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Summary

Mutations in the cyclin-dependent kinase like 5 (CDKL5) gene have been found in
individuals with a rare neurodevelopmental disorder characterized by early-onset
epileptic encephalopathy, severe intellectual disability, intractable seizures and infantile
spasms (1, 2). CDKL5S is a serine/threonine kinase with an N-terminal catalytic domain
that shares homology with the mitogen-activated protein kinases and cyclin-dependent
kinases. Its long C-terminal region of CDKL5 regulates several aspects of its properties
such as the catalytic activity, subcellular localization and protein stability (3).

CDKL5 functions are still not fully understood: its localization in both the nucleus and
the cytoplasm of expressing cells suggests that it may be involved in several cellular
processes. In the nucleus CDKLS5 interacts with MeCP2, DNA methyltransferase 1, the
splicing factor SC35, and histone deacetylase 4 (HDAC4), thus suggesting a link between
CDKL5 and gene expression (4—7). In neurons, cytoplasmic CDKL5 is distributed both in
the soma and the neuronal periphery where its levels are tightly regulated in an activity-
dependent manner. In the cytoplasm, CDKL5 is known to regulate several aspects of
neuronal morphology through its interacting proteins. CDKL5 is involved in neuronal
morphogenesis and dendritic arborization in a Racl dependent manner (8). Moreover,
in accordance with its accumulation in the post-synaptic densities of mature neurons,
CDKL5 was found to control proper spine development and synapse formation (9—12). A
study in our laboratory has recently demonstrated a potential role of CDKL5 in axon
specification and elongation (13), at least in part through its interaction with shootinl.
The aberrant neuronal morphology linked to Cdkl5 has been observed both in Cdkl5-
silenced primary neurons as well as in Cdk/5-null brains strongly suggesting that these
defects may underlie the cognitive impairment characterizing both patients and mice
devoid of the kinase. The molecular basis of these defects is still far from understood
but altered cytoskeletal dynamics are likely to be involved.

The identification of IQGAP1 as novel CDKL5 interactor may provide a key to understand
such neuronal defects [Appendix 1, (14)]. IQGAP1 promotes microtubule (MT) dynamics
through its association with Racl and the MT plus-end binding protein (+TIP) CLIP-170

(15). In cycling cells, CDKL5 controls the localization of IQGAP1 at the cell cortex and the



formation of the Racl—CLIP-170-IQGAP1 complex, thus allowing the guidance and
capture of MTs at the cell cortex. In particular, CLIP-170 activity on MTs might play a
significant role in the regulation of cytoskeletal dynamics in cycling cells and neurons.
Considering how the loss of CDKL5 negatively impacts on cellular and neuronal
morphology, we envisaged that this kinase could regulate cytoskeletal dynamics acting
directly or indirectly on CLIP-170. Indeed, CLIP-170 is known to regulate several aspects
of neuronal morphology such as axon outgrowth (16), dendritic arborization (17) and
growth cone organization. By bridging the actin cytoskeleton to MTs, CLIP-170
coordinates proper cytoskeletal dynamics (18). The binding of CLIP-170 to MTs and its
partners is tightly regulated by its conformational state; it has been demonstrated that
the intramolecular association between the N- and C-termini results in autoinhibition of
CLIP-170, thus altering its binding to MTs (19).

In the current study, we analysed the role of CDKL5 in the regulation of CLIP-170
activity. Through a FRET analysis on COS7 cells we demonstrated that the loss of CDKL5
causes CLIP-170 to be mainly in its closed inactive conformation, thus reducing its
interaction with MTs.

Furthermore, using Cdk/5-KO primary hippocampal neurons we demonstrated that the
loss of CDKLS is detrimental for the correct progression of the early steps of neuronal
differentiation. In fact, the absence of CDKL5 influenced the distribution of MTs at the
axonal growth cone level. Altered MT dynamics in the growth cones correlated with
disrupted axon polarization and decreased axonal elongation. Moreover, our
characterization of Cdk/5-KO neurons confirmed the role of this kinase in the formation
and maturation of dendritic spines.

As previously mentioned, CLIP-170, acting on MT dynamics, is known to regulate
multiple aspects of neuronal morphology, such as proper growth cone organization and
size, axon specification and elongation (16) and dendritic arborization (17). Moreover,
even if a direct link has not been demonstrated yet, CLIP-170 may play a role in the
regulation of spine formation and maturation, as +TIPs are known to coordinate MT
dynamics in such compartment (20).

Considering all above we investigated the localization of CLIP-170 in axonal growth
cones and in dendritic spines in Cdk/5-KO neurons. We found that this +TIP is present in

both cellular compartments. Intriguingly, we found that the loss of CdkI5 causes its



delocalization from tubulin at the growth cone level and alters its entrance in dendritic
spines. These results strengthen the hypothesis that CDKL5 and CLIP-170, acting in
common pathways, may regulate cytoskeletal dynamics in such compartments.

We recently demonstrated that the neurosteroid Pregnenolone (P5) is able to revert
several altered morphological phenotypes both in CDKL5 depleted proliferating cells
and in Cdk/5-silenced neurons [Appendix 1, (14)]. By binding CLIP-170 this compound
stabilizes the extended conformation of the protein, thus increasing its affinity for MTs
and promoting MT polymerization (21). Hence, we hypothesised that P5 might be
sufficient to bypass the need of CDKL5, restoring the morphological defects associated
with the loss of the kinase.

In the current study we showed that morphological and molecular defects found in
CdkI5-null neurons and the altered dynamics of CLIP-170 on MTs in COS7 cells can be
restored upon treatment with P5. Moreover, we evaluated the efficacy of the synthetic
non-metabolizable derivative, Pregnenolone-Methyl-Ether (PME). This compound
raised our interest as it may represent an interesting alternative to P5 in a future clinical
application. Indeed, while maintaining the same biological action, PME is devoid of the
undesired side effects due to the metabolism of P5 (22). Intriguingly, the positive
effects obtained in neurons with the treatment with P5 could also be achieved with
PME. Furthermore, both compounds increased the activity of CLIP-170, promoting its
open extended conformation and its affinity for MTs in COS7 cells. Considering all
above, we speculate that the positive effects of the two compounds are likely to be due
to an activation of CLIP-170 functionality and a concomitant increase in MT dynamics.
Altogether, our findings are conceivably shedding light on the molecular mechanisms
through which Cdkl5 exerts its role in neuronal development and maturation,

accelerating the design of novel therapeutic strategies for CDKL5 disorder.



1. Introduction

1.1 From Rett Syndrome to CDKLS5 disorder

J

Rett syndrome (RTT, OMIM 312750) is an X-linked dominant neurodevelopmental
disorder occurring almost exclusively in females (23) and considered the second genetic
cause of female intellectual disability after Down Syndrome (24) as it affects
approximately 1 in 10000 female birth. RTT is characterized by a wide spectrum of
clinical manifestations: in the classic form, after a period of normal development (the
first 6-18 months of life), patients show a developmental stagnation followed by a
regression phase in which they loose acquired abilities such as hand use, learned single
words and communicative behaviour (25). Typical additional RTT manifestations are
growth retardation, motor dysfunction, postural hypotonia, along with stereotyped
hand movements and autistic like symptoms (such as lack of social smiling,
hypersensitivity to sound, lack of eye-to-eye contact) (26). In the last phase of the
disease, cardiac abnormalities, respiratory problems, epileptic seizures and
Parkinsonian features arise (27). Approximately 95% of patients with classic RTT show a
mutation in the methyl CpG-binding protein 2 gene (MECP2; OMIM 300005 (28), which
usually arises de novo. However, beside classical RTT, atypical forms, with milder or
more severe clinical pictures, have been described and clustered into three distinct
clinical groups: the preserved speech variant, the early seizure variant (ESV), and the
congenital variant (29). Among these atypical forms, mutations in MECP2 appear only in
50-70% of cases (30), suggesting the existence of other genes involved in RTT. In 1985
Hanefeld described for the first time the ESV RTT variant, also known as the Hanefeld
variant, in a female patient presenting infantile spasms followed by several symptoms
consistent with the diagnosis of RTT (31). No MECP2 mutations have been reported in
patients with this variant, suggesting that most cases of RTT with early onset seizures
are caused by a different mechanism (32). The CDKL5 (cBc/mBHependent khalellke 5)
gene, also known as STK9 (Serine Threonine Kinase 9), was firstly identified through a
transcriptional mapping effort of disease genes of the human Xp22 region, already

known to be associated with different pathologies, including Nance-Horan (NH)



syndrome, oral-facial-digital syndrome type 1 (OFD1), and a novel locus for non-
syndromic sensorineural deafness (DFN6) (3). The first correlation between mutations
in CDKL5 and neuronal diseases was suggested in year 2000, when genetic deletions in
two Danish siblings affected by retinoschisis (RS) and epilepsy were analysed. In this
study, a large deletion of 136 kb was found to partly delete BLERI (X-linked juvenile
retinoschisis precursor protein) and PPEPEL (protein phosphatase gene with EF calcium-
binding domain), and truncate the 3’ end of the CDKL5 gene. Since mutations in BILERI
and PPEPPI had never been associated with seizures, the most plausible hypothesis was
that epilepsy in these patients was caused by deletions of the C-terminal region of
CDKL5 (33). Later on, in 2003, the link between CDKL5 mutations and neurological
diseases was further strengthened by the description of two different truncations of the
gene in two girls suffering from West syndrome, an infantile syndrome characterized by
infantile spasms, hypsarrhythmia, and severe-to-profound mental retardation (1). The
first strong indications of a direct involvement of CDKL5 in the Hanefeld variant of RTT
came in 2004, when de novo mutations in the catalytic domain of CDKL5 were identified
in patients with early-onset infantile spasms and clinical features overlapping those of
RTT (34). Moreover, frameshift CDKL5 mutations were identified in patients from two
unrelated families with severe early-onset epilepsy with infantile spasms, mental
retardation and clinical manifestations similar to RTT (34, 35). Lastly, Scala and
colleagues described CDKL5 frameshift deletions in patients with the ESV variant
characterized by the development, in the very first post-natal weeks of life, of drug
resistant convulsions, usually of the spasm type. They also analysed CDKL5 in MECP2
negative patients with classical RTT or the preserved speech variant, but no mutations
were found (36). Since then, numerous articles highlighted the correlation between
CDKL5 mutations and clinical pictures characterized by early-onset epilepsy, myoclonic
encephalopathy, intractable neonatal seizures, severe infantile encephalopathy, mental
retardation, and autistic features with intellectual disability. In order to simplify the
terminology, these phenotypes have been gathered together under the name of
“CDKL5-related disorder@or “CDKL5-associated encephalopathy@(37).

Considering all the above, CDKL5 disorder (CD) is currently considered as an
independent clinical entity associated with early-onset encephalopathy (2), separate to

RTT, rather than another variant.



1.2 CDKLS disorder: defining the clinical features

J

A full clinical picture of CD 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
characteristics to better define the diagnostic criteria. The first characterization of CD
patients came in 2008 when Bahi-Buisson and colleagues screened the whole coding
region of CDKL5 in a total of 183 female patients with early seizure encephalopathy and
described the clinical features of 20 patients with pathogenic CDKL5 mutations. They
found that the main phenotypic manifestations differed depending on age: in younger
patients (B2 years of age), epileptic seizures, starting within the first 3 months of life,
hypotonia, and poor eye contact represented the main sign of CDKL5 mutations.
Conversely, from the age of 2-3 years, severe encephalopathy associated with epilepsy
and RTT-like features (apraxia, stereotypic movements, sleep disorders) were
predominant (37). Moreover, they stressed that early epilepsy (median age of onset 4
weeks) is a key to identify the patients likely to have CDKL5 mutations. Concerning this,
the authors described a three-step pattern of epilepsy: stage | (onset 1-10 weeks) of
“early epilepsyRl consists of frequent convulsive seizures characterized by high
frequency (2-5 per day); during stage Il (from 6 months to 3 years of age) seizures
decrease but patients develop epileptic encephalopathy with infantile spasms and
hypsarrhythmia. Eventually, in stage lll, half of patients recovered, with fewer seizure
number, while the other half developed refractory epilepsy with tonic seizures and
myoclonia (38). More recently, the increased number of patients affected by CD
allowed a further investigation of clinical diagnostic criteria of the CD. Artuso and
colleagues tried to delineate the specific clinical diagnostic criteria for CD reporting an
investigation of 9 girls with CDKL5 mutations compared with 34 cases already reported
in literature (Fig 1.1). According with previous studies, the authors confirmed that all
CDKL5 patients experienced seizures during their lives: early onset epilepsy was thus
defined as the main criteria for the identification of CDKL5 mutations. The presence of
stereotypic hand movements was also indicated as a hallmark of the disease, in addition
to normal prenatal history and a quite normal perinatal period, severe hypotonia, poor
eye contact and the absence of response to social interactions, absence of speech, and

hand skills and the presence of gastrointestinal disturbances and breathing irregularities



(39). These criteria started to lay the foundations for a specific characterization of CD,

distinguishing it from the other forms of RTT.

