to specific brain areas. Indeed, in an animal model of temporal lobe epilepsy,

68



gephyrin expression gradually decreased in the hippocampus during the acute and latent
period of epileptogenesis (Fang et al., 2011).

Based on the above, we hypothesise that defective localisation of gephyrin and synaptic
GABAxRs may help explaining, at least in part, the clinical manifestation of CDD patients’
mutations. Therefore, the knowledge of the molecular mechanisms underlying defective
GABAXR surface expression represents an important step in the CDKLS5 field. The key
to understand this mechanism is likely to be provided by the molecular interaction
between CDKL5 and the cytoplasmic CB-gephyrin complex. CB is a brain-specific
GDP/GTP-exchange factor, which interacts with gephyrin, thus regulating its recruitment
from intracellular deposits to postsynaptic membranes (Papadopoulos & Soykan, 2011).
The loss of CB leads to a strong reduction in gephyrin and synaptic GABAaR clusters in
several regions of the forebrain, including hippocampus, amygdala and cerebellum
(Papadopoulos et al., 2007, 2008).

In our study, we found that CDKLS5 is capable of forming a complex with CB and gephyrin
as demonstrated through IP experiment both in vitro and ex vivo. As a consequence,
CDKLS5 de facto resides in the inhibitory synapse and, in line with our result, the study of
Uezu et al. disclosed that CDKLS5 is one of the few proteins shared by both the excitatory
and the inhibitory postsynaptic density (Uezu et al., 2016). We did not manage to
evaluate the impact of CDKL5 loss on collybistin-positive puncta because of the poor
quality of the antibody when used in immunofluorescence experiments. Despite this,
since CB is required for inhibitory receptor clustering and function, via the recruitment of
gephyrin (Korber et al., 2012), we speculate that CDKL5 plays a direct role in the
stabilisation of the key components of the inhibitory synapse by the above interaction.
Another important aspect to be considered is the fact that gephyrin self-aggregates into
a hexagonal lattice, interacting not only with CB but also with NL2 (Groeneweg et al.,
2018; Ko et al., 2015). The latter is a neuronal transmembrane protein that, through the
interaction with presynaptic neurexins, controls the concentration of GABAARS at the
synaptic site (Poulopoulos et al., 2009). Moreover, it is involved in the differentiation and
maturation of GABAergic but not glutamatergic or glycinergic synapses in vivo
(Poulopoulos et al., 2009).

In parallel to the IPs, we analysed the phosphorylation status of gephyrin, CB and NL2,
envisaging that CDKL5, being a kinase, might regulate the above molecular complex in
a phosphorylation dependent manner. While the phosphorylation of gephyrin at several
sites is crucial for its functions at the inhibitory postsynaptic density (Tyagarajan &

Fritschy, 2014), we did not find evidence of CDKL5 being involved in this regulation
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through our APP assays. Further, the electrophoretic mobility of CB in APP-untreated
lysates did not reveal detectable phosphorylation changes in the absence of CDKL5. On
the contrary, a possible role of CDKL5 in controlling indirectly NL2 phosphorylation
emerged, possibly through a hitherto unknown phosphatase that removes phosphate
groups from NL2. This result is particularly intriguing as phosphorylation regulates the
membrane stability of NL2. Indeed, the cAMP-dependent protein kinase (PKA) has
recently been shown to phosphorylate NL2 at Ser’'4, causing its rapid dispersal from
inhibitory synaptic clusters and reducing its surface levels, consequently diminishing the
concentration of synaptic GABAaRs (Halff et al., 2020). This finding is compatible with
the reduced surface levels of NL2 that we have observed in the biotinylation experiments.
Therefore, according to our hypothesis, CDKL5 loss might thus increase NL2
phosphorylation, impacting on its surface exposure and thus reducing synaptic GABAAR

membrane expression.

To sum up, CDKL5 might be involved in the regulation of the stability of y> containing
GABAxRs at the inhibitory synaptic sites, controlling directly the cytoplasmic CB-gephyrin
complex and indirectly the NL2 phosphorylation. To address this last point, we are
currently performing two-dimensional gel electrophoresis on hippocampal lysates from
CdkI5-WT and -KO mice at PND60.

To dig further into the molecular mechanism through which CDKL5 regulates the CB-
gephyrin complex, we mapped the CB domains to investigate whether their interaction
was phosphorylation-independent. As mentioned, CB has three major functional
domains, namely SH3, DH and PH (Kins et al., 2000). In particular, the SH3 domain
plays a crucial role in regulating CB functions. Indeed, at postsynaptic sites, CB can
adopt a closed auto-inhibited conformation due to the presence of the SH3 domain but,
upon binding to NL2 or the Rho-like GTPase TC10, it switches it to the open form and
drives inhibitory synaptic differentiation. This change towards the open state allows its
PH-domain to bind phosphatidylinositol-3-phosphate (PI3P) of the plasma membrane
(Papadopoulos & Soykan, 2011).

Herein, through the expression of CB derivatives with or without the SH3 domain in a
heterologous cell system, we demonstrated that the SH3 domain of CB is required for
the interaction with CDKL5. Accordingly, the large C-terminal region of CDKLS5 is proline-
rich with different PXXP sequences, which are required for the binding to proteins with

SH3 domains. In the past, Lin et al. speculated that CDKL5 might regulate SH3 domain
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containing proteins (Lin et al., 2005) but CB is the first SH3 domain-containing protein
interacting with CDKL5. Therefore, we hypothesise that CDKL5 might modulate the
conformational switch of CB and, ergo, its activity through the interaction with its SH3
domain.

Further studies will be performed to address if CDKL5 regulates the switch of CB from
its closed-to-open state. These analyses will be crucial to elucidate further the molecular
functions of CDKL5 at the inhibitory synapse and to better understand how CDKL5
controls the formation of the cytoplasmic CB-gephyrin complex. Besides CB, we
detected gephyrin in the immunocomplexes precipitated together with CDKL5
suggesting that gephyrin is another CDKL5 interactor. Whether this interaction is direct
or indirect has yet to be determined. In our in vitro IP experiments, gephyrin
coprecipitated with CDKL5 regardless the presence of overexpressed CB. Whether the
low levels of endogenous CB in HEK293T cells mediate the interaction will be
established through future experiments.

5.2 CDKL5 deficiency impairs the functional GABAergic

synapse

The above-mentioned defects were accompanied by a reduction in the frequency of
MIPSCs in CdkI5-KO neurons. A similar result was observed when CDKL5 expression
is acutely silenced through the transfection of a CDKL5-silencing construct expressing
also GFP. Our experimental settings allowed recording the mIPSCs of CDKLS5 silenced
neuron (GFP-positive) that was innervated by untransfected cells. Therefore, the altered
inhibitory neurotransmission could be ascribed to a direct role of CDKL5 at the
postsynaptic site, being the presynaptic compartment normal. The major phenotype of
CDKLS5 deficiency in both CdkI5-KO and silenced neurons was a remarkable decrease
in mIPSC frequency, hence reflecting a strong reduction in the number of functional
GABAergic synapses. We speculate that loss of CDKL5 at the postsynaptic site
influences GABAergic innervation in CdkI5-KO cultures similar to what has been reported
in cortical neurons for GABAAR y: clusters upon silencing of GODZ, which is implicated
in trafficking and postsynaptic accumulation of y, subunit-containing GABAaRs (Fang et
al., 2006). GODZ is the key enzyme that interacts with and palmitoylates this receptor
subunit, thus controlling presynaptic GABAergic innervation. In support of our

hypothesis, we observed a significantly reduced number of bassoon-positive puncta in

71



primary cultures of CdkI5-KO neurons. Bassoon is involved in the structural organisation
of the neurotransmitter release site and in synaptic vesicle recycling (Richter et al.,
1999). Interestingly, it was demonstrated that the loss of bassoon in mice caused
spontaneous epileptic seizures (Altrock et al., 2003). However, since bassoon is present
in presynaptic terminals of both asymmetric and symmetric synapses (Richter et al.,
1999), we are currently evaluating the impact of CDKL5 deficiency on VGAT, which is
specifically expressed in inhibitory neurons. Finally, examining the colocalisation of post-
and presynaptic markers, we will evaluate the density of inhibitory synapses to verify if
CDKLS5 loss leads to synaptic drop-out.

Of note, Ricciardi and colleagues did not find any reduction in the frequency of mIPSCs
CDKL5-silenced neurons at DIV15 (Ricciardi et al., 2009). The discrepancy between
these results could be due to the different experimental conditions.

5.3 PME treatment ameliorates CDKL5-related defects

The strong impact of CDKL5 on neuronal morphology suggests that the kinase may be
involved in regulating cytoskeletal dynamics. Indeed, molecular mechanisms linking
CDKL5 to such processes have recently been clarified with data from various
laboratories linking CDKL5 to MT dynamics (Baltussen et al., 2018; Barbiero et al.,
2017b, 2020; Mufioz et al., 2018). In our laboratory, CDKL5 was demonstrated to
regulate the functioning of the MT plus-end tracking protein CLIP170 that is implicated
in MT-dynamics (Barbiero et al., 2017b). CLIP170 has recently been identified as the
intracellular receptor for the neuroactive steroid PREG. The latter potentiates CLIP170
interaction with MTs and the MT-associated proteins (Weng et al.,, 2013). As an
endogenous neurosteroid, PREG can be further metabolised into other steroids that can
accomplish different functions: among the metabolites of PREG, pregnenolone-sulfate
and ALLO can target GABAARs and calcium channels, hence modulating
neurotransmission (Weng & Chung, 2016). The possible off-target effects of PREG limit
its potential from a pharmacological point of view. Therefore, we decided to evaluate the
efficacy of its non-metabolisable derivative PME, which maintains the biological activity
of PREG on MT dynamics (Fontaine-Lenoir et al., 2006) but is devoid of the effects
caused by the metabolism of PREG. Our published and submitted studies indicate that
the pharmacological targeting of CLIP170 with PME has a remarkable capacity of
ameliorating not only axonal phenotypes in young neurons but also the dendritic spine
defects associated with CDKL5 loss (Barbiero et al., 2017b, 2020). Our studies have
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demonstrated that PME induces the open conformation of CLIP170 and its binding to
MTs (Barbiero et al., 2020, 2021 under revision). It is pivotal to underline that, in in vitro
studies, this compound did not show affinity for any neurotransmitter receptor of the
CNS, while it was demonstrated to enhance tubulin assembly by binding to the MT-
associated protein MAP2 (Bianchi & Baulieu, 2012; Weng & Chung, 2016). Based on
these results it appears that altered MT dynamics contribute significantly to CDKL5-
dependent phenotypes.

In this thesis, we showed that PME can rescue the decreased frequency of mIPSCs in
CdklI5-KO primary cultures. This functional normalisation corresponded well with the rise
in surface exposure of synaptic GABAARs as well as the increased number of both
gephyrin and bassoon puncta. Therefore, the molecular rescue was accompanied by the
functional restoration of GABAergic synapses upon PME treatment. Consistent with our
in vitro results, we demonstrated that the number of y, subunit-containing GABAAR
clusters was restored in hippocampal slices of Cdkl5-KO mice treated with subcutaneous
injections of PME (10 mg/kg) for seven consecutive days starting from PND60, when
they are fully symptomatic. The biochemical analysis of synaptosomal preparations
further corroborated the immunofluorescence data. Indeed, PME treatment also restored
GABAXR vz levels in hippocampal synaptosomes. Since the absence of CDKL5 did not
affect the total levels of GABAAR vz subunit, their reduction in the synaptosomal fraction
might be a consequence of altered transport or recycling. Furthermore, we have recently
demonstrated that the treatment with PME in vivo completely restored hippocampal-
dependent spatial memory defects in Cdkl5-KO mice (Barbiero et al.,, 2021 under
revision).

At the molecular level, it is possible that the beneficial effect of PME on CDKL5-related
defects that we found in the inhibitory compartment is due to its ability to regulate the
conformation of CLIP170, thus promoting MT dynamics. Our recent studies demonstrate
that the loss of CDKL5 negatively impacts the invasion of MTs into dendritic spines and
that PME restores such defect (Barbiero et al., 2021 under revision).

Regarding the inhibitory synapse, it is important to highlight that gephyrin was first
identified as a tubulin-associated protein with the ability to form a bridge between glycine
receptors and the polymerised tubulin (Kirsch et al., 1991). In addition, it binds to the
dynein light chains (DIc1/2) and kinesin 1 (KIF5), which are two types of motor proteins
(Groeneweg et al., 2018). As described, gephyrin is organised into a MT- and
microfilament-associated hexagonal protein lattice which facilitates the spatial

distribution of GABAARS at the postsynaptic membrane (Mele et al., 2016). However,
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during MT-based transport, GABAxRS require GABAxR-associated protein (GABARAP)
and the glutamate receptor-interacting protein (GRIP1) as adaptor proteins (Mele et al.,
2019).

We thus hypothesise that CDKL5 exerts a dual control on synaptic GABAaR expression:
a direct regulation through its interaction with the gephyrin-CB complex and an indirect
effect through its control on MT dynamics. Based on our results, the latter appears as an
important target for disease modifying therapies worth of future studies.

Our findings may have interesting implications for patients with CDKL5 mutations. In this
last regard, many classical anti-epileptic drugs target GABAARS but the response to
these drugs depends on the abundance and composition of such receptors; reduced
surface exposure or altered receptor composition has been linked to drug resistance
(Deeb et al., 2012). As mentioned, most CDD patients are refractory to conventional anti-
epileptic drugs (Bahi-Buisson et al., 2008a). As a consequence, our previous studies
(Barbiero et al., 2017b, 2020, 2021 under revision) along with all pieces of evidence
reported in this thesis pave the way for studies on novel compounds which, similarly to
PME, could bypass the need of CDKL5. Currently, there are no approved therapies for
CDD and any pharmacological strategies that reduce the frequency, duration or severity
of seizures may positively impact the quality of life for CDD patients. In this regard,
Marinus Pharmaceuticals has completed the Marigold Study, which is a phase 3 (double-
blind, randomised, placebo-controlled) clinical trial evaluating the use of oral ganaxolone
in children and young adults with CDD (https://www.themarigoldstudy.com/en-uk/).
Ganaxolone, which is an analogue to the neurosteroid ALLO, is not believed to have
nuclear hormone activity and cannot be converted into metabolites. This compound was
used in clinical trials for the treatment of catamenial epilepsy disorder and was shown to
be an effective anticonvulsant in different rodent seizures models (Bialer et al., 2013).
By and large, neurosteroids, acting at both synaptic and extrasynaptic GABAxRS, are
powerful modulators of such receptors and can rapidly alter neuronal excitability by
potentiating phasic and tonic inhibitory neurotransmission (Chuang & Reddy, 2018). The
Marigold Study disclosed that patients receiving ganaxolone showed a significant 32.2
percent median reduction in 28-day major motor seizure frequency, compared to a 4.0
percent reduction for placebo-treated patients.

In this thesis, we focused our attention on synaptic GABAaRS; however, the
extrasynaptic counterpart is extremely important from a pharmacological point of view.
Indeed, neurosteroids are more efficacious on extrasynaptic & subunit-containing

GABAxRs that mediate tonic inhibition. In detail, at low concentrations neurosteroids
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allosterically potentiate GABAaR currents, while at high concentrations they can directly
activate the receptor by binding directly at the orthosteric site (Chuang & Reddy, 2018).
Intriguingly, dysregulation of neuronal activity and changes in the composition and
function of GABAARs contribute to the development of epilepsy. Hence, since the
extrasynaptic counterpart is highly enriched in the hippocampus, future studies will aim

at investigating the principal subunits of this receptor subtype, such as a4, as and 8.