Necessary criteria
Normal prenatal history
Irritability. drowsiness and poor sucking in the perinatal period
before the seizures onset
Early epilepsy. with an onset between the first week and 5 months
Hand stercotypies
Severely impaired psychomotor development
Severe hypotonia

Supportive criteria
Infantile spasm at onset or during the course of epilepsy
Poor eye contact and absence of response to social interactions
Absence of speech
Absence of hand skills
Absence of scoliosis
Normal head circumference at birth that remains normal or has a
slight deceleration of growth
Normal weight and height
Rare neurovegetative dysfunctions: gastrointestinal disturbances,
breathing irregularities. cold extremities

Fig. 1.1 Diagnostic criteria for early-onset seizure variant of RTT (39)

The expanded knowledge about RTT and related disorders, along with the increased
number of patients mutated in CDKL5RIpushed to outline specific diagnostic criteria for
these diseases. In 2010, Neul and colleagues, in collaboration with the RettSearch
Consortium, revised and simplified the diagnostic criteria for typical and atypical RTT
(Fig. 1.2). Three groups of criteria were identified: four B a# criteria required for both
typical and atypical RTT, eBc/ubn criteria for typical RTT and RuppoBt@e criteria for
atypical RTT. The diagnosis of atypical RTT, requires that, beside the presence of
regression, at least 2 out of 4 main criteria and 5 out of 11 specific supportive criteria
should be present. In addition, some clinical features were specified to distinguish the
three variant forms, among which the ESV. Notably the presence of a period of
regression followed by recovery was considered as required criterion for both typical

and atypical RTT (40).
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Necessary criteria
A period of regression followed by recovery or stabilization

Main criteria
Partial or complete loss of acquired purposeful hand skills
Partial or complete loss of acquired spoken language
Gait abnormalities: Impaired (dyspraxic) or absence of ability.
Stereotypic hand movements

Supportive criteria
Breathing disturbances when awake
Bruxism when awake
Impaired sleep pattern
Abnormal muscle tone
Peripheral vasomotor disturbances
Scoliosis/kyphosis
Growth retardation
Small cold hands and feet
Inappropriate laughing/screaming spells
Diminished response to pain
Intense eye communication - ‘‘eye pointing™’

Fig. 1.2 Diagnostic criteria for typical and atypical Rett (40)

In 2013, CDKL5 disorder was suggested to be an independent clinical entity that should
not be considered as part of the RTT spectrum (2). Indeed, among 77 females (6
months to 22,4 years of age) and 9 males (1.1 to 14.9 years of age) with a pathogenic or
potentially pathogenic CDKL5 mutations, B25% of females and no males fulfilled the
previously described criteria for ESV RTT. These unexpected results were largely due to
the absence of a period of regression in the majority of cases, in accordance with
previous studies (37, 39). Also specific supportive criteria, such as diminished response
to pain, spinal curvature and intensive eye pointing, were infrequently reported (Fig.

1.3).
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Extremely likely
Seizures within the first year of life (90% by 3 months)
Global developmental delay Severely impaired gross motor function

Very likely
Sleep disturbances
Abnormal muscle tone
Bruxism
Gastrointestinal issues

Likely
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

Unlikely
Independent walking
Microcephaly
Major congenital malformations

Fig. 1.3 Clinical features suggesting a diagnosis of the CDKL5 disorder (2)

Interestingly, some dysmorphic features were identified as useful for the diagnosis of
CD (Fig. 1.4). Indeed, CD patients are frequently characterized by prominent and/or
broad forehead, high hairline, relative midface hypoplasia, deep-set but large appearing

eyes and infra-orbital shadowing (2).

Fig. 1.4 Examples of facial, hand and feet features in females (a-g) and males (h) with the CDKLS5 disorder
(2).
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Even if it seems that CDKL5 mutated boys are more severely affected than females, it is
still difficult to make a comparison between sexes. Random X-inactivation, which in
females produces a mosaic expression of normal and altered CDKL5, may result in a less
severe outcome. A huge heterogeneity exists between patients suggesting that the
phenotypic differences could be due to modifier genes that have been differentially
influenced by environmental and/or epigenetic factors. Further studies focused on the
identification of direct and indirect partners of CDKL5, will help defining its functions
and might lead to the identification of modifier genes representing relevant targets for

therapeutic approaches (41).

1.3 The CDKL5 gene

0

The human CDKL5 gene occupies approximately 240 Kb of the Xp22.13 chromosomal
region and it is composed of 27 exons. The first three (exons 1, 1a, 1b) are untranslated
and the ATG start codon is located within exon 2, implying that the coding sequences
are contained within exons 2-21 (1, 42). CDKL5 is known to undergo alternative splicing,
which result in the formation of at least 5 different isoforms (hCDKL5E1-5, Fig. 1.5). The
first isoforms were discovered in 2003 by Kalscheuer and colleagues, but a detailed
CDKL5 mRNA analysis led to a more complete picture in 2016. hCDKL5E1 (107 KDa; 960
amino acids) is the prevailing isoform in the central nervous system of both human and
mouse (mCdkI5R1), validating this animal as a model for studying the neurological
functions of CDKL5. Exon 17, whose the function is still unknown, is present in
hCDKL5E2-4 (mCdkI5E2) isoforms that differ only slightly from hCDKL5R1, but have a
lower expression in brain. hCDKL5ES5 (previously CDKL5;;5, 115 KDa, 1030 amino acids)

is the only isoform presenting exons 20-22 and is mainly expressed in testes (43).
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Figure 1.5 Schematic representation of the structure of the human CDKL5 gene and the composition of
the different coding isoforms (hCDKL5R1-5). 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 (43).01

The murine isoforms mCdkI5E1-2 are orthologous of their human counterparts. In
contrast, the coding regions of the other three mouse transcripts do not show full
orthology to human isoforms and are hence termed mCdkI5E6, mCdkI5E7 and

mCdkI5E8 (Fig. 1.6)

11a° 2 34 5 6 78 9 1011 12 13 14 15 16 17718 19" 20" 21" 22"
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Figure 1.6 Schematic representation of the structure of the mouse Cdk/5 gene and the composition of the
different coding isoforms (mCdkI5@1,2,6-8). 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 (43).

1.4 The CDKLS protein

0
CDKL5 belongs to the CMGC family of serine/threonine kinases, which includes cyclin-
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dependent kinases (CDKs), mitogen-activated protein kinases (MAPKs), glycogen
synthase kinases (GSKs) and CDK-like kinases (3). Indeed, CDKL5 is characterized by a
highly conserved NH,-terminal catalytic domain (amino acids 13-297), homologous to
that of the other CDKL-family members and a long (2600 amino acids) COOH-terminal
tail. This 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. 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 TEY (Thr-Xaa-Tyr) motif within its activation loop
(amino acids 169-171) (44) whose dual phosphorylation is required for activation of
extracellular signal-regulated kinases (ERKs) (45); in addition, CDKL5 contains an
autocatalytic activity directed against its TEY motif. The long C-terminal domain
contains two distinct putative signals for nuclear import (NLS1 and NLS2; amino acids
312-315 and 784-789 respectively) and export (NES, amino acids 836-845): accordingly
the COOH-terminal region plays an important role in localizing the kinase properly
within the nuclear compartment (Fig. 1.7) (44). The precise consensus sequence within
CDKLS5 substrates has not yet been fully characterized. The CDKL5 interactor Amph1 and
its homologue (not phosphorylated by CDKL5) have been used in a recent study in
which RPXSX emerged as a putative consensus sequence (46). However, this sequence
is not present in other CDKL5 substrates, suggesting that further investigations are
needed to better understand the molecular basis that regulate the relationship

between CDKL5 and its interactors.
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Fig. 1.7 Schematic representation of human CDKL5 protein with the functional domain and signature
indicated. NLS: nuclear localization signal. NES: nuclear export signal. Kinase domain is depicted in pink
[adapted by (41)]
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1.5 CDKLS5 pathological mutations

O

CDKL5 pathogenic mutations, which generally occur de novo, are distributed
throughout the entire sequence and include missense and non-sense mutations, splice
variants (47), exonic deletions/duplications, in-frame and frameshift deletions or
insertions, and multiple mutations. Missense mutations involve almost exclusively the
catalytic domain, while they are unlikely to be pathogenic when occurring elsewhere in
the protein (48). Truncating mutations can occur anywhere in the gene, resulting in

CDKL5 derivatives of various lengths (Fig. 1.8).

. Catalytic domain

ey o
. ATP-tinging
. NLS
D SIT kinase site
s
N398T
L|]I32F \;"35” IEJ-‘IHE TEIIISA I TT|93I
A1BET | S2407 | T296A hCDKLS_1 - 960 aa
M K225R D2Z84E
RE5Q Wi125C
1asvl
N1465 IR158H

E162D

Benign/likely benign

Figure 1.8 Pathogenic CDKL5 missense variants in patients [adapted by (48)]

The overexpression of mutated CDKL5 derivatives in non-neuronal cell lines has allowed
elucidating the molecular effects of some pathological mutations. Some missense
mutations in the kinase domain cause a great reduction of the catalytic activity of
CDKL5 while C-terminal truncating mutations produce an increased catalytic activity and
the nuclear accumulation of the kinase (44, 49). These results suggest the importance
of the C-terminal tail in controlling the activity (acting as negative regulator) and the
subcellular localization of CDKL5. However, it is important to take into account that
several truncating mutations generate transcripts which are likely to be highly unstable,
due to mRNA surveillance and nonsense-mediated mRNA decay (NMD) phenomenon

(37). Several other studies proposed that mutations in the catalytic domain are
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associated with a more severe clinical phonotype, characterized by a higher incidence
and more precocious onset of epileptic encephalopathy than that caused by truncating
mutations (38, 50). Furthermore, recent studies have highlighted the importance of
CDKL5 dosage. Indeed, Szafranski and colleagues reported of 11 patients with genomic
duplications  involving  CDKL5 characterized by neurodevelopmental and
neurobehavioral characteristics including difficulties in learning, autistic and hyperactive
behaviour, developmental and speech delay® Interestingly, none of these patients
presented epilepsy. Thus, increased dosage of CDKL5 seems to affect the global output
of the interactions with its substrates, leading to perturbation of synaptic plasticity and
development (51).

So far, no clear genotype-phenotype correlation of CDKL5 mutations has been
established. Such prediction is still 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 that the majority of patients are heterozygous females. As a result
of random X-chromosome inactivation (XCl), female patients carrying the same genetic
mutation can have different mosaic expression of CDKL5Ethus resulting in a spectrum of
phenotypes (52). Males carrying CDKL5 mutations in general show a more severe
epileptic encephalopathy than girls (53) in line with the expression of mutated CDKLS5 in
all cells.

The phenotypes associated with CDKL5 mutations encompass milder forms, with
controlled epilepsy and ability to walk, to a severe form with absolute microcephaly,
virtually no motor development, and refractory epilepsy (37). As at Buly 2018, 255
CDKL5 variants were listed in the RettBASE (RettSyndrome.org Variation Database —
mecp2.chw.edu.au), comprising 64,3% of pathogenic or likely pathogenic mutations,

benign or likely benign mutations and variants of unknown significance (VOUS, Fig. 1.9).
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Fig. 1.9 Schematic illustration of the pathogenicity distribution among CDKL5 variants (adapted by
RettBASE).

1.6 CDKL5 expression and subcellular localization

]

Since the identification of CDKL5 and its involvement in neurological diseases,
expression studies in human and mouse tissues have shown that CDKL5ECdkI5 mRNA is
present in the brain, where the transcripts levels are the highest, and in a wide range of
other tissues such as lung, spleen, testis, prostate, uterus, placenta and thyroid (3, 42,
43). A detailed analysis of Cdk/5 expression in the adult mouse brain showed that
transcript levels are particularly abundant in the most superficial cortical layers of the
adult forebrain. The high expression levels in the frontal cortical areas, such as motor,
cingulate and pyriform cortex, suggest a function of CdklI5 in the physiology of these
brain districts, responsible for higher order functions like language and information
processing. Moreover, the hippocampus, a brain area that regulates learning and
memory, shows a large amount of Cdkl5 mRNA in all the CoPhu [BIP Pl on@ fields.
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. Considering the fair
expression of the kinase transcripts in the striatum, glutamatergic and GABAergic

neurons appear to be the two cell types expressing most of the brain Cdk/5. Conversely,
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dopaminergic areas (such as the PLUREtant@ n#kb or the ventral tegmental area) and
noradrenergic areas (such as the loculPl coeluleul) express very low levels of Cdkl5 (41).
In addition to the neuronal expression, Cdk/5 has also been detected at low level in the
glia. Western blot analyses of Cdkl5 protein expression pattern in mice and rats more or
less confirmed the transcript profile in adult brain (8, 49). Cdkl5 protein levels reach the
highest in conjunction with the development and differentiation of the brain. Indeed,
Cdkl5 is only weakly present during embryogenesis, but gets strongly induced during
the postnatal stages until P14, where after it slowly declines (49). As mentioned,
isoform 1 is the most abundant during the period of neuronal development in both
human and mouse, strengthening the hypothesis of its central role in the process of
neuronal maturation. Conversely, in adult brain all isoforms are expressed at higher
levels than in the foetal one, whereas hCdkI5E5 is present only in the foetal brain (43).
The functional significance of different Cdkl/5 transcript isoforms expression profiles and
levels during pre- and post-natal development still remains to be assessed.

At the subcellular level, CDKL5 has been found to shuttle between the cytoplasm and
the nucleus. In the latter compartment it seems to regulate alternative splicing events
and gene expression through its interaction with SC35 (6), MeCP2 (4) and DNMT1 (5). It
is noteworthy that CDKL5 seems to be excluded from the cell nucleus during
embryogenesis and becomes nuclear only during early postnatal stages, concomitantly

with the strong induction of expression correlating with neuronal maturation (49). O

1.7 Multiple roles of CDKL5

0

Although there have been important steps towards an increased knowledge of CDKL5
functions since the discovery of its involvement in neurological disorders, more are still

needed to allow the development of therapeutic strategies for CD.

Several studies have demonstrated the potential role of CDKL5 in the
neurodevelopment and in the maintenance of proper neuronal activity. Since CDKL5 is a
protein kinase, the analysis of how phosphorylation profiles are altered by its absence
represents a good starting point to define the possible molecular pathways regulated by

CDKLS.
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A serine/threonine kinome study revealed that many signal transduction pathways are
disrupted in Cdkl5-knock out (Cdk/5-KO) brains. Among them, the AKT-mTOR pathway
appeared to be more strongly affected. Indeed, the absence of Cdkl5 produced reduced
phosphorylation of mTOR, a well known regulator of cell growth, proliferation, motility
and neuronal plasticity (54), and AKT, with a consequent decreased phosphorylation of
its substrates such as the ribosomal protein S6 (rpS6), a modulator of protein
translation (55, 56). Interestingly, the deregulation of such pathway has already been
linked to autism spectrum disorders (ASDs), RTT and epileptic encephalopathies,
suggesting that this may be a common signalling deficit in these pathologies (57, 58).
Moreover, loss of Cdkl5 was demonstrated to alter the phosphorylation profiles of
kinases involved in synaptic plasticity, including PKA and PKC, as well as kinases involved
in cellular metabolism. Although many of these alterations may be indirect effects of
the loss of CDKLS5, they point out the role of this kinase in the coordination of multiple

signalling pathways (55).

Consistently, the homology between CDKL5 and members of the MAPKs and CDKs, well
known regulators of cell cycle progression, has pushed forward the study of its possible
role also in proliferating cells. In this regard, in 2014 Fuchs and colleagues illustrated
that Cdkl5 is involved in regulating the process of adult neurogenesis: indeed, an
increased proliferating rate of neuronal precursor cells (NPC) was observed in the
hippocampus of adult Cdk/5-KO mice, in comparison with the wild type (WT)
counterpart, suggesting negative role of the kinase in cell proliferation. On the other
hand, they highlighted an increase in apoptotic cell death of post-mitotic granule
neuron precursors, with a reduction in total number of granule cells, indicating a
decreased survival rate of new-born cells in Cdk/5-KO mice. No difference was found in
the number of astrocytes, demonstrating that loss of CdkI5 specifically affects the
survival of post-mitotic neurons without influencing astrogliogenesis (59). Moreover,
these defects were associated with an impairment of AKT/GSK3R signalling pathway,
regulating diverse developmental events in the brain, including neurogenesis, neuron
survival and differentiation. Indeed, loss of CdklI5 leads to a decreased phosphorylation
of GSK3[, leading to its activation. Considering that GSK3[ is known to exert a crucial

inhibitory regulation of neurite outgrowth, synapse formation, neurogenesis and
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survival of newly-generated neurons (60), these data suggested that the loss of CdklI5
may impair neuron survival and maturation by disrupting the AKT/GSK3[E signalling
pathway (59).

These data suggested an implication of CDKL5 in the regulation of cell cycle progression,
a role which has recently been further confirmed in our laboratory: indeed, CDKL5 was
found to contribute to faithful cell division, mediating the correct formation of mitotic
spindle formation and regulating cytokinesis (61). An implication of CDKL5 in the control
of cell cycle progression could explain the defects in neuronal progenitor proliferation
and survival, which are altered in Cdk/5-KO mice (59). Interestingly, several studies have
highlighted that such deficits in the regulation of cell proliferation and differentiation in
neural stem cells are a convergence point across many neurodevelopmental disorders

(62).

Taking a step backwards, the first CDKL5 interactor was identified in 2005 by Mari and
colleagues. In their study the authors characterized two patients carrying mutations in
CDKL5 and diagnosed with the ESV of RTT. Given that MECP2 and CDKL5 mutations
cause a similar phenotype, they investigated whether the two proteins belong to the
same molecular pathway. The identification of a spatial and temporal overlapping
expression of the two genes led to the hypothesis that the two proteins could act in the
same developmental pathway. In contrast, different expression levels indicated that in
some circumstances, the two genes are regulated independently. Moreover, they
demonstrated that the two proteins interact & v@b and B v@o and that CDKL5
mediates MeCP2 phosphorylation @ v@kb. Even though it is still unclear whether this
happens also @ vio, it is known that specific events of MeCP2 phosphorylation are
required to regulate, among other functions, gene transcription during learning and
memory, proper dendritic/synaptic development and behavioural responses to
experience (63, 64), and cell proliferation, division, migration and differentiation. This
suggests that, even though CD and RTT are two distinct clinical entities, they may share
common molecular pathways, which could explain, at least in part, the common

features between the two pathologies (4, 65).
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As mentioned, CDKL5 has been found to co-localize and interact directly with MeCP2, a
dynamic epigenetic factor that is a well-known interactor of DNMT1 (DNA
methyltransferase 1), an enzyme that controls the maintenance of genomic DNA
methylation. Kameshita and colleagues demonstrated that CDKL5 can bind to the N-
terminal domain of DNMT1land may therefore play a role in epigenetics and gene
expression (5).

With regard to the localization of CDKL5 within the nuclear compartment, the kinase
localizes and is associated with the splicing factor SC35 clustered in the so-called
nuclear speckles. This evidence has suggested yet another role of CDKL5 in the
regulation of the nuclear trafficking of splicing machinery (6).

Lastly, HDAC4 (histone deaceltylase 4) has been identified as a direct phosphorylation
target of CDKL5. HDAC4 is highly abundant in neurons, where it is mainly located in the
cytoplasmic compartment thanks to its specific phosphorylation. Cdkl5-mediated
phosphorylation controls the cytoplasmic retention of HDAC4; consistently, loss of
Cdkl5, increases the nuclear translocation of HDAC4 nuclear translocation is
accompanied by a decrease in histone acetylation and may, in turn, produce a number
of cellular effects through epigenetic and non-epigenetic mechanisms of gene

regulation, which may contribute to the brain phenotype of CDKL5 disorder (7).

On top of this, the regulation of cell morphology has emerged as a central role of
CDKLS. In the last years, after the generation of Cdk/5-KO mouse models, several studies
have demonstrated that the loss of Cdkl5 negatively impacts on the proper
morphological development of neurons (Fig. 1.10). Indeed, Cdk/5EKO cortical and
hippocampal pyramidal neurons showed reduction of dendritic arborization with a
significant decrease in cortical thickness (56, 59). These data confirmed previous
evidences obtained with RNA interference in cultured rat cortical neurons, which were
also characterized by a reduction of total length of both dendrites and axons (8). This
aspect was confirmed by Ricciardi an colleagues, who investigated the role of Cdkl5 in
dendritic spines: the co-localization of Cdkl5 with post-synaptic density protein 95
(PSD95) and netrin-G1 ligand (NGL-1), and its juxtaposition to the vesicular glutamate
transporter (VGLUT), led the authors to relate Cdkl5 to glutamatergic synapses (9, 10).

CdklI5 synaptic targeting is promoted by its interaction with the palmitoylated form of
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PSD95 or by the formation of a complex involving PSD95 and NGL-1, a synaptic cell
adhesion molecule that exerts a regulatory role in synapse formation and homeostasis;
its phosphorylation at Serine 631, mediated by Cdkl5, is necessary to ensure stable
binding to PSD95. The synaptic presence of Cdkl5 suggests its involvement in molecular
pathways that regulate synaptic maturation and function. Indeed, hippocampal neurons
silenced for Cdkl/5 showed an increased percentage of filopodia-like and thin-headed
spines, characteristic of an immature stadium of spine development. Moreover, the
morphological alterations reported in Cdk/5-silenced neurons were associated with a
reduction in the number of excitatory synapses and synaptophysin puncta & vi@tb and @&
vio, as well as in induced pluripotent stem cell (iPSC) lines from two females diagnosed
with CDKL5 pathological mutations (9). Similar results were obtained in Cdk/5-null
brains, which showed a decrease in excitatory synaptic puncta in the CoBhu onl#®
field of hippocampus as result of a lower spine density. Furthermore,
immunohistochemical characterization of spine shape revealed a higher percentage of
immature spines (filopodia, thin- and stubby-shaped) in Cdk/5-KO neurons compared to
wild type neurons (WT) (7). Recently, Della Sala and collaborators, through an & vido
two-photon microscopy of the somatosensory cortex of Cdk/5-KO mice, monitored
structural dynamics of dendritic spines. Their data indicated that during early
development, Cdk/5-null brains display significant reduction of spine density and PSD95-
positive puncta when compared to WT littermates, whereas, the density of filopodia
was similar between the two genotypes. These results suggested a potential
involvement of Cdkl5 in the stabilization of mature mushroom-shaped spines rather
than in the formation of new spines (66).

Another cytoplasmic substrate of CDKL5 is Amphiphysin 1 (AMPH1), a multifunctional
adaptor molecule involved in neurotransmission and synaptic vesicles recycling through
clathrin-mediated endocytosis. It has been demonstrated that CDKL5 phosphorylates
AMPH1 on serine 293, negatively influencing its binding to endophilin, which is
involved, among other processes that require remodelling of the membrane structure,
in synaptic vesicle endocytosis and receptor trafficking. These evidence underlined once
again how CDKL5 plays crucial roles in synaptic maintenance and function (11).
Recently, in our laboratory, it has been demonstrated that Cdkl5 deficiency in primary

hippocampal neurons leads to deranged expression of the alpha-amino-3-hydroxy-5-
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methyl-4-iso-xazole propionic acid receptors (AMPA-R). In particular, a dramatic
reduction of expression of the GIuA2 subunit was found concomitantly with its hyper-
phosphorylation on Serine 880 and increased ubiquitination. These data also uncovered
that Cdkl5 silencing skews the composition of membrane-inserted AMPA-Rs 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 CdklI5 (12).
Despite a clear involvement in shaping the dendritic arbour and synaptic spines, CDKL5
has been also shown to take part in the early phases of neuronal development. Indeed,
Nawaz and colleagues highlighted the kinase in the regulation of proper axon
specification and elongation in mouse primary hippocampal neurons: the silencing of
Cdkl5 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 (13)2These data were also strengthened by the
identification of Shootinl as novel CDKL5 interactor: indeed, Shootin1 is a brain-specific
protein acting as a determinant of axon formation during the process of neuronal
polarization. Importantly, silencing and overexpression studies have established that
Shootinl accumulation in the axon-to-be is both necessary and sufficient for axon
outgrowth (67). These data reinforced the evidence that CDKL5 is involved in the
regulation of neuronal polarization, al least in part, through its interaction with
Shootinl.

Interestingly, Racl, a Rho GTPase involved in the remodelling of actin and microtubule
(MT) cytoskeleton, has shown to be common to the pathways of both CDKL5 and
Shootinl. As a matter of fact, Shootinl phosphorylation is induced by cdc42/Racl-
dependent Pakl activation and CDKL5 has been reported to regulate neuronal
morphology acting upstream Racl (8, 67). Indeed, Chen and colleagues, using RNA-
interfered rat cortical neurons, demonstrated that Cdkl5 localizes within F-actin in the
peripheral domain of growth cones (GC) and interacts with Racl forming a protein
complex that translocate to the membrane region in response to extracellular signals.
Moreover, they found that this interaction is promoted by brain-derived neurotrophic
factor (BDNF) (8). It is worth mentioning that mutations in members of Rho GTPase

family have been identified in patients characterized by intellectual disability (68).
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Recently, IQGAP1 has been identified in our laboratory as a novel CDKL5 interactor
[Appendix 1, (14)]. 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
on cytoskeletal remodelling, such as influencing migration and cell polarity,
proliferation, cytoskeletal dynamics, vesicle transport and intracellular signalling
through the interaction with numerous proteins (69). In particular, IQGAP1 regulates
the correct interaction between microtubules and actin networks, through the
formation of a triple complex (15) with activated Racl and CLIP-170, a plus-end
microtubule binding protein that regulates microtubule stability plus acting as a rescue
factor facilitating MT growth (18). We demonstrated that the loss of CDKL5 negatively
impacts on the formation of such triple complex, which results in an alteration of
IQGAP1 localization at the leading edge, a disruption of proper cell morphology and an

impairment of CLIP-170 dynamicity.
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Fig. 1.10 Schematic representation of the localization of CDKL5 known interactors in neurons.

0

1.8 CDKLS5 disorder animal models

0

Animal models are instrumental to understand the molecular mechanisms underlying
the onset of a disease and, although they cannot summarize all aspects of a disorder,

they generally represent an excellent tool to study gene functions. Thanks to the
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development of Cdk/5-KO and conditional KO mouse models it has been possible to
start understanding the roles of Cdkl5. The first Cdk/5-KO mouse model was generated
by Wang and colleagues, reproducing a splice site mutation previously found in a CD
patient (70). Thanks to the deletion of exon 6 of Cdk/5 by homologous recombination in
embryonic stem cells, they created a mouse model (background C57BL/6) with a
truncation in the N-terminal domain of Cdkl5 disrupting the kinase activity. These
animals showed autistic-like deficits in social interaction, as well as impairments in
motor control (increased motor activity and altered motor coordination) and reduced
learning and memory (55). Two years later, Amendola and colleagues produced a
second mouse model, deleting Cdkl/5 exon 4 (background C57BL/6E). This new model
confirmed the behavioural defects characterized by Wang and collaborators, such as
hind limb clasping and motor deficits, but also exhibited an impaired working memory
phenotype. Altogether, these features mimic the impaired motor skills, reduced social
interaction and intellectual disability observed in CD patients (56). Recently, a further
characterization of a model generated by deleting exon 6 of Cdk/5 (background
C57BL/6), has been carried out by Phang and colleagues. Several behavioural tests
highlighted that the absence of Cdkl5 recapitulated the primary characteristics of
autism and ADHD (Attention Deficit Hyperactivity Disorder), such as impaired social
interaction, communication deficits and increase digging stereotypies, but also
produced other symptoms like increased locomotion, impulsivity and aggressiveness, as
well as deficits in motor and spatial learning (71).