5.4 CdklI5-KO mice exhibit an altered epileptiform activity

Constitutive Cdkl5-KO mice exhibited enhanced synaptic transmission and long-term
potentiation in the hippocampal CA1 region (Okuda et al., 2017). Nonetheless, these
changes were not fully recapitulated in the glutamatergic conditional KO mice (Nex-cKO)
(Tang et al., 2017), suggesting that CDKL5 function in GABAergic neurons may
contribute to synaptic hyperexcitability as shown in DIx-cKO mice (Tang et al., 2019).
Considering the synergic contribution of different neuronal populations, we decided to
assess extracellular field potentials of both CdkI5-WT and -KO hippocampal slices. In
particular, based on the protocol provided by Lithi et al. (LUthi et al., 1997), we analysed
the potential of hippocampal slices to develop polyspikes, most likely due to the
generation of neuronal burst discharges, in response to repetitive stimulation of the
Schaffer collateral. Indeed, repetitive stimulation at relatively low frequencies results in
a gradual increase in the excitability of hippocampal CA1 pyramidal cells and represent
an important endogenous process underlying some aspects of epilepsy (Thompson &
Gahwiler, 1989). In our CDD model, repetitive stimulation of the Schaffer collateral
provoked an increased polyspiking of the CA1 pyramidal neurons in CdkI5-KO slices.
Indeed, both the average number of polyspikes and the mean of ZP, areas resulted to
be greater than CdkI5-WT slices, while the average of P; areas of Cdkl5-KO slices was
identical to the WT counterpart, suggesting that this defect was due to an activity
dependent disinhibition. Therefore, CdkI5-KO mice are supposed to have a
hyperexcitability phenotype, which may explain the autistic-like features reported in this
animal model (Jhang et al., 2017; Wang et al., 2012). Indeed, hyperexcitability at the
circuit and network levels has been found to be associated with mouse models of autism-
spectrum disorders (Rubenstein & Merzenich, 2003). Interestingly, hyperexcitability has
been also observed in animal models of early infantile epileptic encephalopathy (Lopez-
Santiago et al., 2017). Our recordings disclosed that CDKLS5 loss raised the epileptiform

activity of Cdkl5-KO mice. In line with our results, previous studies demonstrated that

75



both constitutive (Okuda et al., 2017) and conditional (Yennawar et al., 2019) CDD
mouse models displayed drug-induced seizure susceptibility. Nevertheless, the exact
mechanisms underlying this higher seizure susceptibility in Cdkl5-KO mice remain to be
established. The above-mentioned burst discharges might be based on the activity-
dependent disinhibition of excitatory synaptic transmission and/or on the activation of
NMDARs which strengthen the excitation (Thompson & Gahwiler, 1989). In this last
regard, it has been recently demonstrated that an enhancement of NMDAR signalling
can contribute to circuit hyperexcitability, indicating that enhanced excitatory synaptic
transmission may be a homeostatic response to a transient alteration of GABAergic
signalling during development (Okuda et al.,, 2017; Tang et al., 2019). Intriguingly,
activity-dependent disinhibition results from naturally occurring mechanisms which are
capable of producing transient or chronic increases in hippocampal excitability and
constitute a determinant for the genesis of epilepsy (Thompson & Gahwiler, 1989).
Consequently, our electrophysiological findings provide a significant insight into the CDD
field as, to the best of our knowledge, Cdkl5-KO animal models do not exhibit
hyperexcitability, suggesting seizures-like behaviours, without pharmacological

manipulation.

5.5 Conclusion

In this study, we have demonstrated for the first time that CDKLS5 resides and plays a
direct role in inhibitory synapses. Indeed, our results indicate that CDKL5 controls the
expression of functional GABAARS at synaptic sites, in part through its interaction with
the cytoplasmic CB-gephyrin complex but also through its control of MT dynamics
(Figure 5.1A). Besides, we have investigated the effect of the synthetic neuroactive
steroid PME on CDKL5-related defects, both in vitro and in vivo. This compound is able
to bypass the need of CDKL5, promoting MT dynamics in Cdkl5-KO neurons, and
thereby stabilises postsynaptic sites, potentiating GABAAR functioning (Figure 5.1B). As
a consequence, it might represent an important breakthrough in CDD field. Indeed, since
the pharmacological targeting of GABAaRSs is fundamental for seizure management, we
believe that the restoration of GABAAR expression would also be beneficial for the

cognitive defects and autistic-like features linked to CDD.
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To conclude, although there have been important steps towards an increased knowledge
of CDKL5 functions since the discovery of its involvement in neurological disorders
(Kalscheuer et al., 2003), more is still needed in order to allow the development of
therapeutic strategies for CDD. Elucidating the networks regulated by CDKL5 can

undeniably provide the basis for the rational design of therapeutic strategies.
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Figure 5.1 Diagram representing our working hypothesis. A) Model depicting that CDKL5
controls the formation and stability of both excitatory and inhibitory postsynaptic sites through its
interaction with specific proteins such as PSD95 and the molecular complex of CB and gephyrin,
thus placing CDKL5 as a key kinase for neuronal functions. Moreover, CDKL5 regulates MT
dynamics, reinforcing the organisation of the postsynaptic sites. B) In the inhibitory synapse, the
absence of CDKL5 leads to a reduction in gephyrin, synaptic GABAaRs and bassoon.
Interestingly, by interacting with MT binding proteins, PME promotes MT dynamics, thus restoring
CDKL5-dependent defects. CDKL5: cyclin-dependent kinase-like 5; PSD95: postsynaptic density
protein 95; VGLUT1/2: vesicular glutamate transporter 1; AMPARSs: a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptors; NMDARSs: N-methyl-D-aspartate receptors; CB: collybistin;
NL1-2-3-4: neuroliginl1-2-3-4; GABAaRS: y-aminobutyric acid type A receptors; vesicular GABA
transporter: VGAT; PME: pregnenolone-methyl-ether.
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Abstract: CDKL5 deficiency disorder (CDD) is a severe neurodevelopmental encephalopathy caused
by mutations in the X-linked CDKL5 gene that encodes a serine/threonine kinase. CDDis characterised
by the early onset of seizures and impaired cognitive and motor skills. Loss of CDKL5 in vitro
and in vivo affects neuronal morphology at early and late stages of maturation, suggesting a link
between CDKL5 and the neuronal cytoskeleton. Recently, various microtubule (MT)-binding proteins
have been identified as interactors of CDKL5, indicating that its roles converge on regulating MT
functioning. MTs are dynamic structures that are important for neuronal morphology, migration
and polarity. The delicate control of MT dynamics is fundamental for proper neuronal functions,
as evidenced by the fact that aberrant MT dynamics are involved in various neurological disorders. In
this review, we highlight the link between CDKL5 and MTs, discussing how CDKLS5 deficiency may
lead to deranged neuronal functions through aberrant MT dynamics. Finally, we discuss whether the
regulation of MT dynamics through microtubule-targeting agents may represent a novel strategy for
future pharmacological approaches in the CDD field.

Keywords: CDKL5; microtubules; neuronal morphology; +TIP; CLIP170; EB1-3; MAPIS;
microtubule-targeting agents; pregnenolone

1. Introduction

The cyclin-dependent kinase-like 5 (CDKL5) gene is known since 1998, when it was identified in a
transcriptional mapping approach to identify disease-causing genes in the Xp22 region [1]. However,
the gene caught significant attention only in 2003, when translocations interrupting CDKL5 were
identified in two female patients with severe X-linked infantile spasms and intellectual disability [2].
Rapidly afterwards, in 2004, more reports described missense and frame-shift mutations in various
positions of CDKL5 in individuals with clinical manifestations, ranging from atypical Rett syndrome
(RTT) to autism [3-5]. In the following reports, mutations in CDKL5 were commonly identified in
patients clinically diagnosed with the early seizure variant of RTT and it was only in 2013 that the
pathology associated with CDKL5 deficiency was established as an independent clinical entity referred
to as CDKLS5 disorder [6] or, lately, as CDKL5 deficiency disorder (CDD). The first clinical manifestation
of CDD is normally treatment-resistant seizures that appear within the first three months after birth [7].
Moreover, CDD patients are characterised by developmental delay, intellectual disability, gross motor
impairment, strong hypotonia, sleep disturbances, gastrointestinal problems, breathing problems and
hand stereotypies. Some of these symptoms overlap with those of RTT, and the main distinction
between the two pathologies is the absence of a period of regression, which is among the diagnostic
criteria for RTT [8], in patients with CDKL5 mutations.

The clinical manifestations linked to CDKL5 mutations underscore the importance of the encoded
serine/threonine kinase for brain functions. Studies aimed at understanding the molecular pathways
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controlled by CDKL5 and the neuronal and neuroanatomic consequences associated with its deficiency
have in the last years provided crucial information of CDKL5 functions. Importantly, very recently,
reports from more laboratories converge on a functional link between CDKL5 and microtubules
(MTs) [9-12]. MTs, together with actin and intermediate filaments, constitute a highly dynamic
architectural element of neurons and are fundamental for intracellular cargo transport and for
the accommodation of structural neuronal changes that underlie synaptic plasticity [13]. Various
brain disorders have been linked to mutations in genes that control MT-related processes, and the
pharmacological targeting of MTs or the associated proteins are currently being tested in preclinical
and clinical studies [14,15].

We will here review the recent findings regarding CDKLS5 functions with particular focus on its
MT-related functions and the possible translational value of these findings for CDKL5-related disorders.

2. Microtubules

Microtubules are constituted by dimers of «- and 3-tubulin, polymerising in a head-to-tail fashion
into proto-filaments that assemble laterally to form polarised tubular structures with so-called plus-
and minus-ends exposing (3- and x-tubulin, respectively [13] (Figure 1A). Assembly requires 3-tubulin
to be in its guanosine triphosphate (GTP)-bound form; the rapid hydrolysis into guanosine diphosphate
(GDP) upon incorporation into the MT lattice generates a GTP-cap at the plus-end, favouring further
polymerisation. In most cells, MTs are nucleated from the MT-organising centre (MTOC) with the
minus-end of the MTs being embedded and stabilised in the y-tubulin ring and the plus-ends radiating
into the cytoplasm. Neuronal MTs, however, are rapidly released by MT-severing proteins and then
transported into the neurites as short polymers. Further, in neurons, MT nucleation can also occur
independently of the MTOC [16], with the minus-ends being capped and stabilised by specific proteins.
The highly-polarised nature of neurons is mirrored in the organisation of the MT array: in the axon,
MTs are uniformly oriented with the plus-ends facing the tip of the axon, while in dendrites they are of
mixed polarity with both minus- and plus-ends pointing distally.

MTs are highly dynamic structures that undergo cycles of rapid growth and disassembly in a
process defined as dynamic instability [13] (Figure 1B). The switch from growth to disassembly (or
shrinkage) is called “catastrophe”, while the reverse is termed “rescue”. This dynamic instability,
which occurs mainly at the MT plus-ends, provides a rapid reorganisation of the cytoskeleton that
is necessary for many cellular functions, such as cell division and migration and formation of cell
polarity. Various factors participate in the control of dynamic instability such as the fine regulation
of MT-associated proteins, among which the plus-end tracking proteins (+TIPs) play a fundamental
role [17], and the post-translational modifications (PTMs) of «- and p-tubulin that constitute the
so-called “tubulin code” [18].

Tubulin PTMs present different allocations on the «/B-tubulin heterodimer with respect to their
position on the MT lattice: detyrosination and deglutamylation take place on the C-terminal tail of
tubulin that projects away from the MT lattice and provides interaction sites for the MT-associated
proteins. Conversely, acetylation of x-tubulin on lysine 40 is found on the inside of the MT lumen
(Figure 1C) [18]. Newly-synthesised x-tubulin generally contains a C-terminal tyrosine residue that
undergoes enzymatic cyclic removal and re-addition. Detyrosinated MTs are normally considered
stable and long-lived, even if the modification per se does not influence MT stability but rather alters
the anchorage point for specific proteins. The irreversible removal of the penultimate glutamate from
the primary sequence of «-tubulin, generating A2-tubulin, prevents «-tubulin re-tyrosination and
represents a hallmark of stable MTs. Acetylation of x-tubulin on lysine 40 that, as mentioned, is located
within the lumen of the MT lattice is synonymous of stable MTs. Although the causal link between
tubulin PTMs and MT stability remains largely enigmatic, the consequences of their disruption can be
fatal, as illustrated by animal models carrying inactivating mutations in genes encoding the modifying
enzymes [19].
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Figure 1. Microtubule dynamics and post-translational modifications. (A) Microtubules (MTs) are
composed of x- and B-tubulin heterodimers that assemble to linear proto-filaments that associate
laterally, forming the hollow MT cylinder. Assembly, which is nucleated from the y-tubulin ring,
occurs in a polarised fashion with the p-tubulin subunit oriented towards the growing plus-end.
Newly-incorporated tubulin is bound to guanosine triphosphate (GTP) that gets rapidly hydrolysed
upon polymerisation, generating guanosine diphosphate (GDP)-bound tubulin along the MT lattice.
(B) MTs are dynamic structures undergoing cycles of growth (polymerisation) and shrinkage
(depolymerisation). The switch from growth to shrinkage is termed catastrophe, whereas rescue
indicates the switch from shrinkage to growth. (C) The x-tubulin subunit can be acetylated on lysine
(K) 40, which is located on the inner side of the MT. The C-terminal tail of a-tubulin projects away from
the MT lattice and undergoes various post-translational modifications. The extreme tyrosine residue
(Y) can be enzymatically removed, generating detyrosinated «-tubulin, which normally correlates with
long-lived MTs. Further removal of the penultimate glutamate (E) generates A2-tubulin.

As mentioned, dynamic instability is largely influenced by a plethora of proteins that bind MTs.
Classical MT-associated proteins (MAPs) constitute an important group of proteins that bind along
the MT lattice, influencing its polymerisation, stability and bundling. MAP1 family proteins, such
as MAP1A, MAP1B and MAP1S, are high molecular weight complexes formed of heavy and light
chains (LC) [20]. The capacity of these proteins to bind both MTs and actin suggests that they might
simultaneously bind and cross-link these two cytoskeletal components. The MAP2 family includes
MAP2 and Tau that accumulate in neuronal dendrites and axons, respectively, where they promote MT
stability [21].
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The +TIP family comprises another large group of diverse proteins that share the common feature

of associating with the growing MT plus-end, where they control MT dynamics and functioning [22].

The plus-end tracking behaviour of these proteins can be visualised in live-imaging studies where the
binding of the fluorescently tagged proteins to the growing MTs appears as comet-like dashes [23]. The
end-binding proteins (EBs) form the central hub of the +TIPs; indeed, they provide the attachment site for
other +TIPs thanks to their autonomous binding to MT plus-ends [24]. The EB family comprises EB1-3
that bind MTs through their calponin homology (CH) domain in the N-terminus, while they engage in
specific protein interactions through C-terminal regions. The cytoskeleton-associated protein Gly-rich
(CAP-Gly) domain proteins, including the cytoplasmic linker proteins (CLIP) CLIP170, CLIP115, and
p150-Glued, constitute another important group of +TIPs that bind MT plus-ends indirectly via EBs but
also by directly recognising the C-terminal EEY/F (glutamate-glutamate-tyrosine/phenylalanine) motif
of a-tubulin [19,25,26]. Consistently, detyrosinated o-tubulin is deprived of the binding site for the
CAP-Gly proteins. Another large group of +TIPs, including proteins like the CLIP-associated proteins
(CLASP), the tumour suppressor adenomatousis polyposis coli protein (APC), p140Cap, and some
kinesins (KIF), is characterised by an SxIP (serine-any amino acid-isoleucine-proline) motif through
which they bind the EBs [17].

Functionally, the +TIPs can affect MT dynamics in opposing ways with the EBs suppressing the
frequency of MT catastrophes and the CLIPs promoting MT rescue [22]. The +TIPs play an essential
role in MT-related functions by mediating reciprocal interactions between the MT plus-ends and the
cell cortex, where several of these proteins interact directly or indirectly with the actin cytoskeleton.
This allows a subset of MTs to be selectively stabilised at specific sites under the cell membrane creating
tracks for the delivery of proteins to the cell periphery and pulling forces on the MT network. In
this way, the +TIPs are involved in various cellular processes including mitosis, cell migration and
morphology [27]. Regarding neurons, various stages of neuronal development such as neuronal
migration, axonal growth and dendritic spine maturation are strictly controlled by the +TIPs.

The importance of the proper regulation of the MT network for neuronal functions has been
demonstrated through the pharmacological manipulation of MT dynamics. Indeed, axon formation
can be artificially induced treating unpolarised neurons with the MT-stabilising drug, taxol [28]. On
the other hand, both dendritic outgrowth and the maintenance of mushroom-headed spines were
reduced through the inhibition of MT assembly [29,30]. Further, mutations in various genes encoding
proteins that regulate MT dynamics can cause defects in neuronal migration and connectivity and
have been linked to neurodevelopmental disorders characterised by intellectual disability and autistic
features [31].

As mentioned, several links have recently been established between CDKL5 and MTs. Indeed,
CDKLS5 has recently been found to interact with the two +TIPs, CLIP170 and EB2 [9-11]. The latter was
identified through a chemical genetic approach as a CDKL5 substrate and was thoroughly characterised
as a bona fide phosphorylation target of CDKL5 in vitro and in vivo; the functional consequences of
this event are still unknown, however [11], and neuronal functions of EB2 have not been described
so far. CLIP170 was related functionally to CDKL5 through the identification of IQ motif containing
GTPase activating protein 1 (IQGAP1) as a novel CDKL5 interactor [9]. IQGAP1 is an actin-binding
protein that binds CLIP170 in a Racl-dependent manner, facilitating the transient capture of MTs at
specific cortical sites under the cell membrane [32,33]. Further, MAP1S, the less characterised member
of the MAP1 family proteins, was identified as a substrate of CDKL5 through two different approaches
providing strong support of a functional role of this association [11,12].
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Since the discovery of the first patients with CDKL5 mutations, CDKL5 functions have been
studied in vitro and invivo in proliferating cells, primary neurons, in mouse models carrying
inactivating deletions of the Cdkl5-gene and in human induced pluripotent stem cells (iPSC)-derived
neurons [34]. The overall picture emerging from these studies indicates that CDKL5 deficiency impacts
cell proliferation, neuronal migration, and various aspects of neuronal morphology that are all processes
that are strictly influenced by MT dynamics. These findings, demonstrating that CDKL5 functions
converge on MT dynamics, may, therefore, provide a key to understand the mechanisms underlying
CDD in more details.