To shed light on the cellular origin of distinct neuronal phenotypes conditional mouse
models were developed. Amendola and colleagues generated two murine models
carrying a Cre-conditional knockout (cKO) allele of Cdk/5 with the specific deletion in
forebrain GABAergic neurons (DIx5/6::Cre mediated) or in cortical glutamatergic
neurons (Emx1::Cre mediated), which revealed a double dissociation of behavioural
phenotypes. Indeed, hind limb clasping defects and reduced head tracking response
were only present in the Emxl-conditional Cdk/5-KO mice, while a decreased
locomotion was characteristic of the DIx5/6-conditional Cdk/5-KOs (56). Recently, a
mouse model carrying the ablation of Cdk/5 expression in forebrain glutamatergic
neurons was generated. These animals showed a behaviour comparable with that of

WT mice regarding basic sensory and motor function, anxiety and social behaviour,
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whereas they displayed impairment in spatial working memory, increased locomotor
activity and hind limb clasping (72).

Despite an extensive video-electroencephalography (EEG) monitoring, none of these
models presented spontaneous epileptic seizures, a key phenotype in the human
pathology. Nevertheless,[] Amendola and colleagues did observe an altered
electroencephalogram response to a pro-convulsant treatment (kainic acid). Rather
than increased seizure susceptibility the Cdk/5-KOs displayed a longer mean duration of
seizures (35). Thus, the absence of an epileptic neuronal network suggests that the
behavioural defects observed in these mice are the primary consequences of loss of
Cdkl5. Recently, a KO mouse model (background C57BL/6N), generated by the deletion
of Cdkl5 exon 2 through Cre-LoxP recombination, showed significant hyperexcitability
specifically to N-methyl-D-aspartate (NMDA). Indeed, these animals presented
enhanced seizure susceptibility in response to NMDA, an up-regulation of NMDAR-
mediated synaptic responses and a significant increase of GIUN2B in the postsynaptic
density (PSD) fraction. Based on these results the authors pointed out that the absence
of Cdkl5 can give rise to epileptogenic propensity of KO mice due to the role of the
protein in controlling the postsynaptic localization of GIuN2B-containing NMDA
receptor in the hippocampus (73).

Considering that the majority of CD patients are females with heterozygous CDKL5
mutations, a detailed characterization of female heterozygous Cdkl/5 KO (Cdk/5+/) mice
emerged fundamental to advance preclinical and translational studies. In this regard,
Fuchs and colleagues recently provided a behavioural and molecular analysis of female
CdkI5™" mice (Cdkl5 null strain in the C57BL/6N background developed in (56) and
backcrossed in C57BL/6Rfor three generations): these females showed several aspects
of CD, including autistic-like behaviour, motor impairment, learning and memory
disability, and abnormal breathing pattern. CdkI5 levels were found lower in the
hippocampus and cerebellum, compared with the cortex, results that could explain the
severe phenotypic outcome in hippocampus-dependent behaviours, more similar to
homozygous Cdk/5-KO female and hemizygous Cdk/5-KO male mice. The heterozygous
females mice also exhibited neuroanatomical defects, including dendritic hypotrophy

and defects in spine density/maturation, altogether demonstrating that the
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heterozygous females represent a valuable animal model for preclinical studies on CD

(74).

1.9 Therapeutic strategies for CDKL5 disorder

0

At present, no cure exists for patients with CDKL5 disorder. However, in the last years,
pharmaceutical targeting of deficient pathways in animal models of CDKL5 disorder has
proven efficient in restoring some neuroanatomical and behavioural deficits in Cdk/5-KO
mice.

As already described, loss of CDKL5 has been found to strongly affect the AKT/mTOR
pathway. In 2015, Della Sala and collaborators demonstrated that treatment with IGF-1,
an activator of this pathway, can rescue S6 phosphorylation, spine deficits, and PSD95
levels in Cdkl5 KO mice. Of interest, these molecular alterations could not be linked to
lower-than-normal levels of endogenous IGF-1, as cortical IGF-1 levels were normal.
Importantly, IGF-1 administration was effective also in adult mice, when the synaptic
deficit was already established and induced the formation of long-lasting spines (66).

A pharmacological intervention was also tested by Fuchs and colleagues, who
demonstrated the efficacy of the modulation of the GSK3R pathway on hippocampal
development and behavioural deficits in Cdkl/5-KO mice. The SB216763-mediated
inhibition of GSK3R, which is hyperactivated when Cdkl5 is lacking, restored neuron
survival and dendritic development, as well as spine morphology and distribution, and
recovered the performance of Cdk/5-KO mice in hippocampus-dependent memory
tasks. Moreover, one month after treatment withdrawal, the positive effects was still
present, suggesting a long-term impact of the drug on such phenotypes (75).
Interestingly, it has been recently demonstrated that, although GSK3®@ activity is
impaired to the same extent in young and adult Cdk/5-KO mice, treatment with
Tideglusib, another GSK3E inhibitor, improves hippocampal development only when the
treatment is administered in the juvenile period and not in adulthood. These data
suggest that a therapy with GSK3® inhibitors may be effective in CD patients only if
administered early in postnatal development (76).

One year later, the targeting of HDAC4 was tested on Cdk/5 KO mice; as mentioned, the
activity of HDAC4 is altered in Cdk/5-KO mice, and considering that HDAC4 is involved in
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memory formation, Trazzi and colleagues tested a drug known to inhibit HDAC4.
Indeed, the treatment with LMK235 completely restored hippocampus-dependent
memory in Cdk/5-KO mice. Unfortunately, it induced only marginal effects on
hippocampal neuroanatomy, with a moderate increase in the number of new granule
cells and their dendritic length. Previous findings showed that treatment with the pan-
HDAC inhibitor VPA (valproic acid, a well-known anti-epileptic drug) has negative effects
on the proliferation of adult hippocampal neural progenitor cells, and that prenatal
exposure impairs hippocampal function. Moreover, several clinical studies have
demonstrated that pan-HDAC inhibitors may cause a plethora of side effects, including
bone marrow depression, diarrhoea, weight loss and cardiac arrhythmias. This evidence
indicates the need of targeted inhibitors, which modulate specific HDACs, thus reducing
the off-target effects produced by unspecific inhibition. In this regard, the treatment
with LMK235 demonstrated to have a positive impact on hippocampal development
and function with no adverse effects on the well-being of animals (7).

Lately, in our laboratory Pregnenolone has been found to have positive effects on
CDKL5-related morphological defects both in cycling cells and in neurons [Appendix 1,
(14)]. P5 is an endogenous steroid generated from cholesterol by the action of CYP11A1
and it is known to bind and activate CLIP-170, an interactor of IQGAP1, by changing its
conformation and potentiating its ability to enhance microtubule assembly and
interaction with microtubules and the microtubule-associated proteins, processes
which have been found altered in CDKL5-lacking cells (21).

Very recently, we also demonstrated that Tianeptine, a cognitive enhancer and
antidepressant drug, known to recruit and stabilise AMPA-Rs at the synaptic sites, is
capable of normalising the expression and membrane insertion of AMPA-Rs as well as
the number of PSD95 clusters. Indeed, Tianeptine treatment normalized GIluA2
expression in Cdkl5 silenced neurons (12). Of relevance, in a previous study Tianeptine
was found capable of improving the respiration phenotype in a mouse model of RTT
(77), making this drug an interesting candidate for the treatment of CD.

While these data raise hope that pharmaceutical intervention is possible for CDKL5
disorder, the field still needs to further disentangle the networks regulated by CDKL5 to

provide the basis for the rationale design of therapeutic strategies.
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1.10 Neuronal microtubule dynamics and MT-related drugs

Considering the high complexity of the nervous system, it is evident that sophisticated
cytoskeleton-based processes are required to coordinate the proliferation, migration,
and differentiation of neurons. The structural organization and dynamic remodelling of
the neuronal cytoskeleton contribute to all the morphological and functional changes in
neurons. Along with the actin cytoskeleton, the assembly, organization and remodelling
of MTs are essential to successfully complete all the different stages of neuronal
development (78).

MTs switch between phases of growth and disassembly in a process named dynamic
instability, which allows individual MTs to explore cellular regions and retract in case
they do not find the proper environment. MT dynamics are mainly regulated by +TIPs,
which accumulate at the ends of growing MTs and control different aspects of neuronal
development and function (79). Such dynamicity requires also the coordinated actions
of many additional regulatory factors such as neuron specific tubulin isotypes, post-
translational modifications (PTMs), motor proteins, and various microtubule-associated
proteins (MAPs) (80, 81). Neuronal MTs guide intracellular transport and induce
morphological changes during the various phases of neuronal development and
synapse formation. The extreme dimensions of neurons necessitate active transport
mechanisms to properly distribute many different cellular components and to establish
robust signalling pathways from the synapse to the soma and vice versa (82). MTs also
play important roles during the morphological transitions that occur during neuronal
development, such as neurite initiation, migration, polarization, and differentiation,
contributing to these processes by facilitating transport to specific sites, by providing
mechanical forces, or by acting as local signalling platforms (Fig.1.11).

Neuronal migration is promoted by actin dynamics undergoing protrusive
polymerization at the leading edge and propulsive contractions at the cell rear. The MT
cytoskeleton in migrating neurons is anchored to the centrosome, extends into the
leading edge, and forms a cage-like structure around the nucleus. Cytoskeletal forces at
the tip of the leading edge may then pull the centrosome into the proximal part of the
leading process, thereby moving the nucleus in the direction of migration (83).

Furthermore, a complex remodelling and reorganization of MTs occur in the growth
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cone during axon elongation (84): MTs participate in functional interactions with
adhesion complexes, actin and numerous +TIPs. In addition to MT assembly,
translocation of the whole MT bundle in the axon may contribute to axon elongation
(85). The MT cytoskeleton also contributes to neurite outgrowth: indeed several studies
have demonstrated that both MTs and actin filaments mediate the pushing and pulling
forces that contribute to membrane protrusion, combining a local increase in actin
dynamics and a MT stabilization (16, 84). Moreover, such stabilization plays a key role in
the initial specification of the axon during neuronal polarization (79).

Finally, MTs play a central role in the structural changes of dendritic spines. (86).
Current evidence suggests that MT entry is associated with transient changes in spine
shape, such as the formation of spine head protrusion and spine enlargement (79).
Although not demonstrated directly, it is likely that microtubule-dependent motors use

dynamic MT entries to drive postsynaptic cargos into spines.
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Fig. 1.11 MTs in neurons. Cartoon illustrating the different functions of neuronal microtubules. Blooms
show microtubule organization in dendritic spines (1), emerging neurites (2), and growth cones (3) of
cultured rat hippocampal neurons (87).

Reflecting the importance of the MT cytoskeleton in neuronal development, MT defects
cause a wide range of nervous system abnormalities and several human
neurodevelopmental disorders have been linked to altered microtubule-mediated
processes. Mutations in microtubule-related genes encoding MAPs (e.g. Tau), MT
severing proteins (e.g. spastin), microtubule-based motor proteins (e.g. dynein, kinesin),

and motor associated regulators (e.g. dynactin, doublecortin, and lis1) are associated
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with various neurodevelopmental problems (88, 89). In addition, impairment of axonal
transport in mature neurons is a common factor in many of the major
neurodegenerative diseases, including the motor neuron diseases amyotrophic lateral
sclerosis (ALS) and Alzheimer’s disease (90) and neuroinflammatory diseases such as

multiple sclerosis (91).

Considering all above, in the last years, drugs acting on MTs have been proposed for the
therapy of several neurodevelopmental and neuropsychiatric disorders, including
autism, schizophrenia, and depression mainly due to their stabilizing properties, aiming
to restore neuronal axonal transport and reduce tau phosphorylation.

Epothilone D (EpoD) is a taxol-related compound that interacts directly with tubulin to
stabilize MTs and is currently used in clinical trials for the treatment of various tumors.
However, at nanomolar concentrations, this compound improves MTs density and
axonal transport, reduces axonal dystrophy and enhances cognitive performance,
without notable effects on viability and development in mouse (92).

Non-taxane MTs stabilizers such as NAP and all D-SAL have been found to be effective in
the treatment of schizofrenia. Such compounds, interactng with the microtubule
binding protein EB3, showed a neuroprotective activity (93). NAP was also found to
enhance Tau-MTs binding under stress conditions and stimulated axonal transport (94,
95).

Risperidone is a second-generation antipsychotic drug, which, besides its function on
dopamine and serotonin receptors, was found to interact with the EB1-EB3 protein
family and to compete with NAP binding on EB3. Risperidone improves the
neurocognitive functions in patients with schizophrenia (96) and is used in autistic
patients for the treatment of associated symptoms as disruptive behaviour and
hyperactivity (97).

Currently several compounds have been proposed for the therapy of numerous
neurodevelopmental disorders mainly due to their potential as MT modulating agents.
One of these compounds is melatonin, a hormone involved in the regulation of
circadian rhythms, blood pressure, seasonal reproduction (98). Melatonin is capable of
increasing MAP2 levels thus increasing MT polymerization and dendrite stabilization

(99). Several data support the potential use of melatonin as MT stabilizing agents in the
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treatment of depression and anxiety associated to schizophrenia (100).