3. Neuronal CDKL5 Related Defects

3.1. Axon Formation

In primary low-density cultures of hippocampal neurons, CDKL5 controls axon specification
and outgrowth [35,36]. Axon elongation relies on the formation of stable MTs in the axonal shaft.
These MTs form bundles covered with the axon specific MAP, Tau, and are organised in a polarised
fashion, with the plus-ends oriented towards the peripheral tip. Such MT organisation generates tracks
that facilitate the transport of proteins and organelles, thus providing the building blocks for new
axonal segments. The axonal tip is characterised by a fan-shaped, motile structure, the growth cone,
that probes the extracellular environment. In this way axon elongation and steering is directed in
a process that depends on the complex remodelling and reorganisation of MTs and actin (Figure 2).
The growth cone comprises the central region, enriched in MTs, and the peripheral domain, which is
mainly composed of filamentous actin (F-actin); the two regions are separated by the transition zone
in which actin arcs form a barrier against the extension of MTs into the peripheral zone [37]. Few
MTs are capable of escaping the central domain and reach the growth cone periphery where they,
thanks to the +TIPs, can couple to F-actin and associate with specific sites at the growth cone cortex.
In particular, the +TIP CLIP170 accumulates in the axonal growth cone by binding to tyrosinated

tubulin [19,38]. Interfering with CLIP170 expression impairs axon formation in primary neurons.

This is accompanied by a reduced capacity of MTs to penetrate the actin arcs and protrude into the
peripheral domain [39]. CDKL5 deficiency reduces the association of CLIP170 to MTs in proliferating
cells and in the axonal growth cone of Cdkl5-KO neurons, which in both cases is accompanied by
altered MT dynamics [9,40]. The binding of CLIP170 to MTs occurs when the protein is in its open
active conformation whereas the intramolecular interaction between its terminal CAP-Gly domain
and zinc-knuckle motifs causes a closed inactive conformation [41]. Interestingly, the neurosteroid
pregnenolone (PREG), which induces the open conformation of CLIP170 through its direct binding to
the protein [42], is capable of normalising the MT-binding of CLIP170 and restore axon specification and
elongation in CDKLS5 deficient neurons [9]. It thus seems likely that CDKLS5 is involved in maintaining
CLIP170 in its active conformation. The switching between the open and closed conformation of
CLIP170 is known to depend on specific phosphorylation events. Whether CDKL5 regulates CLIP170
in a phosphorylation-dependent manner is still not known.

In the past, CDKL5 was proposed to affect axon formation through its interaction with Shootin1 [35].

Shootin1 is a key determinant for axon specification [43]; it was found to act as a clutch molecule that
produces the traction force for axon outgrowth by coupling the retrograde flow of F-actin and cell
adhesions [44]. Considering the novel link with CLIP170 it, thus, appears that CDKL5 may influence
axon formation in different ways.
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Figure 2. The effect of CDKL5 deficiency on microtubule dynamics in axonal growth cones. (A) In the
axon, microtubules (MTs) are organised in a polar fashion with the plus-ends oriented distally. The
central domain, which is contiguous with the axonal shaft, is rich in MTs that are bound by plus-end
tracking proteins (+TIPS) including CLIP170. The peripheral domain is rich in actin that extends into
the filopodia. The transition zone, lying in between these two domains, contains antiparallel actin
arcs that form a barrier against the invasion of MTs into the peripheral domain. (B) In the absence of
CDKLS5, CLIP170 is in its closed conformation and is less associated with the MT plus-ends impacting
their capacity to engorge into the actin rich area and leading to cessation of axonal outgrowth.

3.2. Dendritic Arborisation

CDKLS5 deficiency was first shown, through silencing studies, to influence dendritic arborisation
invitro in primary cultures of rat cortical neurons and invivo in migrating neurons derived
from silenced neural progenitor cells [45]. Such defect has later been confirmed in cortical and
hippocampal pyramidal neurons in Cdkl5-KO brains [46—48] and reproduced in vitro in CdkI5-KO
primary hippocampal neurons [36,40]. The penetrance of the phenotype in vitro may depend on the
experimental conditions since contrasting data have been reported [11].

The control of CDKL5 on dendrite morphology was found to occur through Racl, which is a
critical regulator of actin remodelling. Recombinant CDKL5 was capable of pulling out Rac1 from
neuronal lysates, an interaction that was further stimulated upon prior neuronal stimulation with
brain-derived neurotrophic factor (Bdnf). Further, Bdnf activation of Racl was impaired in CDKL5
silenced cells, thus placing Racl downstream the kinase [45]. The exact mechanism through which
CDKLS5 activates Racl is unknown; however, it may be relevant to consider that CDKLS5 controls the
stability of the ternary IQGAP1/CLIP170/Racl complex [9]. IQGAP1 is widely implicated in Racl/cdc42
signalling [49]. Indeed, IQGAP1 maintains the two small GTPases in their active GTP-bound state
and acts as a scaffolding platform for Racl/cdc42 signalling by recruiting their downstream effector
proteins. Further, CLIP170 and IQGAP1 were reported to cooperate in controlling dendrite morphology,
apparently by bridging MTs and the actin cytoskeleton [50]. Reduced CLIP170 or IQGAP1 levels
led to the formation of a less complex dendritic arbor, a phenotype that resembles the one linked to

CDKL5 deficiency and that could be prevented through the pharmacological stabilisation of F-actin.
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CDKLS5 may, thus, control the cytoskeleton dynamics involved in dendrite morphology by allowing the

formation of the protein complex mediating Racl activation and bridging the MT and actin networks.

Another possible way in which CDKL5 regulates MT dynamics during dendritic arborisation
may be represented by the phosphorylation on MAP1S, recently identified as a bona fide substrate of
CDKLS5 [11,12] (Figure 3). When phosphorylated on two serines (Ser786 and Ser812), located within
the LC, MAP1S LCs have reduced affinity for MTs and appear to be more soluble. Interestingly,
overexpression of phospho-defective MAP1S LCs in neurons forced the dendritic tips to settle in an
aberrant looped conformation. In line with the capacity of MAP1 family members to increase MT
stability [51], functional studies suggested that the increased binding of MAP1S to MTs in the absence
of CDKLS5 leads to less dynamic MT plus-ends. Indeed, EB3-GFP (green fluorescent protein) comets,
the fluorescence of which over time is a measure of MT dynamicity, are longer lived in Cdkl5-KO
neurons, but are restored to normal life-times upon MAPIS silencing [11].

Axon terminals
Cellbody T 1
Axon

Dendfites - = -

i 5 e
/  wemm Microtubule ——
(e ; —_—
/@ EB3
. MAP1S
¥ P-MAPIS H
+ CDKL5 - CDKL5

Figure 3. The effect of CDKLS5 deficiency on dendritic microtubule dynamics. In dendrites, microtubules
(MTs) have mixed orientations with the plus-ends oriented both proximally and distally. CDKL5
phosphorylates MAP1S inhibiting its binding to MTs (lower left). In the absence of CDKLS5 (lower right),
the binding of MAP1S to MTs is accompanied by increased life-time of EB3 binding to the plus-ends.

3.3. Dendritic Spines

Various studies in vitro and in vivo converge on a role of CDKL5 in controlling dendritic spine
morphology and excitatory functions. Neurons devoid of CDKLS5 are characterised by an increased
number of filopodia-like protrusions and a reduced number of mushroom-shaped spines [52,53].
The enlarged spine heads, which distinguish mushroom-shaped spines, correlate with increased
synaptic strength. Various neurologic conditions characterised by cognitive dysfunctions and
autistic features have been linked to altered density and shape of dendritic spines [54]. CDKL5
is readily detectable in dendritic spines, where its synaptic accumulation is regulated both by
the dendritic targeting of its mRNA, which undergoes local activity-dependent translation, and
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through its interaction with post-synaptic density protein 95 (PSD95) [52,55,56]. CDKLS5 is, thus,
likely to influence directly various proteins involved in excitatory neurotransmission. Accordingly,
CDKLS5 affects the expression or phosphorylation of the post-synaptic markers PSD95, Homer,
the o-amino-3-hydroxy-5-methylisozasole-4-propionic acid (AMPA)-receptor subunit GluA2, and
NGL1 [52,56-58]. So far, we have very little information whether the neuroanatomical and molecular
alterations in CDD mouse models are present also in the patients. However, reduced membrane levels
of GluA2, which have been observed in vitro in neurons silenced for CDKL5 expression and in vivo
in the hippocampus and perirhinal cortex of two mouse models of CDD, were recently confirmed
in post-mortem brains from two CDD patients [58-60], suggesting the relevance of at least some
CDKL5-related defects for the human pathology.

Plasticity-related changes in spine morphology are widely known to rely on remodelling of the
actin cytoskeleton, which is highly enriched in dendritic protrusions [61]. MTs were for many years
ignored as an integral part of dendritic spines; however, live imaging studies of fluorescently-tagged
EB3, marking dynamic MTs, combined with other techniques, have allowed demonstrating that MTs
do actually polymerise into dendritic spines in a rapid and transient manner [30,62,63] (Figure 4). The
incursion of MTs into the spines is activity-dependent and contributes to the formation of mature
dendritic spines. Actually, nocodazole-mediated inhibition of dynamic MTs impedes the Bdnf-induced
structural changes that leads to the maturation of filopodia-like protrusions into mushroom-shaped
spines [63]. The +TIP EB3 plays an active role in MT-dependent structural plasticity; actually, its
silencing leads to a reduced number of mushroom-shaped spines. Paralleling the importance of a
cross-talk between MTs and the actin cytoskeleton in the axonal growth cone, EB3 was found to
provide a link to the actin cytoskeleton in the spines. Indeed, interactions between MT-bound EB3
with p140Cap and the actin stabilising factor cortactin is likely to create local signalling events that
allow MT-actin communication in “activated” spines [30]. Interestingly, the actin-MT cooperation
seems, in turn, to be enhanced by neuronal network activation; indeed, very recent data suggest that
MT invasion occurs in specific spines through N-methyl-D-aspartate (NMDA )-receptor-mediated
calcium influx that leads to actin remodelling at the base of the spine, thus allowing the targeting of
the MTs [64].
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Figure 4. The effect of CDKL5 deficiency on dendritic spine morphology. (A) Dendritic spines, which
are enriched in actin, are invaded by microtubules (MTs) upon neuronal activation. The plus-end
tracking proteins (+TIP), bound to the MT plus-ends, interact with actin-binding proteins facilitating the
invasion. (B) In the absence of CDKL5, MTs are less dynamic and fail to invade the spines, impacting
the activity-dependent structural changes that lead to the formation of mushroom-shaped spines.
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Regarding a possible role of CDKLS5 in regulating spine morphogenesis through MT-related
events, it is tempting to speculate that more +TIPs may be involved in regulating spine morphogenesis
and functions creating other distinct links between MTs and the actin cytoskeleton. This would

allow an expansion in the repertoire of possible signalling events underlying structural plasticity.

While EB2 is broadly expressed in the neuronal soma, its levels are very low in the post-synaptic
compartment [65]. Accordingly, CDKL5-dependent phosphorylation of EB2 on serine 223 can readily
be detected in the proximal dendrites of patient iPSC-derived neurons [11]. The presence of CLIP170
in dendritic spines has so far not been reported. However, IQGAP1, which interacts with both CDKL5
and CLIP170, is present in spines [66], where it regulates spine morphogenesis [67], and Iggap1-KO
mice display cognitive defects and impaired long-term potentiation (LTP) [68]. IQGAP1 interacts with
various post-synaptic proteins such as the AMPA-receptor GluA4, PSD95 and the NMDA-receptor
complex [68,69]; it is, thus, intriguing to speculate that its interaction with CLIP170 might serve a role
in regulating spine formation and functioning. Of further interest, disks large homolog 5 (DLG5),
which was identified as a cellular substrate of CDKLS5 [12], is an important regulator of dendritic spine
formation [70]. DLG5 is member of the membrane-associated guanylate kinase (MAGUK) proteins and

appears to control spine formation by facilitating the localisation of N-cadherin to the cell membrane.

A possible link between DLG5 and MTs can be hypothesised based on its interaction with MARK3
(MT affinity regulating kinase 3), a kinase that controls cell polarity through the phosphorylation of
specific MAPs, thus regulating their affinity for MTs [71].

Considering that MTs constitute fundamental tracks for the motor-based transport of cargoes,
their invasion into dendritic spines is likely to provide a way of transporting cargoes into and out of
these structures. The nature of which cargoes enter spines through MTs is still not clear. However,
synaptotagmin has been found to be transported in a kinesin-dependent manner into dendritic
spines [72]. Further studies will be relevant to analyse the contribution of altered MT dynamics to
CDKL5-related spine defects and which cargoes might be influenced by CDKL5 deficiency.

4. Non-Neuronal CDKL5-Related Defects

The role of CDKL5 in regulating MT dynamics is consistent with our previous report that described
CDKLS5 as a centrosomal protein [10]. The centrosome is a central component of the cytoskeletal
structure and consists of a scaffold core containing a large number of proteins, including y-tubulin and
the y-tubulin ring complex (y-TuRC) that typically surrounds a pair of cylindrical centrioles enclosed
in the amorphous pericentriolar material (PCM) [73]. The centrosome is the primary MT-organising
centre of the cells and, therefore, participates in fundamental cellular functions, such as cell motility,
migration, polarity [74,75] and in the assembly and organisation of the mitotic spindle [76,77]. CDKL5
silencing causes an increase in the number of defective multipolar spindles, which is associated with
polyploidisation and centrosome accumulation [10]. It is interesting to note that CDKL5 was recently
found to interact with and phosphorylate the centrosomal protein CEP131 on serine 35 [12]. The
functional role of this phosphorylation event was not further explored; however, silencing of CEP131
has been reported to cause centriole amplification and chromosomal instability [78], a phenotype
that overlaps the one caused by CDKL5 deficiency [10]. Furthermore, CDKL5 and CEP131 share a
common role in ciliogenesis [79,80]. The primary cilium is a eukaryotic organelle that is present on
most quiescent and differentiated cells; it originates from a centrosome-derived structure, the basal
body, and is composed by a central MT structure, the axoneme. The primary cilium acts as a cellular
antenna that transmits signals from the extracellular environment to the inner site of the cell, thereby
contributing to the regulation of numerous cellular processes such as proliferation, differentiation,
migration and cell polarity [81]. Interestingly, defects in cilia morphogenesis and functioning have
been associated with a large list of heterogeneous genetic disorders, known as ciliopathies [82]. Among
the various clinical manifestations linked to ciliary dysfunctions, some share an overlap with those of
CDD such as developmental delay, epilepsy, cognitive dysfunction and aberrant respiration. Cilium
length appears to be influenced by CDKLS5 levels [79,83]; a further understanding of how CDKL5
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dysfunction impacts ciliary functions and the contribution of CEP131 and MT dynamics may pave the
way for new perspectives in the CDKLS5 field.

5. Possible Functional Outcome of Specific Pathogenic CDKL5 Mutations

The above studies linking CDKL5 to MT-related functions have been addressed in cells or tissues
silenced for CDKL5 or with no expression of the protein. This reflects well the current view that
CDD is caused by the absence of functional CDKL5 or by the expression of hypomorphic derivatives.
Indeed, CDD-causing mutations in CDKL5 include missense mutations, nonsense, frame-shift and
splicing variants, and large genomic deletions [84]. The pathogenic missense mutations, which have
been identified so far, fall almost exclusively within the catalytic domain of the protein. Functional
studies based on the exogenous expression of mutated CDKL5 derivatives suggest that amino acid
substitutions within the kinase domain impact negatively its catalytic activity [79,85-87]. Although
these studies have highlighted the impact of missense mutations on CDKLS5 functioning, it needs to be
underlined that only very few of these mutations have been studied; we therefore cannot exclude that
other missense mutations may generate hypermorphic CDKL5 derivatives. Regarding the nonsense
and frame-shift variants, nonsense-mediated decay of the mutated mRNA is likely to impede the
expression of the encoded protein, thus acting as hypomorphic or null mutations [84,88,89].

The existing animal models of CDD have addressed the consequences of the absence of CDKL5
either in the whole body or in distinct brain areas [46—48,90]. Recently, studies were performed in a
mouse line expressing the pathogenic R59X allele, but since this causes the absence of CDKLS5, it can be
considered a functional null [60,91]. Although the generation of CDD mouse models has been extremely
useful to deeply understand the roles of CDKLS5, an important aspect that still remains to be addressed
is how the expression of pathogenic hypomorphic CDKL5 derivatives affects neuronal functions.
Hypothetically, such derivatives could behave as dominant negatives and interfere with the normal
function of CDKLS5 interactors, such as the MT-interacting proteins. Of relevance, CDKLS5 localisation
and cilium length is influenced by the expression of CDKL5 derivatives containing CDD-causing
missense mutations that have not yet been characterised for the catalytic activity [79]. While the field
is awaiting such animal models, primary fibroblasts and iPSC-derived neurons obtained from CDD
patients will be very informative. Finally, it must be remembered that large genomic duplications,
including CDKL5, have been identified in individuals with varying degrees of macrocephaly and
learning disabilities [92], suggesting the relevance of analysing the effect of increased CDKLS5 levels on
MT-related functions.

6. Therapeutic Relevance of CDKL5-Dependent MT Defects

Alterations of the MT cytoskeleton have been linked to neurodegenerative and
neurodevelopmental disorders such as schizophrenia and autism and major depression disorder [15,93].
Efforts have, therefore, been put into the development of therapeutic strategies targeting the neuronal
cytoskeleton for these disorders [14,94]. The pharmacological stabilisation of MTs with the consequent
block of mitosis has for decades been used for cancer treatment; the possibility of repositioning these
drugs has been considered for brain disorders. MT-stabilising drugs were initially considered for
neurodegenerative disorders that are characterised by compromised tau functions and altered MT
structure and axonal transport [94]. Taxol (paclitaxel) promotes MT stability by binding within the MT
lumen and increasing the lateral interactions between adjacent proto-filaments [95]. When considering
the use of MT-stabilising drugs for brain disorders, it is fundamental to consider their capacity to pass
the blood-brain barrier and their possible neuropathy side effects. While proof-of-principle studies
supported the beneficial effect of taxol-mediated MT stabilisation on a mouse model presenting tau
pathology in spinal motor neurons [96], this drug has a limited bioavailability in brain since it does not
cross the blood-brain barrier. As taxol, Epothilone D (EpoD) binds and stabilises MTs, but it has the
advantage of being brain penetrant, thus holding a stronger therapeutic potential for brain disorders [97].
EpoD hasbeen tested in animal models of tauopathies where doses much lower (1/30) than those used in
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cancer trials were found to be effective in stabilising MTs and to be capable of reducing cognitive deficits
present in these models [98,99]. While EpoD and other drugs with similar MT-stabilising activities may
possess interesting therapeutic potentials for patients with neurodegenerative diseases, their clinical
application for young patient groups, as for example CDD, is more difficult to imagine. Drugs that
bind MTs directly will impact MT stability in a non-specific manner and may, thus, have broad and

non-advantageous effects on neurodevelopmental processes that are still ongoing in young patients.

The use of drugs that target MT-binding proteins may act more specifically and, therefore, represent
valid therapeutic options. An interesting molecule is represented by NAP/davunetide, an eight

amino acid peptide that is derived from the activity-dependent neuroprotective protein (ADNP) [100].

ADNP is a versatile protein interacting with SWI/SNF chromatin remodelling complexes and with
the +TIPs EB1 and EB3 [101,102]. Mutations in ADNP have been linked to autism and intellectual
disability, and Adnp haploinsufficiency in mice is linked to altered axonal transport and dendritic spine
alterations [103]. The NAP peptide interacts with the EB-proteins and promotes axonal transport and
MT stability [104]. In pre-clinical studies in mouse models of various neurodegenerative diseases
NAP shows neuroprotection and improves cognitive defects [105]. In clinical studies, intra-nasal
administration of NAP led to improved cognitive skills in Alzheimer’s disease patients [106] and daily
activities in schizophrenic patients [107].

The possibility of targeting of proteins that have been functionally linked to CDKL5 might hold
an even higher therapeutic potential for CDD. Interestingly, the neuroactive steroid PREG was found
to directly bind CLIP170, inducing its open active conformation, as well as MAP2 [108]. Notably,
the treatment of CDKL5-silenced cells with PREG was capable of restoring the MT association of
GFP-CLIP170 comets and neuronal defects linked to CDKL5 deficiency [9]. Treatment with PREG
is known to enhance memory and cognition in rodents [109]. Further, clinical testing in humans
indicated potential anti-depressive and anti-psychotic effects and a positive safety profile [110,111].
However, the clinical application of PREG is limited due to its short half-life and its conversion into
other neuroactive steroids that altogether possess a broad range of activities acting at the genomic
level and with numerous membrane-bound receptors [108]. The development and testing of synthetic
derivatives with improved stability and that cannot be metabolised into the downstream steroids
might represent a possibility for CDD. Of note, MAPREG is a synthetic PREG derivative that has

anti-depressant activities in rat models of depression [112] and in the primate-like tree-shrew [113].
Like PREG, MAPREG/MAP4343 promotes MT dynamics apparently through its binding to MAP2.

Through further studies it might be relevant to analyse the therapeutic potential of this or similar
PREG derivatives on CDKL5-deficient neurons.

To conclude, the last findings of CDKL5 functions converging on MT dynamics are likely to
be of great relevance not only for a deeper understanding of the neuronal dysfunctions linked to
CDKL5 deficiency but also for the development of disease-modifying pharmacological approaches.
Importantly, they may also lead to the identification of clinical diagnostic biomarkers. However, before
considering MT-targeting drugs for clinical applications for CDD, we still need to understand in more
detail how precisely CDKLS5 deficiency affects MT dynamics.
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Abbreviations

+TIP plus-end tracking protein

ADNP activity-dependent neuroprotective protein
AMPA a-amino-3-hydroxy-5-methylisozasole-4-propionic acid
APC adenomatousis polyposis coli

Bdnf brain-derived neurotrophic factor

CAP-Gly  cytoskeleton-associtated protein Gly-rich

CDD CDKLS5 deficiency disorder

CDKL5 cyclin-dependent kinase-like 5

CH calponin homology

CLASP CLIP-associated protein

CLIP cytoplasmic linker protein

DLG5 disks large homolog 5

E glutamate

EB end-binding protein

EEY/F glutamate-glutamate-tyrosine/phenylalanine
EpoD Epothilone D

F-actin filamentous actin

Y-TuRC Y-tubulin ring complex

GFP green fluorescent protein

GTP guanine triphospate

GDP guanine diphosphate

IQGAP1 IQ motif containing GTPase activating protein 1
iPSC induced pluripotent stem cell

K lysine

KIF kinesin

LC light chain

LTP long-term potentiation

MAGUK  membrane-associated guanylate kinase

MAP

microtubule associated protein

MARK3  MT affinity regulating kinase 3

microtubule

MTOC microtubule organising centre
NMDA N-methyl-D-aspartate

PCM pericentriolar material

PREG pregnenolone

PSD95 post-synaptic density protein 95

PTM post-translational modification

RIT Rett syndrome

SxIP serine-any protein-isoleucine-proline

Y tyrosine
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HIGHLIGHTS

® CLIP170 has reduced affinity for microtubule plus-ends in Cdkl5-deficient cells.
® Pregnenolone and pregnenolone-methyl-ether can restore CLIP170 microtubule binding.
® Pregnenolone and pregnenolone-methyl-ether can restore CDKL5-dependent neuronal defects.

ARTICLE INFO ABSTRACT

Keywords: Mutations in the X-linked cyclin-dependent kinase-like 5 (CDKL5) gene are responsible for the onset of CDKL5

CDKLS Deficiency Disorder (CDD), a neurological pathology characterised by severe infantile seizures, intellectual

CLIP170 ) disability, impairment of gross motor skills, sleep and gastrointestinal disturbances. CDKLS is a serine/threonine

:"cm'“h‘l‘;e dynamics kinase the molecular network of which is not yet fully understood. Loss of CDKLS both in vitro and in vivo leads to
regnenolone

Primary neurons

altered neuronal morphology including axon specification and outgrowth, dendritic arborisation and spine
morphology suggesting a link between CDKLS and the regulation of proper cytoskeleton functioning.

Recently, we found that CDKLS regulates the binding of CLIP170 to microtubules (MT). CLIP170 is a MT-plus
end tracking protein (+TIP) that associates with MTs when present in its open, active conformation. Here we
present evidence suggesting CLIP170 contributes to neuronal CDKL5-dependent defects and that it represents an
important novel druggable target for CDD; indeed, CLIP170 is directly targeted by the neuroactive steroid
pregnenolone (PREG), which induces the active conformation of the protein thus promoting MT-dynamics. We
here show that PREG and a synthetic derivative pregnenolone-methyl-ether (PME) can restore the MT asso-
ciation of CLIP170 and revert morphological and molecular defects in CdkI5-KO neurons at different stages of
maturation. All together, these findings identify CLIP170 as possible novel druggable target for CDKL5 related
disorders providing an intriguing prospective for future disease-modifying drug-based therapies.

1. Introduction and cognitive developmental delays, are considered the minimal diag-

nostic criteria to identify CDD patients. Other common features char-

CDKL5 Deficiency Disorder (CDD) is an X-linked epileptic en- acterising CDD patients include dyskinesia, gastrointestinal symptoms,

cephalopathy caused by mutations in the cyclin-dependent kinase-like 5 and sleep and breathing disturbances. Albeit the epidemiology of CDD

(CDKL5) gene (Fehr et al., 2013). The onset of treatment-resistant is not fully studied, the estimated incidence is one in 40,000 to 60,000
epilepsy in the first three months after birth together with severe motor live births, of which 4:1 are females (Olson et al., 2019).
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CDKLS is a serine/threonine kinase the expression of which is de-
velopmentally regulated in the rodent brain. The expression of the
protein increases sensibly after birth and reaches highest levels around
postnatal day 14, where after it remains relatively constant during the
adult stages (Rusconi et al., 2008). These data are mirrored also in
primary neuronal cultures where CDKL5 levels correlate with neuronal
maturation (Rusconi et al., 2008; Chen et al., 2010). At the cellular
level, CDKLS is present in both the nuclear and cytoplasmic compart-
ments. In vitro and in vivo, CDKL5 controls neuronal morphology; in-
deed, its down-regulation impairs axon elongation and neuronal po-
larisation in primary neurons (Nawaz et al., 2016). Furthermore,
CDKL5 cooperates with Racl in dendritic arborisation (Chen et al.,
2010): cultures of Cdkl5-silenced or knock-out (KO) primary neurons
reveal a reduction in the extension of the dendritic tree, a phenotype
that is also present in vivo both in cortical and hippocampal CA1 pyr-
amidal neurons of Cdkl5-KO mice (Amendola et al., 2014). Finally,
CDKL5 deficiency impacts the stability of mature spines and their
functionality, defects that are consistent with a reduced number of
PSD95" puncta and expression of the AMPA-R GluA2 subunit (Della
Sala et al., 2016; Pizzo et al., 2016; Tramarin et al., 2018; Yennawar
et al., 2019).

Current therapies for CDD patients are aimed at relieving certain
aspects of the complex symptomatology associated with CDKLS defi-
ciency such as seizures, but no disease-modifying treatments have been
identified so far and the incomplete knowledge of CDKLS5 functions still
challenges the development of disease-modifying interventions. In such
regard, the close relationship between CDKL5 and the regulation of
neuronal morphology at different stages of neuronal development
suggests a possible novel role of the kinase in the regulation of cytos-
keleton dynamics. This hypothesis has recently been supported by in-
dependent findings from our and two other laboratories that demon-
strated for the first time the participation of CDKL5 in the regulation of
microtubule (MT) dynamics through its interaction with MT-associated
proteins such as IQGAP1, MAP1S, and EB2 (Baltussen et al., 2018;
Barbiero et al., 2017; Mufioz et al., 2018). MT dynamics is the property
exhibited by the plus-end of the MTs to alternate periods of prolonged
assembly to rapid disassembly and is fundamental for neurodevelop-
mental processes including formation, maintenance and remodelling of
synaptic connections (Conde and Céceres, 2009). IQGAP1 bridges MTs
with the actin meshwork through the formation of a ternary complex
with activated Racl and the MT plus-end tracking protein (+TIP)
CLIP170. The latter regulates MT dynamics acting as a rescue factor,
thus facilitating MT growth (Komarova et al., 2002). We previously
showed that CDKLS deficiency interferes with the formation of the
IQGAP1/CLIP170/Racl ternary complex and negatively influences the
MT binding of CLIP170 (Barbiero et al., 2017). These findings allowed
us to recognise the neuroactive steroid pregnenolone (PREG) as an in-
novative candidate drug for CDKL5-related defects. Indeed, CLIP170
acts as an intracellular receptor for PREG that promotes MT dynamics
by inducing the active conformation of CLIP170 (Weng et al., 2013).
Accordingly, we found that PREG is capable of restoring the MT asso-
ciation of CLIP170 and defects in axonal outgrowth and neuronal po-
larisation of primary neurons silenced for CDKLS5 expression (Barbiero
et al, 2017). Although these data suggest the benefit of targeting
CLIP170, its precise contribution to neuronal CDKL5-dependent defects
still remain unknown. Further, the clinical use of PREG raises some
concern due to its further metabolism into other steroids with various
effects on neuronal functions (Vallée, 2016). The synthetic PREG de-
rivative, pregnenolone-methyl-ether (PME; also known as 33-Methoxy-
Pregnenolone) has been found capable of improving depressive-like
behaviour in animal models and in parallel increasing MT dynamics in
specific brain regions (Baulieu, 2018; Bianchi and Baulieu, 2012;
Parésys et al., 2016). PME cannot be converted into metabolites with
hormonal activities and therefore represents an invaluable alternative
to the clinical use of PREG for brain disorders linked to synaptic pa-
thology (Bianchi et al., 2017).
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In the current study we analysed the effect of PREG and PME on
neuroanatomical defects in primary neuronal Cdkl5-KO cultures. Our
novel data show that both compounds cause a robust rescue of axon
outgrowth, dendritic arborisation and excitatory spine maturation. As
PREG, PME promotes the MT-binding of CLIP170 in CDKL5 depleted
cells, suggesting that both compounds act by activating CLIP170. MT
dynamics in the axonal growth cone are tightly controlled by CLIP170
(Neukirchen and Bradke, 2011). Interestingly, we found that growth
cones in Cdkl5-KO neurons were characterised by a deranged MT or-
ganisation, which was accompanied by an altered distribution of
CLIP170. The concomitant reversion of growth cone morphology and
the distribution of CLIP170 support the contribution of deranged
CLIP170 functions to neuronal CDKL5-dependent defects.

Altogether, the positive effect of PREG and PME on morphological
defects in Cdkl5-KO neurons and their capacity to ameliorate CLIP170
functions, suggest that CLIP170 constitutes a new druggable target for
CDD and that PREG derivatives may possess an important therapeutic
potential for this severe pathology.

2. Materials and methods
2.1. Ethical statement

We used the Cdkl5-knockout (KO) mice described in Amendola et al.
(2014) on the genetic background CD1. Protocols and use of animals
were approved by the Animal Ethics Committee of the University of
Insubria and in accordance with the guidelines released by the Italian
Ministry of Health (D.L. 2014/26) and the European Community di-
rectives regulating animal research (2010/63/EU). Adult mice were
euthanised by cervical dislocation, while neonates were sacrificed by
exposure to CO followed by decapitation.

2.2. Antibodies, reagents and plasmid

The following primary antibodies were used for immuno-
fluorescence and western blotting experiments: anti-CDKL5 (Sigma-
Aldrich, HPA002847; Santa Cruz, sc-376314), anti-CLIP170 (Genetex,
GTX117504; Santa Cruz H-300, sc-25613), anti-Taul (Millipore,
MAB3420), rabbit anti-MAP2 (ab32454, Abcam), anti-PSD95 (Thermo
Fischer Scientific, MA1045), anti-GluA2 (Millipore, MAB397), anti-a-
tubulin (Sigma-Aldrich, T6074), anti-GAPDH (Sigma-Aldrich, G9545),
anti-GFP (Roche, 1814460). Phalloidin-TRITC Conjugates (Sigma-
Aldrich P1951). HRP-conjugated goat anti-mouse or anti-rabbit sec-
ondary antibodies for immunoblotting, DAPI, and secondary Alexa
Fluor anti-rabbit and anti-mouse antibodies for immunofluorescence
(IF) were purchased from Thermo Scientific. Pregnenolone (PREG) was
from Sigma. Pregnenolone-Methyl-Ether (PME) was obtained from
Steraloids, Newport, USA. mEmerald-CLIP170-N-18 (plasmid #54044;
Addgene).

2.3. Cell cultures, RNA interference (RNAi) and transfections

COS7 cells were maintained in DMEM (Dulbecco's modified Eagle's
medium; Sigma-Aldrich) supplemented with 10% FBS (EuroClone), -
glutamine (2 mM, EuroClone), penicillin/streptomycin (100 units/mL
and 100 pg/mL respectively, EuroClone) at 37 °C with 5% CO2. For
siRNA transfection, cells were cultured in 24-well dishes and 20 nM
siRNA oligonucleotides targeting CDKLS5, or a control siRNA (siCDKL5
5‘GCAGAGTCGGCACAGCTAT3, siCtrl 5’CGUACGCGGAAUACU
UCGATT3’) were transfected using LipofectamineTM RNAiMAX (Life
Technologies Incorporated). For plasmid transfection,
LipofectamineTM 3000 (Life Technologies Incorporated) was used.