Other interesting compounds are synthetic or non-synthetic neurosteroids. The
synthetic MT-associated protein/neurosteroidal pregnenolone, PME, has been studied
in the context of schizophrenia-associated depression to prevent branching reduction
and synaptic contact loss (22). In rodents PME was able to protect them from
developing a depressed state. Furthermore, it prevented the loss of BE-tubulin
acetylation and sleep disturbances following psychosocial stress (101). By binding
MAP2, PME stimulates MT assembly and promotes neurite growth (102).

Also lithium can act on MTs and have a beneficial role in cytoskeleton regulation in
mood disorders. Indeed, it has been shown to act as a GSK3E inhibitor, thus decreasing
phosphorylation of tau and MAP1B finally leading to MTs remodelling (103).

MT targeting therapies could be able to improve or even prevent some structural and
functional alterations linked to neurodevelopmental disorders. Currently only few of
these compounds have been tested on humans in clinical trials but increasing number
of new drugs are being tested in experimental studies in both & vi@éb and & vi@o. The
possibility to act on MTs for pharmacological intervention in neurological diseases is

progressively becoming a solid opportunity.
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2. Aim

Although there have been important steps towards an increased knowledge of CDKL5
functions, its roles are still not fully understood. Its localization in both the nucleus and
the cytoplasm of expressing cells suggests that it may be involved in several cellular
processes. Among other functions, CDKL5 is known to regulate cellular morphology
through its interacting proteins. Our recent publication demonstrated that IQGAP1, a
novel CDKL5 interactor, and its binding partners CLIP-170 and Racl, in absence of
CDKLS5 display altered localization and dynamics in cells [Appendix 1, (14)]. Indeed, we
found that CDKL5 regulates cytoskeletal dynamics enhancing Rac1-IQGAP1—-CLIP-170
complex formation and promoting CLIP-170 dynamics on MTs.

Starting from such results, we firstly decided to investigate the potential role of CDKL5
in the specific regulation of CLIP-170. CLIP-170 is a MT plus end tracking protein (+TIP)
that is known to coordinate cytoskeletal dynamics bridging actin cytoskeleton and
microtubules and promoting MT growth (18). Considering that CLIP-170 alternates
between a folded inactive conformation, in which it cannot interact with MTs and other
proteins, and an open extended conformation, which allows its binding to MTs and
other interacting proteins (19), we firstly envisaged that CDKL5 could have a role in the
regulation of CLIP-170 conformational state stabilizing its extended conformation and
increasing its binding to MTs.

Once assessed that the loss of CDKL5 impairs CLIP-170 activity, increasing its inactive
state, we hypothesized that Cdkl5 may exert a similar role in primary hippocampal
neurons. Indeed, drawing an analogy with cells, we characterized neuronal
morphological phenotypes, which may be altered in Cdk/5-KO neurons via CLIP-170, and
investigated the presence of CLIP-170 at such level. At early developmental stages we
analysed axonal phenotypes, such as axon specification and elongation, and at late
stages dendritic phenotypes, such as spine formation, morphology and maturation.
These phenotypes had been already found altered in Cdk/5-silenced neurons and in null
brains (7, 9, 10, 13, 66, 75). Moreover, we analysed MT organization at the growth cone
level, considering that CLIP-170 role at such level has been already proven (16).

To corroborate our hypothesis of CLIP-170 role in the regulation of such phenotypes in
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CdkI5-null neurons, we investigated its presence at such level. The identification of the
+TIP at the growth cone level strengthen our data on axonal altered phenotypes, while
the detection of CLIP-170 in spines shed light on a potential novel role of such protein
at this level.

Eventually, we evaluated the effects of the two compounds Pregnenolone and its
syntactic derivative PME on the defective phenotypes found in neurons and cycling
cells. P5 has already demonstrated to be effective in ameliorating CLIP-170 dynamics on
MTs in CDKL5-depleted cells and in correcting altered axonal phenotypes in Cdkl5-
silenced primary hippocampal neurons [Appendix 1, (14)]. This neurosteroid was
recently identified as modulator of CLIP-170 activity. Indeed, by binding this +TIP, P5
induces its active conformation and promotes its interaction with MTs, allowing MT
polymerization (21). Considering that P5 is an endogenous neurosteroid, which gets
converted into its downstream metabolites and considering the possible side effects of
P5 metabolites in a future clinical application of such compound, we decided to
evaluate alongside the effects of its non-metabolizable derivative PME (22) on Cdk/5-KO
neurons and CDKL5-depleted COS7 cells.

In summary, the aim of this study has been to investigate the potential role of CDKL5 in
the regulation of the +TIP CLIP-170, through a functional analysis using FRET assay and a
morphological characterization of Cdk/5-KO neurons. Moreover, our intent has also
been to evaluate the potential effects of the compounds P5 and PME on the altered

CDKL5-related morphological defects found in cells and neurons.
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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. Adult mice were euthanized by cervical dislocation, while neonates

were sacrificed by exposure to CO, followed by decapitation.

3.2 Plasmids

mEmerald-CLIP170-N-18 (plasmid E54044; Addgene; GFP—CLIP-170). YFP-CLIP-170-CFP
has been kindly provided by the Anna Akhmanova laboratory. The construct was
derived from the GFP-CLIP-170 fusion, based on the rat brain CLIP-170 cDNA. To make
this construct, the GFP was substituted for YFP, and the monomeric (A206K) CFP,
preceded by a 7-amino acid linker, was fused to the end of the CLIP-170 ORF using a
PCR-based strategy (19).

3.3 Antibodies and reagents

The following primary antibodies (Abs) were used for immunofluorescence 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), anti-MAP2 (ab32454, Abcam), anti-PSD95 (Thermo Fischer Scientific,
MA1045), anti-B-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 secondary Abs for immunoblotting, DAPI, and
secondary Alexa Fluor anti- rabbit and anti-mouse Abs for immunofluorescence (IF)

were purchased from Thermo Scientific.
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3.4 Cell cultures

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 Bg/mL respectively, EuroClone) at 37EC
with 5% CO,.

For siRNA transfection, cells were cultured in 6- or 24-well dishes and 20nM siRNA
oligonucleotides targeting CDKLS5, or a control SiRNA (siCDKL5
5'GCAGAGTCGGCACAGCTAT3’, siCtrl  5’CGUACGCGGAAUACU  UCGATT3)  were
transfected using Lipofectamine™ RNAIMAX (Life Technologies Incorporated). For

plasmid transfection, Lipofectamine™ 3000 (Life Technologies Incorporated) was used.

3.5 Primary neuronal cultures

Primary hippocampal cultures were prepared from brains of CD1 mouse embryos at
embryonic day 17 (E17) considering the day of the vaginal plug as EO. Wild-type and
CdkI5-null embryos were obtained from pregnant heterozygous females (Cdk/5'/+, CD1
background) crossed with wild-type males. The mice were sacrificed by cervical
dislocation and the embryos were recovered and hippocampi rapidly dissected. After
washing in HBSS (Gibco), the hippocampi were dissociated by 7 min incubation at 37kC
in 0.25% trypsin (Sigma-Aldrich) and further washed in HBSS. Neurons were suspended
in Dissecting Medium [DMEM (Sigma-Aldrich), 10% horse serum (EuroClone), 2 mM
glutamine (EuroClone), 1 mM Sodium Pyruvate (Gibco)] to block the action of trypsin.
Eventually, cells were mechanically dissociated by pipetting and plated on coverslips
coated with poly-L-lysine (1 mg/mL, Sigma-Aldrich) or poly-D-lysine (Neuvitro) in 24-well
plates (densities: 3.75x10%/cm? for immunostaining and 1.2x10%/cm? for western blots);
neurons were maintained in Neurobasal medium (Gibco) supplemented with 2 mM
GlutaMAXE Supplement (Gibco) and 2% B27 (Gibco) in a humified incubator with 5% of
CO, at 37BC. After 3 days in vitro, cytosine-1-B-D-arabinofuranoside (Sigma-Aldrich) was

added to cultured neurons at final concentration of 2 BM to prevent astroglial
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proliferation. Transfection of hippocampal neurons was performed by adding a GFP-

expressing vector 11 days after plating to visualize neuronal architecture.

3.6 Immunofluorescence

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

Technologies).

3.7 Drug preparation

Pregnenolone (P5 or 3@-Hydroxy-5-pregnen-20-one) was purchased from Sigma-Aldrich
and dissolved in 100% EtOH (Sigma-Aldrich). Its synthetic derivative, PME
(Pregnenolone-Methyl-Ether, 3E-methoxy-pregnenolone, MAP4343 or MePreg), was
kindly synthesized and provided by Transpharmation Ltd and dissolved in 100% DMSO
(Sigma-Aldrich). Progesterone (P4 or 4-Pregnene-3,20-dione) was purchased from

Sigma-Aldrich and dissolved in water.

3.8 Measurement of comet length and lifetime

For time-lapse imaging COS7 cells were transfected with the indicated siRNAs (siCDKL5
and siCTRL) and 60 hours later with pGFP-CLIP170; microscopy analysis was performed
after another 24h. Pharmacological treatment was performed incubating cells with PME
1 BM or with 0.001% DMSO (Sigma-Aldrich) as control vehicle for three days (starting
treatment 24 h after siRNA transfection).

Fluorescence in the specimens was imaged every 3 seconds for 3 min with a confocal

laser-scanning microscope (model TCS SP8; Leica) with a 63X NA 1.2 oil immersion
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objective (Leica). Comet length and life-time were analysed using the tracking function

of the MTrackBplug-in of Imagelsoftware.

3.9 FRET measurement

For FRET measurements COS7 cells were seeded in a 6-well plate with glass coverslips
(density: 5000 cells/cm2), transfected with the indicated siRNAs (siCDKL5 and siCTRL)
and 24 hours later with YFP-CLIP-170-CFP; 24 hours after silencing, cells had been left
untreated or treated daily with 1AM P5, PME or the respective vehicles (0.0032% EtOH
and 0.001% DMSO, Sigma-Aldrich). Microscopy was performed 72 hours after silencing.
Images were obtained by an inverted point scanning confocal Leica SMD SP8 (Leica
Microsystems) with a 63X/1.4 objective with the LASX software and the module of FRET
Sensitized Emission (excitation at 458 nm) at 37BC. FRET efficiency of at least 10 cells
per condition was calculated as the ratio between the FRET signal/donor signals using

the LASX software.

3.10 Analysis of growth cone

To analyse growth cone area and CLIP-170 localization at the tip of the axon the Imagel@
software was used. WT and KO hippocampal neurons were maintained in conditioned
medium and left untreated or treated at DIV1 for 48 hours with the following
compounds: 1 BM P5, 1 @M PME or 1 M P4 or with vehicles (0.0032% EtOH or 0.001%
DMSO).

To calculate the growth cone area, a fixed area of 18x18 @m? starting from the most
distal MT tip towards the axon shaft was outlined manually. The MT area was then
quantified using the B-tubulin stained region within the selected area. To analyse the
localization of CLIP-170 at the growth cone site, a fixed area of 25x25 Bm? starting from
the edge of actin cytoskeleton towards the axon shaft was outlined manually. The ratio
of CLIP-170 versus B-tubulin was determined from fluorescence areas of both channels;
the fold change value was used as measure of CLIP-170 distribution. Growth cone

morphology was analysed by staining with B-tubulin. Growth cones were classified as
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“extendingll or “pausedi: growing growth cones characterized by straight bundles of
MTs projecting outward into actin lamellipodium were considered as “extendingf
whereas, large growth cones with MTs organised in the central region as a prominent

loop were considered as “pausedR (104).

3.11 Analysis of neuronal polarization and axon length

0

WT and KO hippocampal neurons were maintained in conditioned medium and treated
at DIV1 (DIV: days in vitro) for 72 hours with the following compounds: 1 @M P5, 1 EM
PME or 1 BIM P4 or with vehicles (0.0032% EtOH or 0.001% DMSO, Sigma-Aldrich).
Neuronal polarization was analysed at DIV4 by staining with the axonal marker Taul.
Neurites with a significant intensity of Tau-1 staining increasing along the proximal to
distal axis were counted as axons. Neurons were classified as polarized (one axon) or
unpolarised (either lacking an axon or with multiple axons). Axon length was analysed
with Imagellusing the NeuronBlplugin to compute the path from the beginning to the

end of the axon.

3.12 Analysis of PSD95 puncta, spine density and morphology

CdkI5-WT and KO hippocampal neurons were maintained in conditioned medium and
treated from DIV11 for 72 hours with the following compounds: 1 BM P5, 1 &M PME or
1 EM P4 or with vehicles (0.0032% EtOH or 0.001% DMSO, Sigma-Aldrich).

PSD95 puncta were analysed at DIV15 by staining with antibodies against the
postsynaptic density protein 95 (PSD95) and MAP2 to visualize mature spines and
neuronal dendrites, respectively. The number of PSD95 puncta was measured in 5-10
dendrites of 30 BEIm per condition using the software Imagell (function: Analyse
particles).

Spine density and morphology were analysed thanks to the software Neuron Studio.
Firstly, 50 spines were loaded in the software as reference: the software generated an

algorithm that was used for the following analysis. Thanks to this setting, the program
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was able to divide spines in four different classes: mushroom, thin, filopodia and

stubby. 5/10 dendrites of around 30 BIm per condition were analysed.