Primary hippocampal cultures were prepared from mouse embryos
at embryonic day 17 (E17) considering the day of the vaginal plug as
EO. Wild-type (WT) and Cdkl5-KO embryos were obtained from preg-
nant heterozygous females (CdkI5~/*, CD1 background) crossed with
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wild-type males. Hippocampi from E17 embryos were dissected and
maintained in HBSS (Hank's Balanced Salt Solution, Gibco) on ice till
the definition of genotype, obtained with Rapid Extract PCR Kit
(PCRBIO, PB10.24-40). The hippocampi were dissected as previously
described (Rusconi et al., 2011) and neurons were plated on coverslips
coated with poly-i-lysine (1 mg/mL, Sigma-Aldrich) or poly-p-lysine
(Neuvitro) in 24-well plates (low-densitiy: 7500 cells/well; high-den-
sity: 60000 cells/well). Low-density cultures were used for growth cone
morphology, axon length and dendritic arborisation analysis, whereas
high-density cultures were used for the quantification of PSD95 puncta
and GluA2 expression level). After 3 days in vitro (DIV3), cytosine-1-f-
p-arabinofuranoside (Sigma-Aldrich) was added to cultured neurons at
final concentration of 2 UM to prevent astroglial proliferation.

2.4. Pharmacological treatments

Primary hippocampal neurons were treated at DIV1 for 48 h for
growth cone analysis, at DIV1, DIV7 or DIV11 for 72 h for axon, den-
dritic and spine analysis, respectively. PME was dissolved in DMSO and
used at a final concentration of 1 pM (Duchossoy et al., 2011). PREG
was dissolved in EtOH and used at a final concentration of 1 pM
(Barbiero et al., 2017). DMSO and EtOH were used at a final con-
centration of 0.1% and 0.0032% respectively. Two different vehicles
were used for PREG and PME in order to be in line with previous studies
and to avoid inclusion of an important additional variable in the current
study.

2.5. Western blotting

Primary neurons were lysed directly in Laemmli buffer (120 mM
Tris-HCl pH 6.8, 4% SDS, 20% Glycerol (Sigma-Aldrich), 0.02%
Bromophenol blue) and a volume corresponding to approximately
10 pg of proteins was separated by 8-10% SDS-PAGE.

COS7 cells were lysed with lysis buffer (50 mM Tris-HCl pH 7.5,
150 mM NaCl, 1% Triton X-100, 1 mM EDTA, protease inhibitor
cocktail (Sigma Aldrich) and PhosSTOP (Roche)). After 30 min on ice,
the lysates were clarified by centrifugation and the supernatants col-
lected. Protein concentrations were quantified by Bradford assay; 1 pg
(for a-tubulin and GAPDH) or 30 pg of proteins (for CDKL5 and
CLIP170) were separated by 10% SDS-PAGE, transferred to ni-
trocellulose membranes, and blocked in 5% non-fat milk in TBS (20 mM
Tris-HCl, pH 7.5, 150 mM NaCl) with 0.2% Tween-20 (T-TBS). Blots
were incubated with primary antibodies overnight at 4 °C, washed in T-
TBS, and incubated with appropriate secondary antibody for 1 h at
room temperature. After extensive washes blots were developed with
Protein Detection System-ECL (Genespin).

2.6. Immunofiuorescence

After fixation in 4% paraformaldehyde (Thermo Fischer) with 4%
sucrose (Sigma-Aldrich) neurons were blocked in PBS (EuroClone)
containing 5% horse serum and 0.2% Triton X-100 (Sigma-Aldrich)
before incubation with the appropriate primary antibody overnight at
4 °C and subsequently with the secondary antibody for 1 h at room
temperature. Slides were mounted with ProLong Gold antifade reagent
(Life Technologies).

2.7. Measurement of comet length and lifetime

For time-lapse imaging COS7 cells were transfected with the in-
dicated siRNAs (siCDKL5 and siCTRL) and 60 h later with pGFP-
CLIP170; microscopy analysis was performed after another 24 h.
Pharmacological treatment was performed incubating cells with 1 pM
PME or with 0.1% DMSO (Sigma-Aldrich) as vehicle control for three
days (starting treatment 24 h after siRNA transfection). Fluorescence in
the specimens was imaged every 3 s for 3 min with a confocal laser-
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scanning microscope (model TCS SP8; Leica) with a 63X NA 1.2 oil
immersion objective (Leica). Comet length and life-time were analysed
using the tracking function of the MTrackJ plug-in of ImageJ software.

2.8. Neuronal analyses

2.8.1. Growth cone analyses

To calculate the growth cone area, a fixed area of 18 x 18 pm?
starting from the most distal MT tip towards the axon shaft was outlined
manually. The MT area was then quantified using the a-tubulin stained
region within the selected area. To analyse the localisation of CLIP170
at the growth cone site, a fixed area of 25 X 25 pm? starting from the
edge of actin cytoskeleton towards the axon shaft was outlined manu-
ally. The ratio of CLIP170 versus a-tubulin was determined from
fluorescence areas of both channels; the fold change value was used as
measure of CLIP170 distribution. Growth cone morphology was ana-
lysed by staining with a-tubulin. Growth cones were classified as “ex-
tending” or “paused”™ growing growth cones characterised by straight
bundles of MTs projecting outward into actin lamellipodium were
considered as “extending”; whereas, large growth cones with MTs or-
ganised in the central region as a prominent loop were considered as
“paused” (Dent and Kalil, 2001).

2.8.2. Analysis of neuronal polarisation and axon length

Neuronal polarisation was analysed at DIV4 by staining with the
axonal marker Taul. Neurites with a significant intensity of Taul
staining increasing along the proximal to distal axis were counted as
axons. Neurons were classified as polarised (one axon) or non-polarised
(either lacking an axon or with multiple axons). Axon length was
analysed with ImageJ using the NeuronJ plugin to compute the path
from the beginning to the end of the axon.

2.8.3. Analysis of dendritic arborisation (Sholl analysis)

Acquired images of MAP2 stained neurons, specifically identifying
dendrites, were analysed thanks to the “Sholl Analysis” plugin of the
FiJi software (htpp://Fiji.sc). The number of processes intersecting each
ring was provided by the software. The elaboration of these data al-
lowed generating a cumulative curve of the number of intersections per
cell, indicative of the branching complexity.

2.8.4. Analysis of PSD95 puncta

PSD95 puncta were analysed at DIV14 by staining with antibody
against the postsynaptic density protein 95 (PSD95) and MAP2 to vi-
sualise spines along neuronal dendrites. The number of PSD95 puncta
was measured along 30 pum long dendrite segments (proximal part of
secondary branches) and analysed using the software ImageJ (function:
Analyse particles).

2.9. Data analyses

Data quantification were analysed with Prism software (GraphPad)
and were expressed as mean *+ SEM. The significance of results was
evaluated by Student's t-test, ANOVA (one or two-way) followed by
Tuckey's or Dunnet's multiple comparison test when appropriate. The
level of statistical significance was setat p < 0.05.

3. Results

3.1. Effect of PREG and PME on axonal defects and dendritic arborisation
in Cdkl5-KO neurons

We recently showed that PREG was capable of restoring axonal
defects caused by the silencing of CDKLS in primary cultures of murine
hippocampal neurons (Barbiero et al., 2017). Considering the proper-
ties of the synthetic PREG derivative PME described above we found it
challenging to analyse whether it might possess an analogous effect on
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axonal defects in primary hippocampal neurons obtained from Cdkl5-
KO embryos. Thus, in line with Barbiero et al. (2017), we treated Cdkl5-
WT and KO primary hippocampal neurons at DIV1 with 1 pM PREG or
PME (or the respective vehicles 0.0032% EtOH and 0.1% DMSO) for
72 h and then analysed axon outgrowth and polarisation by staining
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neurons at DIV4 with the axonal marker Taul (Fig. 1A). Correctly po-
larised neurons were recognised as those bearing a single axon with a
strong distal staining for Taul, whereas neurons with no axon or
multiple axons were classified as non-polarised. Cdkl5-KO neurons, like
those silenced for CDKLS, display defective neuronal polarisation.

111



L. Barbiero, et al. Neuropharmacology 164 (2020) 107897

Fig. 1. Effect of treatment with PREG or PME on axonal and dendritic defects in Cdkl5-KO neurons. (A) Representative images of WT and CdkI5-KO hip-
pocampal neurons (DIV4) stained with the axonal marker Taul. Neurons were left untreated or were treated with 1 uM PREG or PME for 72 h. EtOH (0.0032%) was
used as vehicle for PREG and DMSO (0.1%) for PME. Scale bar: 20 ym. (B,C) Graphs showing the mean percentage of polarised primary hippocampal neurons (B) and
the mean axonal length (C) of neurons treated as in A. Data are presented as mean *+ SEM. ****pP < 0.0001; ***P < 0.001; **P < 0.01, OneWay-ANOVA
followed by Tukey's post-hoc analysis. At least 15 neurons/mouse (n = 3 mice/group) were analysed for each condition from n = 3 independent neuronal pre-
parations. (D) Representative images of WT and CdkI5-KO hippocampal neurons (DIV10) stained with the dendritic marker MAP2. Neurons were treated with 1 uM
PREG or PME for 72 h using the respective vehicles as control. Scale bar: 50 pm. (E) Graphs showing the cumulative number of intersections of neurons treated with
PREG. (F) Graphs showing the cumulative number of intersections of neurons treated with PME. Significant differences between the drug and the respective vehicle
control are indicated (*). Significant differences between untreated WT and KO neurons are shown in both E and F (*). Data are presented as mean + SEM.
*kkEp < 0.0001; ***P < 0.001; **P < 0.01; “P < 0.05, TwoWay-ANOVA followed by Tukey's post-hoc analysis. At least 10 neurons/mouse (n = 3 mice/group)
were analysed for each condition from n = 3 independent neuronal preparations.

Interestingly, this defect was fully restored upon treatment with PREG
or PME for 72 h (Fig. 1A and B). Indeed, the percentage of polarised
Cdkl5-KO neurons treated with PREG or PME was similar to WT neu-
rons (WT NT: 91.98% =+ 0.47; KO NT: 81.24% = 0.66; KO PREG:
92.12% = 0.7; KO EtOH: 81.75% = 2.39; KO PME: 90.67% = 1.83;
KO DMSO: 81.21% =+ 3.55). Similarly, both PREG and PME were
capable of normalising axon length (Fig. 1C; WT NT: 286.2ym + 9.13;
KO NT: 2229 ym *+ 6.03, KO PREG: 320.2 pm *+ 18.56; KO EtOH:
210.9 pm =+ 11.58; KO PME: 321.9 pm =+ 18.23; KO DMSO:
228.7 ym =+ 0.95). All together, these results highlight the positive
effect of PREG and PME on axonal defects caused by CDKL5 deficiency.

We proceeded testing the effect of PREG and PME on dendritic ar-
borisation that is controlled by CDKL5 both in vitro and in vivo
(Amendola et al., 2014; Chen et al., 2010). Cdkl5-WT and KO hippo-
campal neurons were, therefore, treated with PREG and PME for 72 h
starting from DIV7 and dendritic branching was analysed at DIV10.
Neurons were stained with the dendritic marker MAP2 and, as shown in
Fig. 1D, MAP2-stained Cdkl5-KO neurons had a severely stunted ap-
pearance displaying a less complex dendritic arbour than WT neurons.
The Sholl analysis confirmed this and revealed that the cumulative
number of intersections, which is a measure of dendritic tree com-
plexity, was significantly reduced in Cdkl5-KO neurons (Fig. 1E and F;
Cumulative number of intersections at 250 ym: WT 66,42 + 2,97; KO
47,45 * 2,47). Furthermore, also the cumulative dendritic length was
reduced in Cdkl5-KO neurons (Supplementary Fig. 1). Interestingly, the
treatment with PREG (Fig. 1E) or PME (Fig. 1F) was capable of in-
creasing the overall number of intersections and dendritic length of
Cdkl5-KO neurons with respect to the vehicle controls, indicating a
significant improvement of dendritic arborisation (Fig. 1E and F and
Supplementary Fig. 1; Cumulative number of intersections at 250 pm:
KO EtOH 522 =+ 3.87; KO PREG 80.73 =+ 9.19; KO DMSO
54.1 *+ 5.67, KO PME 78.8 + 11.479).

3.2. Treatment with PREG or PME normalises the density of PSD95"
clusters in Cdkl5-KO neurons

Loss of CDKLS is widely accepted to impair the stability of ex-
citatory spines in vivo and in vitro, which is reflected in a reduced
number of PSD95™ puncta (Della Sala et al., 2016; Ricciardi et al.,
2012; Tramarin et al., 2018). Considering that the invasion of MTs into
dendritic spines is known to facilitate the delivery of postsynaptic
proteins and promote spine maturation (Franker and Hoogenraad,
2013), we speculated whether PREG and PME might be capable of
rescuing CDKL5-related excitatory synapse defects. We thus treated
Cdkl5-WT and KO hippocampal neurons with PREG and PME at DIV11
and stained them at DIV14 with antibodies against PSD95 and MAP2 to
identify excitatory spines and the dendritic shafts, respectively
(Fig. 2A). As shown in Fig. 2B, the quantification of PSD95™ clusters
along dendritic segments revealed a clear effect of PREG and PME on
dendritic spine maturation in Cdkl5-KO neurons. Indeed, with both
drugs we observed a significant increase of PSD95" puncta compared
to vehicle-treated KO neurons (Fig. 2B: WT NT: 1 + 0.04; KO NT:
0.73 = 0.03; KO PREG: 0.94 = 0.04; KO EtOH: 0.74 = 0.04; KO
PME: 0.92 = 0.03; KO DMSO: 0.73 + 0.03). In concomitance with

the normalisation of PSD95" puncta we also observed restoration of
AMPA-R subunit GluA2 levels (Fig. 2C-F) upon treatment with PME
(WT DMSO: 1 + 0; KO DMSO: 0.5 = 0.00; KO PREG: 0.78 + 0.14)
and PREG (WT EtOH: 1 = 0; KO EtOH: 0.75 + 0.04; KO PREG:
0.93 + 0.08).

3.3. PME enhances the binding of GFP-CLIP1 70 to microtubules in CDKL5-
deficient cells

In accordance with the known capacity of PREG to induce the open
active conformation of CLIP170 (Weng et al., 2013), we recently de-
monstrated that PREG normalises the binding of exogenous CLIP170 to
MTs in CDKL5-depleted COS7 cells (Barbiero et al., 2017). Indeed, time-
lapse microscopy of GFP-tagged CLIP170 allows visualising the accu-
mulation of the +TIP at the plus-ends as comet-like structures, the
dynamics of which is indicative of the association of the protein with
the MTs (Dragestein et al., 2008; Perez et al., 1999). To test whether
PME might exert an analogous effect on CLIP170 functioning we
treated CDKL5-silenced COS7 cells expressing GFP-CLIP170 with 1 pM
PME and analysed the fluorescent signal of the exogenously expressed
protein through time-lapse microscopy (Fig. 3A and B). As shown in
Fig. 3B, GFP-CLIP170 accumulates at the plus-end of growing MTs
forming comet-like structures. As expected, the absence of CDKLS5 had a
negative effect on the length and lifetime of GFP-CLIP170 comets
(Fig. 3B-D), which is indicative of the dissociation of the protein from
MTs (Perez et al., 1999). Intriguingly, we found that the treatment of
siCDKL5 cells with PME produced an increase in the length (Fig. 3C
siCtr: 3.7 pm =+ 0.12; siCDKLS: 1.2 pym + 0.09; siCDKL5 DMSO:
1.9 ym *= 0.12; siCDKL5 PME: 3.3 ym =+ 0.17) and the lifetime
(Fig. 3C siCtr: 24.3 s + 1.0; siCDKL5: 10.3 s + 0.7; siCDKL5 DMSO:
12.5s =+ 0.73; siCDKL5 PME: 22.84 s + 1.2) of GFP-CLIP170 positive
comets. This result indicates that PME, like PREG, is capable of pro-
moting MT-dynamics by acting directly on CLIP170.

3.4. CDKLS regulates CLIP170 localisation and microtubule organisation in
axonal growth cones

In the light of the above data, some CDKLS5-dependent neuronal
defects may at least in part be caused by an impairment of the activity
of CLIP170. Neuronal CLIP170 functions have mainly been addressed in
axonal growth cones where the expression of a hypo-functional
CLIP170 derivative, which is deficient in MT-binding, was reported to
alter MT-dynamics and impair axon formation (Neukirchen and Bradke,
2011). Thus, to elucidate how CDKLS5 deficiency impacts CLIP170
functioning in neurons, we decided to use the axonal growth cone of
young neurons (DIV3) as model. We therefore compared the localisa-
tion of CLIP170 in the axonal growth cone of Cdkl5-WT and KO hip-
pocampal neurons that were stained with antibodies against CLIP170
together with a-tubulin and phalloidin to visualise the entire growth
cone area (Fig. 4A). Interestingly, whereas the area occupied by
CLIP170 in the majority of Cdkl5-WT neurons corresponded largely to
that of a-tubulin, in CdkI5-KO neurons CLIP170 covered a significantly
larger area than that of tubulin and could be detected in the entire
growth cone area including the peripheral phalloidin-positive region.
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Accordingly, the ratio of the areas occupied by CLIP170 and actin was
significantly increased in growth cones of Cdkl5-KO neurons (Fig. 4B;
CLIP170/tubulin ratio: WT: 1.1 =+ 0.09; KO: 1.65 =+ 0.15). Loss of
CDKLS5 thus leads to an altered distribution of CLIP170 within the ax-
onal growth cones. As indicated in the WB and the graph in Fig. 4C and
D, overall CLIP170 levels were unaltered between WT and KO neurons,
indicating that the delocalisation is due to intrinsic properties of the
protein. In line with the above data, showing that PREG and PME
promote the association of GFP-tagged CLIP170 with MTs, the
CLIP170/a-tubulin ratio was restored in Cdkl5-KO neurons treated with
either of the two drugs (Fig. 4A and B). Indeed, the CLIP170/a-tubulin
ratio decreased from 1.51 =+ 0.07 and 1.4 + 0.11 in vehicle treated
Cdkl5-KO control neurons (EtOH and DMSO, respectively) to
1.04 = 0.05 in PREG-treated and to 0,98 =+ 0.04 in PME-treated
Cdkl5-KO neurons.

A closer examination of the distribution of MTs in the axonal growth
cones in Cdkl5-WT and KO neurons revealed, as shown in the re-
presentative image in Fig. 4E, that MTs in the absence of CDKLS were
characterised by markedly looped structures that occupied a sig-
nificantly larger area. When calculating the area occupied by a-tubulin
within a fixed area of the growth cones we found that the a-tubulin
positive area of Cdkl5-KO neurons was significantly increased from
41.75 ym®> =+ 215, in control cells, to 71.26 ym®> =+ 1.91,

SEM. OneWay-ANOVA followed by Dunnet's post-hoc analysis. n = 5 from at least 3 independent neuronal preparations.

corresponding to a 1.71-fold increase (Fig. 4F). Growth cone size in-
versely correlates with axonal growth rate and the looped MT organi-
sation can typically be observed in paused growth cones (Dent and
Kalil, 2001; Ren and Suter, 2016). The increased number of Cdkl5-KO
neurons presenting the paused growth cones (WT: 8% =+ 4.9; KO:
37.33% =+ 6.36) is thus in accordance with the reduced axonal length
described above. Both PREG and PME had a positive effect on growth
cone phenotypes. PREG reduced the area occupied by MTs at the tip of
the axon from 67.53 ym® + 5.52 in vehicle (EtOH) treated Cdkl5-KO
neurons to 38.92 ym? + 2.28 and decreased the number of paused
growth cones (KO EtOH: 36% = 7.48; KO PREG 13.6% = 2.6). A
similar effect was observed with PME (a-tubulin area: KO DMSO:
65.24 ym? + 3.65; KO PME: 37.31 ym? + 2.38; paused growth cones:
KO DMSO: 40.0% =+ 5.77; KO PME: 12.28% =+ 4.83).

All together, these results suggest that PREG and PME, acting on MT
dynamics possibly via CLIP170, ameliorate the organisation of MTs and
restore morphological defects associated with the loss of CDKL5.

4. Discussion

Several reports have recently suggested an important link between
CDKL5 and the control of MT dynamics (Barbiero et al., 2019). In this
regard, we recently showed that the +TIP CLIP170 participates in a
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from n = 5 cells were analysed for each condition. Data are presented as mean

protein complex with CDKLS (Barbiero et al., 2017) and that its affinity
for MTs is reduced in the absence of CDKLS. The capacity of CLIP170 to
bind MTs depends on its specific conformation: the interaction between
the N-terminal CAP-Gly domains with the C-terminal zinc-knuckle
motifs generates a closed conformation that reduces the affinity of
CLIP170 for MTs (Lansbergen et al., 2004; Mishima et al., 2007). The
neuroactive steroid PREG has been shown to activate CLIP170 by di-
rectly binding the protein and inducing its open active conformation
(Weng et al., 2013). We previously demonstrated that the sub-chronic
treatment with PREG was capable of enhancing defective MT-binding of
CLIP170 in COS7 cells and to correct axonal alterations in primary
mouse hippocampal neurons silenced for CDKL5 (Barbiero et al., 2017).
Here, we expand these studies showing that: i) PREG is capable of
causing a significant rescue of neuroanatomical and molecular defects
in Cdkl5-KO neurons; ii) the synthetic PREG-derivative PME produces
identical effects; and that iii) PREG and PME promotes CLIP170 func-
tioning altogether, highlighting this + TIP as a putative target for drug-
based therapies for CDD.

4.1. Possible contribution of CLIP170 to neuronal CDKL5-dependent
defects

Loss of CDKL5 leads to altered neuronal morphology including re-
duced axon growth, dendritic arborisation and altered dendritic spine
morphology. Here we show that the treatment of primary cultures of
Cdkl5-KO neurons with PREG or PME normalises these defects.
Considering that both drugs also restore the binding of CLIP170 to MTs
we speculate that some CDKL5-dependent neuronal defects may be
caused by the presence of a hypofunctional CLIP170.

Down-regulation of CLIP170 as well as its hypofunctionality has

SEM. ****P < (.0001, OneWay-ANOVA followed by Tukey's post-hoc analysis.

already been associated with aberrant axon formation and dendritic
arborisation (Neukirchen and Bradke, 2011; Swiech et al, 2011).
CLIP170 is enriched in axonal growth cones, where it promotes a
moderate stabilisation of MTs that protrude into the actin-rich leading
edge and creates a pushing force, which enables axon outgrowth
(Neukirchen and Bradke, 2011; Van De Willige et al., 2016). Inter-
ference with the binding of endogenous CLIP170 to MTs through the
expression of a dominant negative derivative in neurons led to im-
pairment of axon outgrowth and an altered growth cone morphology
(Weng et al., 2013). Here we demonstrate that Cdkl5-KO neurons dis-
play an altered growth cone morphology characterised by looped MTs
and an overall increase in the growth cone area occupied by tubulin,
usually coincident with reduced MT dynamics and paused growth cones
(Dent and Kalil, 2001; Ren and Suter, 2016). All those axonal defects
are similar to the ones caused by impaired binding of CLIP170 to MTs
(Neukirchen and Bradke, 2011). Consistently, we also demonstrated
that the relative distribution of CLIP170 with respect to tubulin is al-
tered in growth cones of Cdkl5-KO neurons, supporting the data from
COS7 cells where silencing of CDKLS clearly reduces the affinity of
CLIP170 for MTs. We therefore hypothesise that CDKL5 deficiency
impacts the binding of CLIP170 to MTs, thus weakening their stabili-
sation and preventing their engorgement into the area protruded by
actin filaments at the tip of the axon (Neukirchen and Bradke, 2011).
We previously showed that CDKL5 modulates axon outgrowth and
polarisation through its interaction with Shootinl (Nawaz et al., 2016).
Considering our present data, CDKLS is thus likely to influence axon
formation both through a CLIP170-dependent effect on MT-dynamics
and through Shootinl, which acts as a clutch molecule that produces a
traction force for axon outgrowth by coupling the retrograde flow of F-
actin and cell adhesions (Kubo et al., 2015).
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Fig. 4. CDKLS regulates CLIP170 localisation and microtubule organisation in axonal growth cones. (A) Representative images of growth cones of WT and
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Concerning dendritic arborisation, CLIP170 depletion causes a re-
duction in the complexity of the dendritic arbour. Interestingly,
CLIP170 was shown to regulate dendritic arborisation through its in-
teraction with IQGAP1 (Swiech et al., 2011). We recently showed that
the interaction between CLIP170 and IQGAP1 is compromised in cells
silenced for CDKL5 suggesting that CDKL5 may regulate dendritic ar-
borisation through its effect on this complex.

In regard to dendritic spine maturation, both PREG and PME were
capable of restoring the number of PSD95” puncta of Cdkl5-KO neurons
implying that CLIP170 may contribute to this process under normal
conditions. A role of CLIP170 in dendritic spine maturation has never
been reported but the entry of dynamic MTs into dendritic spines
during plasticity has been shown to rely on + TIPs (Dent, 2017). In-
deed, the invasion of EB3-bound MTs into dendritic spines was found to
contribute to activity-dependent spine enlargement (Gu et al., 2008;
Jaworski et al., 2009). Of relevance, a truncating mutation in CLIP1, the
human CLIP170 ortholog, was found to segregate with a mild form of
intellectual disability (Larti et al., 2015), supporting the possible role of
this + TIP in regulating spine functioning and synaptic activity. In this
study we found that the two neuroactive steroids had a positive effect
not only on the number of PSD95" puncta but also on overall GluA2
levels in Cdkl5-KO neurons. AMPA-Rs undergo constitutive recycling to
and from the postsynaptic sites depending on endosomal trafficking;
MT-dependent trafficking is involved in the delivery of AMPA-Rs into
the dendrites and their further transport to the postsynaptic sites
whereas internalised AMPA-Rs may undergo lysosomal degradation
(Anggono and Huganir, 2012). PREG and PME may thus affect GluA2
levels by promoting their MT-based transport towards the postsynaptic
sites.

Even if our data support a contribution of CLIP170 to some CDKL5-
dependent neuronal defects, it is worth recalling that both PREG
(Murakami et al., 2000) and PME (Fontaine-Lenoir et al., 2006) have
been demonstrated to interact in vitro with the MT-associated protein 2
(MAP2). In vitro PME stimulates MT polymerisation and enhances
neurite outgrowth in PC12 cells an effect, which is prevented if MAP2
expression is decreased by RNA interference (Fontaine-Lenoir et al.,
2006). In neurons, MAP2 is mainly expressed in the cell bodies and
dendrites where it modulates MT assembly and dynamics (Fontaine-
Lenoir et al., 2006). It can, therefore, not be excluded that the mod-
ulation of neuronal morphology by PREG and PME observed in the
present study can also be attributed to their interaction with MAP2.

As mentioned, the capacity of CLIP170 to bind MTs depends on its
open conformation (Lansbergen et al., 2004; Mishima et al., 2007). Of
note, the switching between the open and closed conformations of
CLIP170 has been reported to depend on specific phosphorylation
events. Indeed, the phosphorylation of several residues within a serine
rich region in the N-terminus of CLIP170 was found to promote the
intramolecular interaction inducing the closed conformation (Lee et al.,
2010; Nirschl et al., 2016). On the other hand, phosphorylation medi-
ated by FKBP12-rapamycin-associated protein was found to promote
MT-binding (Choi et al., 2002). Altogether it appears that the phos-
phorylation of CLIP170 controls its binding to MTs in a complex and not
yet fully understood manner. Thus, we cannot exclude that specific
phosphorylation events of CLIP170 may be regulated directly or in-
directly by CDKLS5, thus promoting, the open active conformation of
CLIP170. Through ongoing studies that will be published in the near
future we are currently analysing how loss CDKL5 impacts the con-
formational status of CLIP170.

4.2. Therapeutic potential of PREG and PME for targeting of MT-defects in
CDD

PREG is generated from cholesterol in the peripheral glands and in
the brain and can be further metabolised into various other neuroactive
steroids (Vallée, 2016). While PREG for long was considered just the
precursor of other steroids, it is now believed to be involved in the
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regulation of neuronal activity. Indeed, diminished brain levels of PREG
have been associated with aging of the brain and with different brain
disorders associated with synaptic pathology such as psychiatric and
neurodegenerative disorders (Luchetti et al., 2011; Schverer et al.,
2018; Vallée et al., 2001). Moreover, administration of PREG was found
to enhance memory and cognition in rodents (Flood et al., 1992).

In humans, clinical testing of PREG indicates potential anti-
depressive and antipsychotic effects and the drug has been well toler-
ated in these trials (Brown et al., 2014; Osuji et al., 2010). However, the
possible side effects of the downstream metabolites raise some concern
of the pharmacological use of PREG. Available data demonstrate that
when injected once into rats PME is not converted back to PREG or
metabolised to progesterone in either plasma or hippocampus (Bianchi
and Baulieu, 2012). However, it cannot be excluded that alterations in
endogenous neurosteroid biosynthesis and concentration might occur
following single or repeated administration of PME.

PME is lipophilic so it easily and rapidly crosses the blood-brain-
barrier; a pharmaco-kinetics study detected PME in the brain following
a single injection at 12 mg/kg, s.c (Bianchi and Baulieu, 2012). and
behavioural testing showed a clear antidepressant efficacy of single and
repeated administration of PME in rats (Bianchi and Baulieu, 2012) and
tree shrews (Parésys et al., 2016). In these studies, the behavioural
efficacy of PME was paralleled to a modulatory activity on MT dy-
namics in specific brain regions.

In contrast to its metabolite PREG-sulfate, which is a positive al-
losteric modulator of the NMDA-R (Wu et al., 1991) and a negative
allosteric modulator of the GABAA-R (Majewska et al., 1988), PREG
and PME possess no such pharmacological activities. PREG does not
bind to any neurotransmitter receptor but binds as an agonist to the
nuclear pregnane X receptor (Kliewer et al., 1999) and interacts, as
mentioned above, like PME with MAP2 (Murakami et al., 2000). PME
was screened for in vitro affinity to 80 different neurotransmitter re-
ceptors (including NMDA and GABAA) or transporters and no sig-
nificant affinity was found for any of them (Bianchi M, Villey I, Baulieu
E-E, n.d.). It is therefore possible to hypothesise that the effects induced
by both PREG and PME observed in the current study may result from a
combined activity on both CLIP170 and MAP2, which eventually leads
to rescue of altered microtubule dynamics and promotion of neuronal
plasticity.

Taken all together, our findings support the possibility that PREG
and PME may have potential therapeutic efficacy for CCD by a disease-
modifying mechanism of action based on the modulation of micro-
tubule dynamics.
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ABSTRACT (250 WORDS)

BACKGROUND: mutations in cyclin-dependent kinase-like 5 (CDKL5) cause CDKLS5 deficiency disorder
(CDD), a neurological pathology characterised by severe infantile seizure and intellectual disability. The
absence of CDKL5 in mice causes defective spine maturation that can at least partly explain the cognitive
impairment in CDKL5 patients and CDD mouse models. The molecular basis for such defect might partly
depend on the capacity of CDKL5 to regulate microtubule (MT) dynamics through its association with the

MT-plus end binding protein CLIP170.

METHODS: live-imaging studies in Cdk/5-silenced cells and knock-out neurons were performed to analyse
CLIP170 functioning and the invasion of MTs into dendritic spines. Biochemical, neuroanatomical and
behavioural tests were performed to evaluate the amount of MT-related proteins in the synaptosomal fraction
and the effect of pregnenolone-methyl-ether (PME, a synthetic derivative of the neuroactive steroid
pregnenolone that promotes MT dynamics) on spine maturation and hippocampal-dependent deficits in

knock-out mice.

RESULTS: the absence of CDKL5 causes CLIP170 to be mainly in a closed inactive conformation.
Treatment with PME induces the open active conformation of CLIP170 and the entry of MTs into dendritic
spines in vitro. The administration of PME to symptomatic knock-out mice improved hippocampal-dependent
behaviour and restored spine maturation and the localisation of MT-related proteins in the synaptic
compartment. The positive effect on cognitive defects was maintained also one week after treatment

withdrawal.

CONCLUSIONS: our results suggest that CDKL5 affects spine maturation and cognitive processes through
its control of CLIP170 and MT dynamics that we highlight as apparently valid candidates for target-based

therapies.
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Introduction

Mutations in the X-linked cyclin-dependent kinase-like 5 (CDKL5; OMIM 300672, 300203) gene cause the
neurodevelopmental CDKL5 deficiency disorder (CDD), characterised by a complex symptomatology
including intellectual disability, early-onset epilepsy, developmental delay, and autistic-like features (1). The
prevalence of CDD is ~1:40.000 live births of which 4:1 are females (2). No cure exists for CDD and the
development of disease-modifying interventions is still challenged by the incomplete knowledge of CDKL5
functions.

CDKLS5 is a serine-threonine kinase that is highly abundant in the mammalian forebrain where it is present in
all neuronal subcompartments including dendritic spines (3-5). Loss of CDKL5 in vitro and in vivo is
associated with neuroanatomical defects resulting in a global neuronal atrophy ranging from reduced axon
length, dendritic complexity and spine maturation (6,7). Such alterations are likely to underlie the cognitive
impairment that is a hallmark of Cdk/5-KO mice and of the human pathology. The emerging role of CDKL5 in
regulating microtubule (MT) dynamics may, at least in part, explain these defects (6,8). MTs are long
polarised polymers that regulate numerous morphological and functional processes during brain
development including spine maturation and activity (9). Such functions depend on the capacity of MTs to
switch from growth to disassembly enabling their exploration of the cellular environment and capture at
specific sites. MT plus-ends are in particular involved in regulating MT dynamics through the accumulation of
plus-end tracking proteins (+TIPs) including the end-binding proteins (EBs) and the cytoplasmic linker
proteins (CLIPs), which catalyse rapid changes in MT organisation upon upstream signalling events.

We identified CLIP170 as an important downstream CDKLS5 effector in the regulation of MT dynamics and as
an interesting druggable target (6,8). CLIP170 is a key +TIP involved in the regulation of neuronal
morphology through its control of MT dynamics (10,11). MT-binding of CLIP170 depends on its open
conformation that can be induced by the direct binding of the neuroactive steroid pregnenolone (PREG)
(12,13). PREG and its synthetic derivative pregnenolone-methyl-ether (PME) can restore the impaired MT-
binding of CLIP170 in CDKLS5 deficient cells together with morphological defects in primary cultures of Cdk/5-
KO neurons (6,8). PME is a lipophilic compound that easily crosses the blood-brain-barrier; behavioural
studies have proven its anti-depressant and pro-cognitive efficacy in animal models, which was
accompanied by a modulatory activity on MT dynamics in specific brain regions (14,15).