3.13 Western blotting

COS7 cells were directly lysed with Laemmli buffer 2X (120 mM Tris-HCI pH 6.8, 4% SDS,
20% Glycerol (Sigma-Aldrich), 0.02% Bromophenol blue), sonicated and boiled (5,
95RC). Samples were separated by 10% SDS-PAGE, transferred to nitrocellulose
membranes, and blocked in 5% non-fat milk in TBS [20 mM Tris-HCI| pH 7.5, 150 mM
NaCl (Sigma-Aldrich)] with 0.2% Tween-20 (Sigma-Aldrich), TBS-T. Blots were incubated
with primary antibodies overnight at 4BC, washed in TBS-T, and incubated with
appropriate secondary antibodies for 1h at room temperature. After extensive washes,

blots were developed with Protein Detection System-ECL (Genespin).

3.14 Synaptosomal fractionation

CD1 mouse hippocampi were homogenized using a tissue grinder in homogenization
buffer [320 mM sucrose (Sigma-Aldrich), 5 mM sodium pyrophosphate (Sigma-Aldrich),
1 mM EDTA (Sigma-Aldrich), 10 mM HEPES (Sigma-Aldrich), pH 7.4, and protease
inhibitor mixture (Roche)].[The homogenate was then centrifuged at 800 & g for 10 min
at 4 to yield P1 (nuclear fraction) and S1 fractions.[S1 fraction was further
centrifuged at 17000 & g for 20 min at 4 C to yield P2 (membrane/crude synaptosome)
and S2 (cytosol) fractions.[ P2 was resuspended in homogenization 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 B 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 BC. The final synaptosome pellet was
resuspended in 50 mM HEPES, pH 7.4, followed by protein quantification and

biochemical analysis.[]

41



3.15 Data analyses

Data quantification, including cell migration, comet length and lifetime, and protein
interaction were analyzed with Prism software (GraphPad) and are shown as
meanBESEM. Two-tailed Student’s t-test or ANOVA were used for statistical analyses.

Probability values of PEI0.05 were considered as statistically significant.

3.16 Nomenclature

CDKL5 written in upper case letters refers to the human protein, whereas Cdkl5 in
lower case letters refers to the murine counterpart. CDKL5 and Cdkl5 reported in italics

indicate the human and the murine genes, respectively.
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4. Results

4.1 The loss of CDKLS alters the conformational state of CLIP-170

J

Previous results obtained in our laboratory demonstrated that the loss of CDKL5 leads
to impaired MT dynamics probably due to the delocalization of IQGAP1 and the
impairment of CLIP-170 dynamicity on MTs [Appendix 1, (14)]. In vitro studies have
demonstrated that CLIP-170 activity is tightly regulated by its specific conformation:
through an interaction between its NH,- and COOH-termini CLIP-170 alternates
between an active, extended conformation, in which it can interact with MTs and its
COOH-terminal partners, and an inactive, folded conformation, blocking its association
with other proteins (19). As mentioned, our published results demonstrated that the
absence of CDKL5 leads to a reduced affinity of CLIP-170 for MTs (21), suggesting that it
might play a role in regulating CLIP-170 functioning by altering its conformation.
Considering all above, we decided to evaluate if CDKL5 could influence, directly or
indirectly, the conformational state of CLIP-170. To address this, we analysed the
intramolecular state of CLIP-170 by fluorescence resonance energy transfer (FRET)
analysis. To monitor protein conformational changes with the FRET technique, the
target protein is labelled with fluorescent donor and acceptor molecules at the two
extremes. When the donor (Cyan Fluorescent Protein, CFP) and the acceptor (Yellow
Fluorescent Protein, YFP) are in proximity (1-10 nm) due to the interaction of the two
tagged domains, the acceptor emission intensity increases because of the
intramolecular FRET from the donor to the acceptor (the emission spectrum of CFP and
the excitation spectrum of YFP overlap between 450 and 550 nm). Thus, we expressed a
YFP-CLIP-170-CFP fusion protein in COS7 cells after the silencing of CDKL5 expression
(siCDKL5) (Fig.4.1C). The FRET efficiency, calculated as FRET signal to CFP (donor)
fluorescence ratio (FRET/donor), was examined in vivo by live microscopy acquisition at
37BLC.

As shown in fig. 4.1 A-B, we observed a higher FRET efficiency in siCDKL5 cells compared
to control (siCTRL) cells (siCRTL: 50.81% [@ 3.23; siCDKL5: 74.39% [@ 3.71), indicating that

in the absence of CDKL5, CLIP-170 is mainly present in a closed conformation. This
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result is in line with the reduced affinity of CLIP-170 previously observed in CDKL5

silenced cells.
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Fig. 4.1 CDKLS5 influences the conformational state of CLIP-170. (A) Representative images of COS7 cells
transfected with a YFP—CLIP-170—CFP expressing vector 72 h upon silencing with siCDKL5 or siCTRL. The
columns show CFP and YFP images as indicated, the third column shows a pseudo-colour rendering of the
FRET signal. Calibration bar indicates the intensity of the FRET signal, with red colour representing a high
FRET signal. Scale bar, 10 Bm. (B) Graph showing the mean percentage of FRET efficiency in siCDKL5
compared to control cells. Data information: data are shown as meanBESEM (BRER PE0.0001), Student’s t-
test. At least 25 cells for each condition were analysed from three independent experiments. (C) COS7
cells were treated as in A. CDKL5 and YFP—CLIP-170—CFP levels were analysed by WB using antibodies
against CDKLS5 or GFP, respectively. GAPDH was used as loading control.
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4.2 Cdkl5-KO neurons show altered growth cone morphology

J

MTs play a crucial role in neuronal polarization by sustaining the transport of proteins
and organelles for axon formation. Recently, we demonstrated that primary
hippocampal neurons silenced for Cdkl5 are characterized by defective axon formation
and outgrowth (13). Interestingly CLIP-170, as well as CDKL5, positively regulates axon
dynamics. In particular it has been demonstrated that a hypo-functional CLIP-170
derivative impaired growth cone morphology and axon outgrowth (16). The growth
cone is an expanded, motile structure at the tip of the axon that is divided into several
distinct regions: the central region is characterized by an enrichment of MTs, while the
most peripheral domain is mainly composed of actin filaments. The junction between
the central domain and the peripheral region is the transition zone, in which MTs
protrude during axonal extension (105). A correct cytoskeletal organization of such
structure plays an important role in axon outgrowth (84). In light of the above data, we
speculated that the axonal defects linked to Cdkl5 deficiency could be due to a
deranged MT organization in the axonal growth cone. For this purpose, we analysed the
distribution of MTs at the tip of the axon of Cdk/5-WT and KO primary hippocampal
neurons at DIV3. Firstly, we calculated the growth cone area quantifying Bl-tubulin
staining within a fixed area. We found that growth cones of Cdk/5-KO neurons were
significantly enlarged from 41.758m’22.15, in control cells, to 71.26@m°@1.91,
corresponding to a 1.71-fold increase (Fig. 4.2 A and B).

It has been demonstrated that the growth cone size inversely correlates with axonal
growth rate: indeed, growth cones at the tip of rapidly extending axons are typically
small, straight and characterized by highly motile MTs. Conversely, in slowly growing
axons, MTs become bundled and form loops that cause an enlargement of the
structure. In the latter situation the growth cone is called “pausedE because it maintains
its motility without advancing forward (104, 106). Considering that the loss of Cdkl5
reduces axon elongation, we evaluated whether Cdk/5-KO growth cones display a
paused phenotype compared to that of the WT controls. As shown in fig. 4.2 C and D,
axonal growth cones of DIV3 Cdk/5-null neurons are mostly characterized by markedly

looped MT structures corresponding to a paused state (WT: 8%[4.9; KO: 37,33%[8,03).
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Fig. 4.2 CdkI5-KO axonal growth cones show an enlarged MT area and a paused phenotype. (A)
Representative images of WT and Cdk/5-KO hippocampal neurons (DIV3) stained for B-tubulin (green) and
phalloidin (red) to visualize microtubules and actin, respectively (scale bar, 10 @m). The boxed areas are
magnified to the right. (B) Graph showing the mean microtubule area in growth cones quantified as
described in Materials and methods. Data information: data in B are presented as mean BSEM (ERER
PE0.0001), Student’s t-test. At least 100 neurons for each genotype were analysed from six independent
neuronal preparations. (C) Representative images of WT and Cdk/5-KO hippocampal neurons (DIV3)
stained for @-tubulin visualize straight or looped microtubules (scale bar, 5 @m). (D) Graph showing the
mean percentage of paused growth cones quantified as described in Materials and methods. Data
information: data in D are presented as mean BSEM (@ PRI0.01), Student’s t-test. At least 50 neurons for
each genotype were analysed from three independent neuronal preparations.
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4.3 Cdkl5 regulates CLIP-170 localization at the growth cone level

J

It has been demonstrated that CLIP-170 localizes at the level of the growth cone in both
axons and minor neurites, influencing their proper development and elongation (16,
17). Therefore, considering our results indicating a role of CDKL5 in regulating the
activity of CLIP-170, we speculated that the CDKL5-dependent impairment of CLIP-170
functioning could affect its proper localization at the growth cone. Thus, by
immunocytochemistry we analysed the localization of CLIP-170 in growth cones of
CdkI5-WT and KO DIV3 primary hippocampal neurons. Neurons were stained against
CLIP-170 together with B-tubulin and phalloidin (to visualize the entire growth cone
area) and the ratio between the areas of CLIP-170 and B-tubulin was measured within a
selected region of interest (Fig. 4.3 A). We found that CLIP-170 co-localized with B-
tubulin in the majority of Cdk/5-WT neurons. By contrast, in Cdk/5-null neurons CLIP-170
was distributed within the entire growth cone area as shown in fig. 4.3 A-B and in the
schematic model (Fig. 4.3 C), suggesting that a reduced number of CLIP-170 molecules
was bound to MTs in absence of Cdkl5 (CLIP-170/tubulin ratio: WT: 1.10.09; KO:
1.65R10.15).
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Fig. 4.3 The localization of CLIP-170 on MTs is altered in the absence of CdkI5. (A) Representative images
of WT and Cdk/5-KO hippocampal neurons (DIV3) stained for phalloidin (red), @-tubulin (blue) and CLIP-
170 (green) to visualize actin, MTs and CLIP-170, respectively (scale bar, 10 Bm). (B) Graph showing the
mean CLIP-170/@-tubulin ratio in growth cones quantified as described in Materials and methods. (C)
Model representing the distribution of CLIP-170 (green dots) and B-tubulin (blue filaments) in WT and
Cdkl5-KO growth cones. In Cdk/5-null neurons the area occupied by CLIP-170 (light green) with respect to
B-tubulin (light blue) is larger than in WT neurons. Data information: data in B are presented as mean
BISEM (B PRI0.01), Student’s t-test. At least 40 neurons for each genotype were analysed from at least
three independent experiments.

]

4.4 CDKLS is necessary for proper neuronal polarization and extension

J

Altogether, the above results demonstrate that the loss of CDKL5 alters cell
morphology, MT organization, and CLIP-170 dynamicity in COS7 cells. Considering this
and our previous publications showing that primary hippocampal neurons silenced for
Cdkl5 are characterized by a defect in axon formation and outgrowth [Appendix 1, (13,
14)], we proceeded investigating whether an analogous effect might be present in
primary Cdkl5-KO hippocampal neurons. We therefore stained DIV4 Cdk/5-WT and KO

neurons with antibodies against the axonal and dendritic markers, Taul and MAP2,
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respectively. Correctly polarized neurons were recognized as bearing a single axon with
a strong distal staining for Taul and several minor MAP2 positive neurites, whereas
neurons with no axon or multiple axons were classified as non-polarized. As expected,
axon specification occurred in the vast majority of WT neurons, while the loss of Cdkl5
reduced significantly the number of polarized neurons (Fig 4.4 B; WT: 91.88%[0.47; KO:
81.24%[0.66). Moreover, in line with published results obtained in Cdkl5 silenced
neurons (13), the axon length was significantly reduced in Cdk/5Bhull neurons with

respect to the control (Fig 4.4 C; WT: 286.28mR9.13; KO: 222.98mE6.03).
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Fig. 4.4 Axon length and polarization are impaired in Cdk/5-null neurons. (A) Representative images of WT
and Cdk/5-KO hippocampal neurons (DIV4) stained for Taul (red) and MAP2 (green) to visualize axons
and dendrites, respectively. Nuclei were stained with DAPI (blue). Scale bar, 20 @m. (B, C) Graphs showing
the mean percentage of polarized neurons and the mean length of axons in WT and Cdk/5-KO neurons.
Data information: data in B and C are presented as mean BSEM (BRER PRI0.0001). Student’s t-test. At least

300 or 180 neurons, for polarization or elongation, respectively, were analysed for each genotype in five
independent neuronal preparations.
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4.5 CLIP-170 is present in dendritic spines of primary hippocampal neurons

J

Dendritic spines are tiny protrusions that serve as a platform for post-synaptic
specializations as exemplified by the clustering of neurotransmitter receptors at the
post-synaptic density (PSD). The actin cytoskeleton has for years been considered the
major cytoskeletal structure that controls and regulates spine formation and dynamics
(107). Only in the last years, the presence of MTs and the associated proteins has been
demonstrated in spines and their role in spine plasticity has become the object of
several studies. Indeed, MTs guided by plus end tracking proteins (+TIPs), such as EB3,
have been found to enter dendritic spines in a transient and dynamic manner. The high
dynamicity with which this occurs seems to be fundamental for spine formation and
maintenance (108).