Here we used in vitro and in vivo models of CDD to investigate the effect of PME on CLIP170 activity, MT
functioning and cognitive processes associated with the absence of CDKL5. Our results indicate that altered

MT dynamics contribute to neuronal defects underlying hippocampal-dependent deficits in Cdk/5-KO mice
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and that the pharmacological modulation of MT dynamics represents a disease-modifying therapeutic

strategy for CDD.

Results

1. PME induces the open active conformation of CLIP170 in the absence of CDKLS5.

CLIP170 has reduced affinity for MTs in CDKL5 deficient cells that can be restored by both PREG and PME
(6,8). We speculated that the absence of CDKL5 might cause CLIP170 to be mostly in a closed inactive
conformation and that PME, as PREG, could induce its active state. We therefore analysed the intra-
molecular state of CLIP170 through the fluorescence resonance energy transfer (FRET) assay expressing a
YFP-CLIP170-CFP chimera in COS7 cells silenced for CDKL5 expression (siCdkl5) (Figure 1). Upon
excitation of the CFP donor we observed a higher FRET efficiency (FRET/donor fluorescence intensity) in
siCdkl5 cells compared to controls (siCtr; Figure 1D) indicating a closed conformation of CLIP170 in the
absence of CDKL5. In accordance with the capacity of PREG to induce the open conformation of CLIP170,
FRET efficiency was reduced in PREG-treated siCdklI5 cells. The same effect was obtained upon treatment
of CDKL5-silenced cells with PME. The effect of the two drugs on FRET efficiency is compatible with a
capacity to specifically target CLIP170, inducing its open conformation and thus its MT-binding in

accordance with our previous data (6,8).

2. PME treatment improves spatial memory acquisition and long-term retention in Cdk/5-KO mice.

To analyse the effect of treatment with PME in vivo in Cdki5-KO mice we focused on hippocampus-
associated circuits that are strongly compromised in this animal model (16,17).

CdkI5-KO and -WT mice received subcutaneous injections with PME (10 mg/kg) or vehicle for 7 consecutive
days starting from post-natal day 60 when they are fully symptomatic. After ended treatment, the Barnes
maze test was used to evaluate hippocampal dependent spatial learning and memory. During the training
phase, lasting three days with two trials/day, the mice were tested for their ability to learn the location of the
escape hole. On day 4 they were subjected to the probe test.

Over the 6 training trials both vehicle- and PME-treated WT mice showed a reduction in the primary latency
to reach the correct hole. A similar reduction was not observed in vehicle-treated Cdk/5-KO mice, indicating
an impaired spatial reference memory that was partially improved upon PME-treatment (Figure 2A). No
difference was observed between the groups in the total distance travelled, indicating a comparable motor

capacity (Figure 2B). On day 4 the escape box was removed and the probe test was performed. Spatial
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memory was assessed measuring the latency to reach the escape hole and counting the number of nose
pokes into the target hole (Figure 2C,D). Vehicle-treated Cdk/5-KO mice showed a significant increase in the
latency to reach the target hole, which was reduced upon treatment with PME. Consistently, vehicle-treated
WT mice showed a preference for the target hole as compared to Cdk/5-KO mice, as indicated by the higher
number of nose pokes. Importantly, the number of hose pokes was increased in Cdk/5-KO mice treated with
PME.

To assess the effect of PME on long-term retention, a second probe test was applied 7 days after treatment
discontinuation (Figure 2E,F). Whereas the retention of spatial memory was clearly impaired in vehicle-
treated Cdk/5-KO mice, the positive effect of PME was still present 7 days after treatment withdrawal. We
observed no significant difference in the number of nose pokes between groups. This may be due to an
overall loss of interest for the familiar hole; indeed, the number of nose pokes in WT and in PME-treated KO
mice is almost halved compared to 7 days before. In contrast, the number of nose pokes for Cdk/5-KO
vehicle-treated mice was comparable with that of the previous test.

Spatial short-term memory was also assessed using the object location task (Figure 2G). During the test
phase, vehicle-treated Cdk/5-KO mice showed a significantly smaller discrimination index than that of Cdk/5-
WT mice, confirming a significant impairment of short-term spatial memory. PME treatment significantly
improved the performance of Cdk/5-KO mice: indeed, the discrimination index was similar between PME-
treated Cdk/5-KO mice and vehicle-treated WT mice. In line with the results of the Barnes maze test, this
effect was maintained 7 days after discontinuation of PME treatment (Figure 2H).

Altogether these results confirmed a cognitive deficit in short-term memory and long-term retention in Cdk/5-
KO mice and showed a beneficial effect of PME treatment on hippocampal-dependent spatial memory that

persisted for seven days after treatment discontinuation.

3. Treatment with PME normalises spine maturation in Cdk/5-KO mice.

We next investigated whether the positive effect of PME treatment on hippocampal-dependent memory in
Cdki5-KO mice might be accompanied by an effect on dendritic spine maturation in vivo. Spine morphology
was examined in Golgi-stained granule neurons of the dentate gyrus; the spines were classified as immature
or mature according to their shape (Figure 3A-C). In accordance with previous reports (18,19), dendritic
spines in vehicle-treated Cdk/5-KO mice appeared longer and thinner and the quantification showed a
significant reduction of mature spines and a concomitant increase in the number of in immature spines. This

defect was fully restored upon treatment with PME. As expected, no difference in total spine density was
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observed between vehicle-treated WT and Cdk/5-KO mice (18,19) but PME produced a slight but significant
increase in spine density in Cdk/5-KO mice (Figure 3D).

Spine maturation was further examined evaluating the expression of PSD95, a major scaffolding factor of
post-synaptic excitatory synapses that is deregulated in the absence of CDKL5 (18,20). Hippocampal
sections of mice treated as above were subjected to immunofluorescent staining against PSD95 (Figure
3E,F). The number of PSD95* puncta, corresponding to mature spines, was visibly and significantly reduced
in the dentate gyrus of vehicle-treated Cdk/5-KO hippocampi but was normalised upon PME treatment.
These results demonstrate that the positive effect of PME on hippocampal-dependent spatial memory in

Cdki5-KO mice is paralleled by an increased maturation of excitatory synapses.

4. PME treatment restores the deranged localisation of MT-related proteins in the post-synaptic
compartment of Cdk/5-KO hippocampi.

The dynamic entry of MTs into spines is involved in the regulation of spine morphology and synaptic
plasticity (21). We therefore proceeded analysing the content of MT-binding proteins together with other
excitatory post-synaptic proteins in dendritic spines of Cdk/5-KO hippocampi; to this aim we isolated the
synaptosomal fraction, highly enriched in synaptic proteins, and analysed the amount of CLIP170 and EB3, a
+TIP that invades spines and is essential for the maintenance of spine morphology and mature synapses
(21). First, the quality of the synaptosomal fractionation was confirmed through western blotting showing the
expected enrichment of PSD95, the AMPA-receptor subunit GluA2, and CDKLS5 in the synaptosomal fraction
while nuclear histone H1 was totally absent (Figure 4A). As expected, we also detected EB3 in the
synaptosomal fraction (21) together with CLIP170 and its interaction partner, the scaffolding protein IQGAP1.
Western blot of synaptosomes isolated from treated Cdk/5-WT and -KO mice was then performed to
evaluate how the absence of CDKL5 and PME treatment affects levels of synaptic proteins.

We loaded the same amount of lysates in order to evaluate synaptic protein composition in a comparable
number of synaptosomes, as verified by the comparable levels of PSD95 (in accordance with a previous
report, 22), and used GAPDH as internal standard (Figure 4B-C). As already demonstrated (23,24) GIuA2
levels were reduced in vehicle-treated Cdk/5-KO mice in (Figure 4C, D). Interestingly, a significant decrease
in the amounts of EB3 and IQGAP1 and a strong reduction of CLIP170 were observed in synaptosomes of
vehicle-treated Cdk/5-KO mice compared to the controls. Consistent with the above-described effect of PME,
levels of GluA2, EB3, IQRGAP1 and CLIP170 in Cdkl/5-KO synaptosomes were restored upon PME treatment

to those in WT mice (Figure 4 D-G). We observed no difference in total levels of CLIP170, EB3, IQGAP1,
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and GluA2 between the four experimental groups (supplementary figure S1). The reduction of these proteins
in the synaptosomes thus cannot be explained by CDKL5 loss affecting total protein levels but may rather be

due to impaired localisation events, possibly caused by defective MT dynamics.

5. MT invasion is impaired in dendritic spines of Cdki5-KO neurons but is restored upon treatment
with PME.

In light of the above, we hypothesised that loss of CDKL5 might impact spine formation and maintenance at
least in part by affecting the entry of MTs into dendritic spines. To address this, we live-imaged Cdk/5-WT
and -KO neurons expressing GFP-tagged EB3 (EB3-GFP) that binds growing MT plus-ends and represents
a valid marker to visualise MT dynamics (25) (Figure 5). We quantified MT dynamics as described in
Kapitein et al. (25). Briefly, using the ImageJ software we generated for each movie the average projection
and the maximum projection of stacks serving respectively as marker for neuron morphology and to identify
MT-bound EB3-GFP comets. The appearance of EB3-GFP comets was enhanced by subtracting the
average projection from the maximum projection reducing the background caused by diffuse EB3-GFP and
permits producing a colour merge of background and comets.

The quantification of dendritic protrusions that were invaded by EB3-GFP positive comets during the time of
imaging showed that, while 68% of protrusions in Cdk/5-WT neurons were invaded by EB3-GFP labelled
MTs, this event could be detected in only 40% of protrusions in Cdk/5-KO neurons. The prior treatment with
PME promoted MT invasion in Cdk/5-KO neurons, increasing the EB3-GFP positive protrusions to almost
62%. This indicates that loss of CDKL5 impacts the invasion of MTs into dendritic spines and that PME is

capable of rescuing such defect by promoting MT dynamicity.

Discussion

In this study we investigated the effect of the synthetic neurosteroid PME on cognitive and neuroanatomical
deficits linked to the absence of CDKL5. Since CDKL5 was previously found to control CLIP170 functioning
and MT dynamics, we focused our attention on analysing these aspects (6,26,27). We demonstrate that
PME treatment is capable of bypassing the absence of CDKL5 and promotes MT dynamics and cognitive

processes probably through a direct effect on CLIP170.

125



CDKLS5 deficiency causes CLIP170 inactivation that can be reverted by PME

The +TIP CLIP170 regulates MT dynamics by binding to the plus-ends of growing MTs, serving as a rescue
factor that supports the growth and elongation of MTs towards the cell cortex. CLIP170 alternates between
an autoinhibited closed conformation and the active linear conformation that allows its binding to MTs (12).
The in vivo FRET assay in COS7 cells demonstrated that CLIP170 is mainly present in its closed
conformation upon CDKL5 silencing. This is in line with our recent publications showing that CDKL5
deficiency renders CLIP170 hypo-functional reducing its MT-binding (6,8). The association of CLIP170 with
MTs ensures their capture at the cell cortex; this occurs in part through the interaction of CLIP170 with
IQGAP1, a scaffolding factor regulating cytoskeleton dynamics (28). CDKL5 deficiency destabilises the
CLIP170-IQGAP1 complex (8); this may be a consequence of the closed conformation of CLIP170 that
impacts the binding not only to MTs but also with its effector proteins. Interestingly, a binding partner of
CLIP170 is dynactin that mediates dynein-based transport of vesicles and organelles along MTs. The
CLIP170-dynactin interaction is involved in the initiation of retrograde transport (29). Notably, the absence of
CDKL5 was shown to affect the velocity of retrograde transport in neuronal dendrites (26). We speculate that
such defect can in part be explained by a compromised CLIP170-dynactin interaction.

In neurons, the hypo-functionality of CLIP170 impacts the engorgement of MTs into the actin-rich area at the
axonal tip, causing an increase in the growth cone area (10). Cdk/5-KO neurons are characterised by
enlarged growth cones in which CLIP170 is delocalised from tubulin (6); such phenotype is in line with an
impaired MT-binding of CLIP170 as consequence of its closed conformation.

As mentioned, the neuroactive steroid PREG activates CLIP170 by directly binding the protein and forcing its
open conformation (13). Our FRET analysis revealed an analogous effect of PME; indeed, both compounds
induced the unfolded conformation of CLIP170. This is in line with our previous studies demonstrating that
both PREG and PME restored the MT-association of CLIP170 in CDKL5 deficient cells and re-localised
CLIP170 to MTs in the axonal growth cone (6,8).

Our data thus provide important information regarding the mechanism of action of PME adding CLIP170 as a
novel target of the compound. PME was previously shown to enhance MT polymerisation by interacting with
MAP2 (30), the expression and functioning of which has not yet been studied in Cdk/5-KO models. We
cannot therefore at present exclude that the effect of PME may be due to a dual action involving not only

CLIP170 but also MAP2. Future experiments will investigate this subject.
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Possible involvement of MTs in CDKL5-dependent cognitive deficits

PME has been demonstrated to have anti-depressive and pro-cognitive properties in animals (14,15), and
was tested in humans against psychiatric symptoms with no apparent adverse effects (31). We here showed
that chronic treatment with PME completely restored hippocampal-dependent spatial memory in fully
symptomatic Cdk/5-KO mice. Importantly, we found that the positive effect of PME persists one week after
treatment discontinuation. The pharmacokinetics of PME was studied in rats using gas chromatography /
mass spectrometry upon a single administration of the compound (12 mg/kg); one hour after treatment, PME
had crossed the blood-brain barrier and accumulated in the brain; this accumulation persisted at lower levels
also 24h later (32). The long-lasting effect of PME that we observed in Cdk/5-KO mice may thus be due to its
continued presence in the brain. Conversely, we cannot exclude a persistent activation of signalling
cascades as reported for other neuroplasticity-enhancing molecules (33,34).

The cognitive improvement generated by PME in Cdk/5-KO mice was accompanied by a positive effect on
spine maturation. Indeed, whereas Cdk/5-KO mice are characterised by an increased number of immature
spines and a decreased number of mushroom/cup-shaped spines (18), the treatment with PME restored this
imbalance as well as the number of PSD95 puncta in hippocampal slices. Interestingly, PME treatment
promoted spine maturation also in WT mice. The pro-cognitive effect is also reflected by the increased
performance of PME-treated WT mice during the training phase of the Barnes maze test. It is worth
remembering that most CDD patients are heterozygous females who, due to random X-chromosome
inactivation, are chimeras with cells expressing either mutated or WT CDKLS5. Thus, it is possible to
hypothesise that the positive effect of PME on mutated neurons could synergistically add to that obtained on
WT neurons in a non-autonomous manner.

At the molecular level, the effect of PME on spine maturation is mirrored by the restored levels of MT-
associated proteins in the synaptic compartment of Cdk/5-KO brains. Through the recruitment of the +TIPs
EB3, MTs polymerise into dendritic spines and regulate spine-formation and synaptic activity (35); it is
therefore not surprising that mutations in genes that modulate MT dynamics have been found in many
neurodevelopmental disorders (36). Here we demonstrated that the synaptosomal fraction of Cdk/5-KO
hippocampi displayed a depauperation of CLIP170, IQGAP1 and EB3. Noteworthy, the ablation of IQGAP1
and EB3 was previously associated with defects in spine morphology and synaptic activity (21,37). The
presence of CLIP170 in dendritic spines has, for all we know, not been reported previously. However, our
results, suggesting a role of CLIP170 in dendritic spine maturation, may provide an explanation for the

cognitive impairment associated with a loss-of-function mutation in CL/IP71 (human CLIP170 ortholog) (38).
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Together with an effect on MT-associated proteins, PME treatment also restored GIuA2 levels in
hippocampal synaptosomes. The absence of CDKL5 did not affect total levels of either of these proteins;
their reduction in the synaptosomal fractions is therefore likely a consequence of altered transport or
recycling. Of relevance, we previously demonstrated that CDKL5 silencing delocalises IQGAP1 from the
leading edge of polarised cells (8). Since dendritic spines, like the leading edge of proliferating cells,
represent a highly active area where MT dynamicity contributes to cellular plasticity (35) we speculate that
IQGAP1 via its binding to CLIP170 could serve as a docking site for MTs in spines. By causing both the
delocalisation of IQGAP1 and the reduced MT-binding of CLIP170, CDKL5 deficiency may therefore impact
the entry and capture of MTs in dendritic spines. In line with this hypothesis, we found that the percentage of
dendritic protrusions invaded by EB3-bound MTs is reduced in Cdk/5-KO neurons. Importantly, MT invasions
have been found to be temporally and spatially associated with increased PSD95 levels in mature spines
(39). Similarly, AMPARSs are transported along MTs in Rab11-positive recycling endosomes and use both the
MT and actin cytoskeleton to enter dendritic spines (40); thus, the reduction of PSD95 and GIuA2 in Cdk/5-
KO hippocampi may be a consequence of defective MT dynamics, which partially depends on the abrogated
binding of CLIP170.