Dendritic spines, similar to the growth cone, represent a highly active area where MT
dynamicity contributes to cellular plasticity (20). We speculate that impaired CLIP-170
functioning might contribute to the spine defects in Cdk/5-null neurons by reducing the
spine invasion of MTs. Albeit it has been noted that the mutation of an ortholog of CLIP-
170, CLIP1, cause intellectual disability (109), its localization in the post-synaptic
compartment has never been reported. To address this, neuronal cultures were
prepared from WT mouse embryos at E18 and transfected with a GFP-expressing vector
at DIV11 and harvested at DIV15 when neurons under our culture conditions have
reached the mature state. This approach allowed us to visualize neuronal architecture
including dendritic spines and therefore to allocate the distribution of CLIP-170. As
shown in figure 4.5 A, CLIP-170 could be easily be detected in dendritic spines. This
evidence was further confirmed through the biochemical fractionation of hippocampal
neurons into synaptosomes that are enriched in pre- and post-synaptic proteins such as
PSD95 (Fig. 4.5 B). In line with the IF assay, CLIP-170 can be detected in synaptosomal
(Syn) fractions. Interestingly, synaptosomes of Cdk/5-KO neurons presented a significant
reduction of CLIP-170 whereas no difference could be observed in the amount of
GAPDH (Fig. 4.5 B and C. Fold change expression KO/WT: CLIP-170: 0.47#0.08; GAPDH:
1.14R0.1). Of note, total levels of CLIP-170 were negatively influenced by loss of Cdkl5
(Fig. 4.5 D. Fold change expression KO/WT: KO: 0.5570.06) but since we found that the
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ratio of Syn/Input CLIP-170 is reduced (Fig. 4.5 E), we envisage that loss of Cdkl5 affects
both CLIP-170 expression and synaptic localization.
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Fig. 4.5 CLIP-170 localizes in dendritic spines. (A) Representative image of DIV15 WT hippocampal
neurons stained for GFP and CLIP-170 to visualize spines and CLIP-170 localization, respectively. Scale bar,
5 Bm. (B) Representative WBs showing the level of the synaptic protein PSD95 in total lysate (Input)
before fractionation and in the cytosolic (cytosol) and synaptosomal (Syn) fractions after fractionation.
The lower WBs show levels of CLIP-170 (and GAPDH as internal standard) in total lysates (Input) and
synaptosomal fraction (Syn) of WT and Cdk/5-KO hippocampal lysates. (C) Graph showing the ratio of
CLIP-170 and, as control, GAPDH levels (fold change) in synaptosomal fractions of Cdk/5-KO neurons
compared to WT controls (dotted line). (D) Graph showing CLIP-170 expression levels (fold change) in
Cdkl5-KO hippocampal lysates compared to the WT counterpart before fractionation. (E) Graph showing
Syn/Input ratio of CLIP-170 expression in WT and Cdk/5-KO hippocampal lysates. Data information: data
in C, D and E are presented as as mean RISEM (&R PR0.01, & PE0.05). Student’s t-test. Three independent
synaptosomal fractionations were analysed from three different animals (PND60) for each genotype.

U
4.6 The loss of Cdkl5 results in reduced spine density and maturation in cultured

hippocampal neurons

O

In hippocampal neurons, Cdkl5 is present both in the nucleus and in the cytoplasm
where it can be detected along the dendrites and at the level of dendritic spines.
Importantly, the silencing of Cdkl5 results in impaired synaptic connections and spine
structures (9). Primary cultures of hippocampal neurons constitute a well-accepted in
vitro experimental system that undergoes differentiation and maturation, reproducing
some critical steps of in vivo development, including synaptogenesis. To evaluate how
the loss of Cdkl5 influences spine density under these conditions we took advantage of

WT and Cdk/5-KO primary hippocampal neurons transfected with a GFP-expressing
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vector at DIV11 and harvested at DIV15. As shown in figure 4.6, we registered a
reduction in spine density in Cdk/5-KO neurons compared to the WT controls (Fig. 4.6 A.
Number of protrusions: WT:10.9500.59; KO: 8.36[0.67). Dendritic spines are
heterogeneous in size and shape and can be classified as immature (filopodia, thin-
shaped) and mature spines (mushroom- and cup-shaped) (Fig. 4.6 B). Interestingly,
analysing the morphology of the dendritic spines of Cdk/5-KO hippocampal neurons we
observed a lower percentage of mature spines than in WT neurons, accompanied by an
increased percentage of immature spines (Fig. 4.6 C and D. Mature WT: 34.49%[12.62;
Immature WT: 65.51%[2.58; Mature KO: 22.92%22.69; Immature KO: 77.08%[2.45).
These data recapitulate previously published results indicating that Cdkl5 is required to
ensure correct spine maturation. Moreover, in line with literature describing that the
presence of PSD95 in the glutamatergic dendritic spine is an indicator of its maturation
(110), PSD95 levels are reduced in the absence of Cdkl5. To understand whether a
similar defect could be detected in our cultures of primary neurons, we performed
immunocytochemistry experiments in which neurons were stained with antibodies
against PSD95 and the dendritic marker MAP2. As shown in the representative
immunofluorescence (Fig. 4.6 E), the number of PSD95 immunoreactive puncta in
dendrite segments from Cdk/5-KO hippocampal neurons were visibly reduced compared
to the WT counterpart. The quantification confirmed this evidence, showing that loss of
Cdkl5 causes a significant and robust loss of excitatory post-synaptic contacts (Fig. 4.6 F.

Number of puncta: WT: 11.82F10.49; KO: 8.7R0.4).
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Fig. 4.6 Spine density and maturation are altered in Cdk/5-KO neurons. (A) Graph showing the mean
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Neurons in A-D were transfected with a GFP-expressing vector at DIV11 and analysed at DIV15. Scale bar:
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post hoc analysis.
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4.7 Pregnenolone and PME induce the open conformation of YFP—CLIP-170-CFP

in CDKL5-deficient cells

J

As mentioned above, the activity of CLIP-170 is tightly regulated by its specific
conformation: when opened, CLIP-170 can interact with MTs and its COOH-terminal
partners, while its folded conformation blocks its association with other proteins (19).
CLIP-170 has recently been identified as a cellular receptor for the neurosteroid
Pregnenolone. By binding CLIP-170, P5 stabilizes the extended conformation of the
protein thus increasing its affinity for MTs and promoting MT polymerization (21). P5 is
synthesized from cholesterol by CYP11A1 and can be further metabolized into other
steroids that can accomplish different functions, including the interaction with
membrane bound receptors and the regulation of gene expression. The above data
suggest that CLIP-170 is mainly in a closed inactive conformation in the absence of
CDKL5. We thus hypothesized that P5 might be capable of enhancing the open
conformation of CLIP-170, correcting some of the cellular defects associated with
CDKL5 deficiency. To be able to attribute any effect to P5, we alongside used PME, a
non-metabolizable synthetic derivative of P5, which promotes MT dynamics like P5
(111), but is devoid of the downstream effects possibly linked to the further metabolism
of P5 (112).

We thus treated siCDKL5-COS7 cells expressing YFP—CLIP-170—CFP with P5 or PME and
examined by FRET analysis the intramolecular state of CLIP-170 by live microscopy
acquisition. Intriguingly, our preliminary data showed that chronic treatment of siCDKL5
cells with P5 or PME reduced the YFP—CLIP170—CFP FRET efficiency. Such reduction is
compatible with the specific capacity of the two compounds to target CLIP-170,
stabilizing its open active conformation. Indeed, the treatment with P5 significantly
reduced FRET efficiency from 73.21%PI3.77 of siCDKL5 NT cells to 54.34%[23.37 (Fig. 4.7
A). Similarly, PME showed a clear tendency in the same direction of P5, producing a
reduction of FRET efficiency to 55.51%24.51 (P valuel@0.08. Statistical analysis in figure
4.7 B).

Altogether, these data confirm previous publications that demonstrated a specific
action of P5 on CLIP-170, promoting a conformational change of the protein from a

folded inactive to an open active state (113). Remarkably, considering that the activity
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of PME has so far been restricted to the regulation of tubulin assembly via MAP2 (22,

111), our data uncover a novel target of this compound.
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Fig. 4.7 P5 and PME stabilize the extended conformation of CLIP-170. (A) Graph showing the mean
percentage of FRET efficiency in CDKL5 silenced cells (siCDKL5) compared to control cells (siCTRL). Cells
were left untreated or treated daily with 1 BM P5 or PME, or the respective vehicles (0.0032% EtOH and
0.001% DMSO). Data information: data are shown as meanBSEM (EEEER PR0.0001; PR0.01), ANOVA
followed by Tukey’s post hoc analysis. At least 25 cells for each condition were analysed from three
independent experiments. For siCDKL5 PME/DMSO 10 cells were analysed in one experiment. (B) Table
showing the statistical analysis of data presented in A.
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4.8 PME enhances the binding of GFP—CLIP-170 to MTs in CDKL5-deficient cells

J

Exploiting time-lapse microscopy of a GFP-tagged CLIP-170 construct, we recently
demonstrated that P5 is capable of enhancing the binding of GFP—CLIP-170 to MTs in
COS7 cells depleted of CDKL5. Indeed, CLIP-170 accumulates at the plus-end of growing
MTs forming comet-like structures: the loss of fluorescence in the comet-like dashes is
correlated with the dissociation of CLIP-170 from MTs (114). By increasing the affinity
of CLIP-170 for MTs, P5 promotes their dynamicity, which results in an increased length
and duration of GFP—CLIP-170 comets. Considering the above results on FRET efficiency,
indicating that PME could exert a role on the conformational state of CLIP-170, we
hypothesized that this synthetic P5 derivative might be capable, like P5, of rescuing the
defective MT-binding of CLIP-170 in CDKL5 depleted cells [Appendix 1, (14)]. To test
this, we treated siCDKL5-COS7 cells expressing GFP—CLIP-170 with 1 EIM PME and
analysed the fluorescent comets through time-lapse microscopy. Intriguingly, we found
that chronic treatment of siCDKL5 cells with PME produced an increase in the length
(Fig. 4.8 B. siCTRL: 4.35 Em[0.28; siCODKL5 DMSO: 2.36 Bim RI0.16; siCDKL5 PME: 3.3 Bm
[10.23) and duration (Fig. 4.8 C. siCTRL: 30.01 sec @1.72; siCDKL5 DMSO: 14.67 sec
[11.24; siCDKL5 PME: 23.38 sec [1.6) of GFP—CLIP-170 positive comets in treated cells

with respect to the control cells.
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Fig. 4.8 PME ameliorates the dynamics of CLIP-170 on MTs. (A) Representative images of GFP-CLIP-170
expressing COS7 cells silenced and treated with 1 BIM PME or vehicle (0.001% DMSO) for 72 h. Boxed
areas are magnified underneath. Scale bar: 10 @m. (B, C) Graphs showing the mean length and lifetime of
GFP—CLIP-170 comets in COS7 cells silenced for CDKL5 or with a control siRNA and treated as in A. Data
information: data are presented as mean BSEM (EREEPEO.0001; BRI PRI0.01; BPRO0.05), ANOVA followed by
Tukey’s post hoc analysis. At least 15 comets for each condition were analysed from at least three
independent cells.
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4.9 Cdkl5-related growth cone defects are ameliorated by P5 and PME

treatments

J

Cytoskeletal dynamics play a key role during the first steps of neuronal development
(115) and, in particular, +TIPs, such as CLIP-170 (16), enable neuronal polarization by
enhancing the stability of MTs in the axon. Our results indicate that the loss of CDKL5
negatively impacts CLIP-170 dynamics on MTs, probably producing alterations in cell
morphology. Encouraged by the positive effect of P5 and PME on the conformational
state of CLIP-170, we found it interesting to analyse the capacity of the two compounds
to restore axonal defects linked to Cdkl5 in young neurons. For this purpose we
analysed different growth cone phenotypes in WT and Cdk/58KO neurons at DIV3 upon
treatment for 48 hours with P5 or PME (both 1 BIM) or the respective vehicles (P5:
0.0032% EtOH; PME: 0.001% DMSO). Progesterone (P4; 1 BIM), a metabolite of P5
devoid of any effect on CLIP-170 (21), was used as internal negative control. We first
considered growth cone morphology. As shown in figure 4.9 A, both compounds
displayed a significant effect on growth cone morphology. Indeed, P5 reduced the area
occupied by MTs at the tip of the axon from 67.53Em2[R5.52 in vehicle (EtOH) treated
Cdkl5-KO neurons to 38.92Em2[2.28. A similar effect was observed with PME (WT NT:
41.758m’® 2.15; KO NT: 71.26Bm°@1.91; KO DMSO: 65.24Bm’E3.65; KO PME:
37.31@m’E2.38). Contrariwise, no effect was observed in P4 treated neurons (Fig. 4.9 B,
left. KO P4: 65.2B8m°@4.93). Considering that an enlargement of the growth cone area is
often associated with a paused state with MTs forming loops, we proceeded analysing
the effect of P5 and PME on the paused phenotype described above in Cdk/5-KO
neurons. We found that both compounds resulted in a reduced number of paused
growth cones. Indeed, P5 displayed a trend in decreasing such phenotype in Cdk/5-KO
neurons with respect to Cdk/5-KO vehicle treated neurons (KO P5 13.7%P12.6; KO EtOH:
36.0%[7.48). Similarly, just 12.3%34.83 of PME-treated Cdk/5-KO neurons displayed a
paused phenotype (KO DMSO: 40.0%[(5.77). Neither vehicles nor P4 produced any
effect on such alteration (Fig. 4.9 C. KO NT: 37.3%[6.36; KO P4: 40.0%[8.16). Lastly, we
analysed the localization of CLIP-170 at the growth cone level upon treatment with P5
and PME. Our results indicate that both compounds influenced the distribution of CLIP-