Altogether we demonstrate for the first time that learning and memory impairment caused by loss of CDKL5
can be associated with defective MT dynamics, the phamacological targeting of which appears as an
intriguing disease-modifying therapeutic approach for the improvement of cognitive functions in CDD

patients.

Methods
Antibodies and reagents

Details can be found in the Supplemental Methods and Materials in Supplement 2.

Animal maintenance, in vivo treatment, behavioral studies and neuroanatomical procedures

Protocols and use of animals were approved by the Animal Ethics Committee of the University of Insubria
and in accordance with the guidelines released by the lItalian Ministry of Health (D.L. 2014/26) and the
European Community directives regulating animal research (2010/63/EU). Adult mice were euthanised by
cervical dislocation, while neonates were sacrificed by decapitation.

For the in vivo treatment mice received daily subcutaneous injections from PND60-PND67 of 10 mg/kg PME

or vehicle between 9:00-11:00 a.m. based on previous studies (Bianchi et al., 2012) and pilot tests

128



performed in our laboratory. PME was suspended in sesame oil and freshly prepared each day of treatment.
Details of mice strains, behavioral studies and ex vivo procedures (analysis of PSD95 puncta and Golgi-

staining) can be found in the Supplemental Methods and Materials in Supplement 2.

Cell cultures, RNA interference (RNAIi) and transfections

Details can be found in the Supplemental Methods and Materials in Supplement 2.

Synaptosomal preparation

A single hippocampus (left) was used for each synaptosomal fractionation performed as in Heo 2018 (41).
The homogenate and the P1, S2 and synaptosomal fractions were incubated in RIPA buffer (50 mM Tris-HCI
pH 7.5, 150 mM NaCl, 1% NP40, 0.5% SDC, 0.1% SDS, 1 mM EDTA, 1 mM EGTA, PIC (Sigma Aldrich) and
PhosSTOP (Roche)) for 20 min on ice, quantified with BCA Protein Assay Kit (Pierce) and analysed by
Western blotting. Synaptosomes: 25-30 ug were loaded to analyse IQGAP1 and CLIP170 levels; 5 ug were
loaded to analyse PSD95, GIuA2, EB3 and GAPDH levels. Total homogenate: the amount of lysate was
determined for each protein through linear range analysis procedures. 10-15 pg were loaded to analyse
PSD95, GluA2, IQGAP1, CLIP170, EB3 protein expression levels. 2,5 ug were loaded to detect GAPDH

used as loading control.

FRET measurements

COS7 cells were seeded in a 6-well plate with glass coverslips (20000 cells/well), transfected with the
indicated siRNAs and 48 h later with YFP-CLIP170-CFP; 48 h post-silencing, cells were left untreated or
treated daily with 1uM PREG, 0,3 uM PME or the respective vehicles (0.0032% EtOH and 0.1% DMSO,
Sigma-Aldrich). Live microscopy images were obtained by an inverted point scanning confocal Leica SMD
SP8 (Leica Microsystems) with a 63X objective with the LASX software and the module of FRET Sensitized
Emission (excitations at 458 nm) at 37°C. FRET efficiency (ratio of FRET/donor signals) was calculated

using the LASX software and considering the entire cell as region of interest (ROI).

Analysis of MT dynamics
MT entry in dendritic protrusions was analysed as described in Kapitein et al. (25). Details can be found in

the Supplemental Methods and Materials in Supplement 2.
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Data analyses
Statistical analyses of the data were performed using Graph-Pad Prism (GraphPad Software, San Diego,

CA). All data are presented as mean = SEM. p values <0.05 represent statistical significance.
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Legends

Figure 1. PME induces the open conformation of CLIP170 in CDKL5 deficient cells. A) Representative
images of COS7 cells expressing YFP—CLIP170-CFP upon silencing with siCdkI5 or siCtr and treated with
PREG (0.1 pM) or PME (0.3 uM) and their respective vehicles (EtOH 0.0032% or 0.1% DMSOQO) for 48 h. The
rows show CFP and YFP images. The third row shows a false colour rendering of the FRET signal, the
intensity of which is indicated with the calibration bar. Scale bar 10 um. B) Schematic representation of YFP—
CLIP170-CFP in the closed and open conformations. C) Western blot showing CDKL5 levels in COS7 cells
treated as described in A. D-F) Graphs showing the FRET efficiency in siCdkl5 and siCtr cells left untreated
(D) or treated with PREG (E) or PME (F) as described above. siCtr/siCdklI5 untreated, n=39/33 cells; siCtr
EtOH, n=31; siCdkl5 EtOH/PREG, n=97/72 cells; siCtr DMSO, n=32; siCdkl5 DMSO/PME, n=66/74 cells.

Mean+SEM. **p<0.01; ***p<0.001; ****p<0.0001. One Way ANOVA, Dunnet's posthoc.

Figure 2. PME treatment positively affects defective spatial memory acquisition and long-term
retention in CdkI/5-KO mice. WT and KO mice were treated with PME (10 mg/kg/day s.c.) or vehicle
(sesame oil) for 7 days and then submitted to the Barnes maze (BM, B-D) and the object location task (OLT,
G) to test spatial memory. A) Training phase of BM: 2 frials in 3 consecutive days were performed. The
asterisks indicate the learning improvement between trials 1 and 6. B) Total distance travelled during the
training phase. C) Latency to reach the escape hole. D) Number of nose pokes in the escape hole. E-F)
Latency to reach the escape hole and number of nose pokes following one week of treatment
discontinuation. G) Discrimination index (DI) during the test phase of OLT calculated as: [(Er-
Ef)/(Er+Ef)]x100; Ef and Er, time spent exploring the familiar and relocated objects, respectively. H) DI
following one week of treatment discontinuation. Mean+SEM. *p<0.05; **p<0.01; ****p<0.0001. Two Way

ANOVA, Tukey’s posthoc test.

Figure 3. PME treatment reverts defective spine maturation in Cdk/5-KO mice. A) Classification of
dendritic spine maturation according to morphology. B) Representative images of Golgi-stained dentate
gyrus neurons from hippocampi of treated WT/KO mice. C,D) Graphs showing the percentage of mature and
immature spines (C) and spine density of dentate gyrus neurons. N=50 spines from 5 mice/group. E) PSD95

staining of hippocampal slices (dentate gyrus) from treated WT/KO mice. Scale bar 5 uM. F) Graph showing
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the number of PSD95 puncta. N=4/5 mice/group. Mean+SEM *p<0.05; **p<0.01; ****p<0.0001. Two Way

ANOVA, Tukey’s posthoc test.

Figure 4. PME treatment restores the deranged localisation of MT-related proteins in the post-
synaptic compartment of Cdk/5-KO mice. A) Subcellular fractionation of mouse hippocampi was
monitored by western blot analyses of synaptic and non-synaptic proteins. Whole lysate (homogenate),
nuclei/debris (P1), cytosol (S1), and synaptosomal fractions (Syn) were analysed. B) Representative WB of
synaptosomes from hippocampi of treated WT/KO mice. C-G) Graphs showing PSD95, GluA2, IQGAP1,
CLIP170 and EB3 levels nomalised to GAPDH. N>8 animals group. Mean +SEM *p<0.05;**p<0.01. Two

Way ANOVA, Fischer’s LSD test.

Figure 5. Impaired MT invasion in dendritic spines of primary hippocampal Cdk/5-KO neurons is
restored upon treatment with PME. A) Stills of live imaged EB3-GFP bound MTs in primary WT/KO
neurons (confocal laser-scanning microscope, 3 min time lapse/neuron). The ImageJ software was used to
generate the average projection (diffuse pool of EB3-GFP as marker of neuronal morphology) and the
maximum projection (EB3-GFP comets bound to MT plus-ends) of stacks. B) Graph showing the percentage
of protrusions invaded or not by EB3-GFP during the time of imaging. N>70 spines in 4 neurons/condition.

Mean +SEM *p<0.05. One Way ANOVA, Dunnet'’s posthoc test.

Supplementary Figure 1
A) Representative WB of hippocampal total lysate from WT/KO mice treated with PME or vehicle as
described. B-F) Graphs showing PSD95, GluA2, IQGAP1, CLIP170 and EB3 levels normalised to GAPDH.

N>8 animals group. Mean +SEM. Two Way ANOVA, Fischer’s LSD test.
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Supplement 2 Methods and Materials

Mouse colony

Cdki5-knockout (KO) mice described in (7) on the genetic background CD1 were used. The day of birth was
designated as post-natal day (PND) zero. After weaning, three to five animals were housed in enriched
cages on a 12 h light/dark cycle in a temperature and humidity-controlled room with food and water provided

ad libitum, and checked daily for general health conditions.

Genotyping

Genotyping was performed through PCR on genomic DNA from tail biopsies. Forward PCR primers: 5'-
ACGATAGAAATAGAGGATCAACCC for the identification of the null allele, 5'-
CCCAAGTATACCCCTTTCCA for the WT allele. Common reverse primer: 5-
CTGTGACTAGGGGCTAGAGA. The obtained PCR products were a single band of 340 base pairs (bp) for

Cdki5-KO mice, a single band of 240 bp for the WT animals and both bands for heterozygous females.

Behavioural studies

Behavioural testing was carried out by two observers, blind to the treatment conditions. Tests started on
PNDG67 (after 7 days of treatment) and PND74 (one week after withdrawal).

A total of 97 male mice from different cohorts, obtained crossing heterozygous females with WT males, were
used in the study. Littermate Cdk/5-WT and -KO male mice were randomly divided into 4 treatment groups.
For the object location task at PND67 were used 13 mice (from 27 cohorts) in each experimental group
whereas 5 mice (from 22 cohorts) per group were used at PND74. For the Bames maze test at PND67 and

PND74 were used 11 WT-vehicle, 12 KO-vehicle, 8 WT-PME, 10 KO-PME (from 24 cohorts).
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Object location task (OLT). The experimental apparatus used for the test was an open-field box, 43x43x32
cm (Ugo Basile, Varese, Italy) made of Plexiglas, placed in a dimly illuminated room. Animals performed
each test individually. Briefly, each animal was placed in the arena and allowed to explore two identical,
unknown objects for 10 min (familiarisation phase). The chambers were cleaned with 70% ethanol between
testing of individual mice. Thirty minutes after the familiarisation phase, mice were placed again in the same
arena in which one of the two objects was relocated. During the test phase, the time spent exploring the
familiar object (object 1) and the relocated object (object 2) was recorded and the discrimination index was
calculated: [(Er-Ef)/(Er+Ef)]x100 with Er and Ef indicating the time spent exploring the relocated and familiar

objects, respectively.

Barnes maze test (BM). The maze apparatus consisted of a white circular disk 1.0 m in diameter with 20
holes. A black escape box was located under one of the holes representing the target. The BM apparatus
was placed in the centre of a dedicated room with two 120 W lights oriented towards the maze. Three simple
black and white shapes were mounted around the maze as visual cues, in addition to the asymmetry of the
room itself. In the training phase, mice were placed inside an opaque cardboard cylinder in the centre of the
BM for 15 seconds allowing the mouse to be facing a random direction when the cylinder was lifted and the
trial began. When the cylinder was removed, the mouse was allowed to explore the maze for 3 min during
which the primary latency to reach the escape hole was measured. Six such trials were distributed over 3
consecutive days (until the WT mice were able to remember the position of the target hole). On the probe
day, 24h after the last training day, the escape cage was removed; mice were placed inside the central
opaque cylinder for 15 seconds where after each mouse was given 90 seconds to explore the maze and the
mouse was returned to its holding cage. The latency to reach the escape hole and the number of nose pokes

in the escape hole were recorded with the ANY-maze Video Tracking Software.

Antibodies, plasmids and reagents

Anti-CDKL5 (Sigma-Aldrich, HPA002847; Santa Cruz, sc-376314), anti-lIQGAP1 (Santa Cruz, sc-10792)
anti-CLIP170 (Genetex, GTX117504; Santa Cruz H-300, sc-25613), anti-EB3 (Santa Cruz, sc136405), anti-
PSD95 (Thermo Fischer Scientific, MA1045), anti-GluA2 (Millipore, MAB397), anti-a-tubulin (Sigma-Aldrich,
T6074), anti-GAPDH (Sigma-Aldrich, G9545), anti-GFP (Roche, 1814460). HRP-conjugated goat anti-mouse
or anti-rabbit secondary antibodies for immunoblotting, DAPI, and secondary Alexa Fluor anti-rabbit and anti-

mouse antibodies for immunofluorescence were purchased from Thermo Scientific. mEmerald-CLIP170-N-
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18 (plasmid #54044; Addgene). pPEGFPN2-EB3 and YFP-CLIP170-CFP were kindly provided by the Casper
Hoogenraad and Anna Akhmanova, respectively. Pregnenolone (PREG) was from Sigma. Pregnenolone-

Methyl-Ether (PME) was obtained from Steraloids, Newport, USA.

Histochemical procedures and analysis of PSD95 puncta

Upon dislocation, mice were decapitated and brains were rapidly excised and frozen in liquid nitrogen. 40 um
cryosections were cut and mounted onto coated slides (SuperFrost® Plus, Thermo Scientific) and stored at -
80°C. The slides were fixed in 2% paraformaldehyde (4°C) for 90 seconds, then rinsed 3 times with PBS 1X
and blocked in 5% horse serum and 0.2% Triton X-100/PBS for 60 min. Upon overnight incubation with anti-
PSD95 antibody (1:1000), the slides were incubated for 60 min at RT with a TRITC-conjugated goat anti-
mouse IgG (1:1000) in blocking solution, rinsed 3 times with PBS and covered with ProLong Gold Antifade
reagent (Invitrogen). As negative control a slide was incubated with only the secondary antibody.

PSD95 immuonreactive puncta were quantified using images from the molecular layer of the DG acquired
with a LEICA TCS SL confocal microscope (LEITZ; Leica Mycrosystems, Wetzlar, Germany) with objective
63X (NA 1.32; zoom factor = 8) and the pinhole set at 1 Airy unit. Three to four slides per animal were
analysed using Imagej software (“analyse particles” plugin). Optimised threshold values and size filters were
applied for all the images to identify PSD95 puncta. The number of PSD95 puncta was calculated in 4
identical sections for each slides (in order to have a mean of 4 separate zones of the DG per single slide)

and expressed per um2.

Golgi-staining

Golgi-staining was carried out following the FD Rapid GolgiStain™ kit instructions (fdNeuroTechnologies,
inc). Brains were kept at —80°C until cryosectioning that was performed at —22°C. Coronal sections (100 um)
were cut and transferred to Superfrost Plus (Thermo Scientific J1800AMNZ) onto small drops of FD Solution
C. Sections were dried at RT in the dark for 24h where after slides were stained as described in the FD
Rapid GolgiStain instructions.

In Golgi-stained sections, spines of granule neurons were counted using a 100X oil immersion objective
coupled with an Olympus BX51 Fluorescence microscope equipped with Retiga R1 (Qlmaging) CCD
camera. Spine density was measured by manually counting the number of spines on 30 um long dendritic

segments. Spine morphology was evaluated classifying spines according to criteria described in Risher 2014
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(42): filopodia, long thin, thin- and stubby-shaped as immature spines and mushroom- and cup-shaped as

mature spines.

Cell cultures, RNA interference (RNAi) and transfections

COS7 cells were maintained in DMEM (Dulbecco’s modified Eagle’s medium; Sigma-Aldrich) supplemented
with 10% FBS (EuroClone), L-glutamine (2mM, EuroClone), penicillin/streptomycin (100 units/mL and 100
Hg/mL respectively, EuroClone) at 37°C with 5% COz.Primary hippocampal cultures were prepared from
Cdki5 WT and KO embryos at embryonic day 17 (E17) considering the day of the vaginal plug as EO as
previously described (Trovo 2020). siRNA transfection was performed with 20 nM siRNA oligonucleotides
targeting CDKL5, or a control siRNA (siCdkl5 5'GCAGAGTCGGCACAGCTAT3', siCtrl
5'CGUACGCGGAAUACU UCGATT3?) using Lipofectamine™ RNAIMAX (Life Technologies Incorporated).
Plasmid transfection of cells and primary hippocampal neurons was performed with respectively

Lipofectamine™ 3000 and Lipofectamine™ 2000 (Life Technologies Incorporated).

Analysis of MT dynamics

For the analysis of MT entry in dendritic protrusions, neurons were plated in a 6-well plate with glass
coverslips (225000 neurons/well) and transfected at DIV11 with pEGFPN2-EB3. The same day neurons
were treated with 1uM PME or vehicle (0.1% DMSO). Live microscopy was performed at DIV14.
Fluorescence in the specimens was imaged every 3 second for 3 min with a confocal laser-scanning
microscope (Leica SMD SP8) with a 63X oil immersion objective (Leica) at 37°C. The percentage of dendritic
protrusions invaded by MTs was quantified as described in Kapitein et al. (25). Briefly, using the ImageJ
software we generated for each movie the average projection and the maximum projection of stacks in order
to identify the mask of neuronal morphology (exploiting the diffuse pool of EB3-GFP) and EB3-GFP comets
bound to MTs respectively. The average projection was subtracted from the maximum projection for

reducing the background caused by diffuse EB3-GFP and enhancing the appearance of EB3-GFP comets.
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FIGURE 5
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