170 at the tip of the axon, increasing its co-localization with tubulin (Fig. 4.9 D, left):
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indeed, the CLIP-170/@TUB ratio decreased from 1.71E0.21 and 1.51@0.3 in vehicle
treated Cdk/5BKO control neurons (EtOH and DMSO respectively) to 1R0.26 in P5-
treated and to 1.070.2 in PME-treated Cdk/5-null neurons. No effects were observed in
neurons treated with vehicles (WT NT: 1.120.; 1 KO NT: 1.65E0.16). Importantly, in
CdkI5-WT neurons neither of the compounds affected the growth cone area (Fig. 4.9 B,
right. WT P5: 35.79 m22.59,‘ WT EtOH: 43.16m24.31; WT PME: 40.29m24.14; WT
DMSO: 44.178m’@5; WT P4: 46.92Bm°E5.6), the paused state (Fig. 4.9 C, right. WT P5:
2.5%12.5; WT EtOH: 14.8%[3.02; WT PME: 9.6%R44.1; WT DMSO: 15%[6.45; WT P4:
22.504.79) and CLIP-170 localization (Fig. 4.9 D, right. CLIP-170/ATUB ratio: WT P5:
1.13R0.13; WT EtOH: 1.06E0.1; WT PME: 1.09¢0.19; WT DMSO: 1.1R0.12). These
results, even if preliminary, indicate a positive effect of both P5 and PME on growth

cone defects associated with the loss of CdkI5.
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Fig. 4.9 P5 and PME ameliorate growth cone defects linked to loss of CdkIS. (A) RepresentDative images of
WT and Cdk/5KO hippocampal neurons (DIV3) stained for BE-tubulin (green) and phalloidin (red) to
visualize microtubules and actin, respectively. (B) Graphs showing the mean microtubule area in WT and
CdkI5-KO growth cones treated with 1 BM P5, PME, P4 or vehicles (0.0032% EtOH and 0.001% DMSO)
and quantified as described in Materials and methods. Data information: data in B are presented as mean
BESEM (BRRR PE0.0001), ANOVA followed by Tukey’s post hoc analysis. At least 40 neurons were analysed
for each condition in three independent neuronal preparations. (C) Graphs showing the mean percentage
of WT and Cdk/5-KO paused growth cones treated as described in B. Data information: data in C are
presented as mean BSEM (BR PRO0.01; B PE0.05), ANOVA followed by Tukey’s post hoc analysis. At least 40
neurons were analysed for each condition in three independent neuronal preparations. (D) Graphs
showing the mean CLIP-170/tubulin ratio in WT and Cdk/5-KO growth cones treated with 1 BM P5, PME
and vehicles (0.0032% EtOH and 0.001% DMSQO). Data information: data in D are presented as mean
BSEM (@ PRI0.05), ANOVA followed by Tukey’s post hoc analysis. At least 10 neurons were analysed for
each condition in three independent neuronal preparations.
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4.10 P5 and PME normalize axon length and polarization in Cdk/5-KO neurons

J

In light of the above data, we speculated that the beneficial effects of P5 and PME on
Cdkl5-dependent growth cone defects could have a positive repercussion on the
defective axon formation and outgrowth in Cdk/5-null neurons. We thus treated Cdk/5-
WT and KO primary hippocampal neurons for 72 h with P5 or PME (or the respective
vehicles EtOH and DMSO) before fixation at DIV4 and stained the neurons for the
axonal and dendritic markers, Taul and MAP2, respectively (Fig. 4.10 A). Parallel
experiments were performed with P4. Correctly polarized neurons were recognized, as
previously described, 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-polarized
(Fig. 4.10 B). Interestingly, the treatment with P5 or PME for three days was sufficient to
completely correct axon specification. Indeed, the number of polarized neurons was
similar to that of WT neurons (WT NT: 91.98%[R0.47, KO NT: 81.24%F0.66; KO P5:
92.12%PI0.7; KO EtOH: 81.75%Fk12.39; KO PME: 90.67%[11.83; KO DMSO: 81.21%[13.55).
As before, P4 was incapable of restoring the axonal defects linked to the loss of CdkI5
(KO P4: 81.41%[3.76). Similarly, both P5 and PME but not P4 were capable of
normalizing axon length (Fig. 4.10 C; WT NT: 286.2Rm[E 9.13; KO NT: 222.98mR6.03, KO
P5: 320.2BmEI18.56; KO EtOH: 210.9EImR11.58; KO PME: 321.9BmE18.23; KO DMSO:
228.7BmE0.95; KO P4: 248.5BmMEI1.86). Neither of the compounds affected polarization
or axon length in Cdk/5-WT neurons (Fig. 4.10 B and C; polarization, WT NT:
91.98%[70.47; WT P5: 92.2%[11.86; WT EtOH: 89.77%[1.29; WT PME: 91.29%[0.71; WT
DMSO: 90.53%11.3; WT P4: 93.15%[13.15; axon length, WT NT: 286.2BmE9.13; WT P5:
312.20mR6.56; WT EtOH: 289.2EImPE16.41; WT PME: 299.8EImPE14.63; WT DMSO:
276.6BmRE18.14; WT P4: 314.4m[E5.8 ). Altogether, P5 and PME are capable of causing
a robust rescue of various defects linked to Cdk5 in young neurons.
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Fig. 4.10 P5 and PME correct axonal impairment caused by the loss of Cdkl5. (A) Representative images of

WT and Cdk/5-KO hippocampal neurons (DIV4) stained for Taul (red) and MAP2 (green) to visualize axons
and dendrites, respectively. Nuclei were stained with DAPI (blue). Neurons were left untreated or were
treated with 1 @M P5 or PME for 72 h. EtOH (0.0032%) was used as vehicle for P5 and DMSO (0.001%)
for PME. Scale bar: 20 Bm. (B) Graphs showing the mean percentage of polarized primary hippocampal
neurons. Both Cdk/5BNT and KO neurons were left untreated or were treated as in A using P4 (1BM) as
negative control. (C) Graphs showing the mean length of axons in primary hippocampal neurons. Cdk/5-
WT and KO neurons were left untreated or treated as in B. Data information: data in B and C are
presented as mean BSEM (BIERE PR0.0001; RIRRIPEIO.001;), ANOVA followed by Tukey’s post hoc analysis.
At least 120 or 60 neurons, for polarization or elongation, respectively, were analysed for each condition
in three independent neuronal preparations.
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4.11 P5 and PME treatments restore synaptic maturation in Cdk/5-null neurons

0

Intrigued by the above results, we speculated that P5 and PME might be capable of
rescuing not only axonal phenotypes in young neurons, but also the dendritic spine
defects associated with loss of CdkI5.

To evaluate the effect of both compounds, neuronal cultures were prepared from WT
and Cdk/5-KO mouse embryos and transfected with a GFP-expressing vector at DIV11 to
visualize neuronal morphology and harvested at DIV15. Neurons were left untreated or
treated for four days with 1 @M P5, PME or the respective vehicles (0.0032% EtOH,
0.001% DMSO) at DIV11. Remarkably, our results indicate that P5 or PME exerted an
effect on the morphology of dendritic spines of Cdk/5-KO neurons producing a clear
tendency in increasing the number of mature spines compared to vehicle-treated
neurons (Fig. 4.11 A. Mature WT: 34.49%[F12.62; Immature WT: 65.51%[2.59; Mature
KO: 22.82%02.2; Immature KO: 77.08%[2.45; Mature KO P5: 41.07%[110.13; Immature
KO P5: 58.84%[210.14; Mature KO EtOH: 22.4%[6.74; Immature KO EtOH: 77.23%[16.82;
Mature KO PME: 32.4%[11.73; Immature KO PME: 67.56%11.72; Mature KO DMSO:
22.12%R2.92; Immature KO DMSO: 74.84%[2.93).

Moreover, to evaluate further the effect of the two compounds in restoring spine
maturation we also considered the number of PSD95 clusters (Fig. 4.11 C). Expectedly,
both compounds proved capable of rescuing also this parameter. Indeed, the number
of PSD95 puncta in 30 Bim long dendritic segments of P5 and PME treated KO neurons
was similar to that of the WT control neurons (Fig. 4.11 B. WT NT: 11.82R10.49; KO NT:
8.780.4; KO P5: 11.0870.52; KO EtOH: 8.85[0.52; KO PME: 10.5970.46; KO DMSO:
8.72(10.44).

Altogether, these data show that P5 and PME are both capable of rescuing neuronal

defects linked to Cdkl5 both in young and in mature primary hippocampal neurons.
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Fig. 4.11 P5 and PME revert defective dendritic spine maturation in CdkIS deficient neurons. (A) Graph

showing the mean percentage of mature and immature spines in relation to the total number of
protrusions in WT and Cdk/5-KO neurons. Neurons were left untreated or treated with 1 @M P5 and PME
or the respective vehicles (0.0032% EtOH and 0.001% DMSOQ). Data information: data in C are presented
as mean BSEM (& PE0.05), Two-way ANOVA followed by Sidak’s post hoc analysis. At least 30 dendritic
segments for spine type were analysed for each condition in five independent neuronal preparations. (B)
Graph showing the mean number of PSD95 puncta of 30 Em long dendritic segments from neurons
treated as in A. Data information: data in B are presented as mean BSEM (EREER PE0.0001; EPEO.05),
ANOVA followed by Tukey’s post hoc analysis. At least 40 dendritic segments were analysed for each
genotype in three independent neuronal preparations. (C) Representative images showing PSD95 staining
in dendritic segments of WT and Cdk/5-KO neurons fixed at DIV15. Neurons were left untreated or
treated as in A. Neurons were stained with the dendritic marker MAP2 (blue) and the mature spine
marker PSD95 (red). Scale bar: 5 Bm.
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5. Discussion

CDKL5 disorder is a severe neurodevelopmental disease caused by mutations in the
homonymous gene, located on the X chromosome (35). Due to the presence of several
features overlapping with classic Rett syndrome, CD was initially categorized as a RTT
variant (36) but is now considered an independent clinical entity (2). A full clinical
picture of CD 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.
However, CD is characterized, in the majority of cases, by the onset of intractable
convulsive seizures within the first three months after birth, intellectual disability, gross
motor impairment, hand apraxia and stereotypies, compromised language skills, and
some dysmorphic facial features such as prominent and broad forehead, high hairline
and deep-set eye (2).

Although there have been important steps towards an increased knowledge of CDKL5
functions since the discovery of its involvement in neurological disorders (1), more are
still needed to allow the development of therapeutic strategies for CD. CDKLS is a
serine-threonine kinase, which shuttles between the nucleus and the cytoplasm (49)
where it regulates several cellular processes through its interacting proteins. In the
nucleus CDKL5 interacts with MeCP2 (4, 44), DNMT1 (5), the splicing factor SC35 (6) and
HDAC4 (7), thus suggesting a link between CDKL5 and gene expression. Cytoplasmic
CDKL5 is known to regulate several aspect of neuronal maturation and morphology:
indeed, it seems to have a role in the activation and maintenance of synaptic activity
(116) and in the regulation of neuronal morphogenesis and dendritic arborization in a
Racl-dependent manner (8). Proper spine development and synapse stabilization and
function were also found to depend on the presence of functional CDKL5 in accordance
with its interaction with PSD95, NGL-1 and Amph1 (9-12). Besides a clear involvement
in shaping the dendritic arbour and synaptic spines, CDKL5 has been also shown to take
part in the early phases of neuronal development. Indeed, CDKL5 was demonstrated to
play a role in the regulation of axon specification and elongation at least in part through

its interaction with Shootin1 (13).
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The strong impact of CDKL5 on neuronal morphology suggests that the kinase may be
involved in regulating cytoskeletal dynamics. However, the molecular mechanisms
linking CDKL5 to such processes have so far remained obscure. Intriguingly, we recently
demonstrated that CDKLS5 is able to regulate MT dynamics thanks to its interaction with
IQGAP1. Among other functions, IQGAP1 regulates the correct interaction between
MTs and actin networks, through the formation of a triple complex with activated Racl
and the +TIP CLIP-170 (15). The absence of CDKL5 causes the deregulation of the Racl-
IQGAP1—-CLIP-170 complex, the delocalization of IQGAP1 from the leading edge and the
reduction of the affinity of CLIP-170 for the plus end of MTs, leading to impaired cell
migration [Appendix 1, (14)].

5.1 CDKLS influences CLIP-170 functionality

The +TIP CLIP-170 regulates MT dynamics by binding specifically to the plus ends of
growing MTs, serving as a rescue factor that supports the growth and elongation of MTs
towards the cell cortex converting shrinking MTs to growing ones (117). CLIP-170 is
composed of two CAP-Gly motifs, which are surrounded by serine-rich regions at its
NH,-terminus, followed by a long coiled-coil structure and two putative metal binding
domains at the COOH terminus. It has been demonstrated that CLIP-170 can fold back
upon itself through an interaction between its NH,- and COOH-termini, alternating
between an active, extended conformation, in which it can interact with MTs and its
COOH-terminal partners, and an inactive, folded conformation, in which it is not bound
to other proteins. We recently demonstrated that the loss of CDKL5 negatively impacts
the capacity of CLIP-170 to bind to MTs. Considering all the above, we therefore
speculated that CLIP-170 is more frequently in its inactive conformation when CDKLS5 is
lacking explaining its reduced MT binding. For this reason, we decided to analyse
whether the conformation of CLIP-170 and, consistently, its functionality might be
impaired in CDKL5-deficient cells.

Through B v@o FRET analysis on COS7 cells, we found that CLIP-170 is mainly in its
closed state in the absence of CDKLS5, thus indicating that the kinase could act, directly

or indirectly, on its folding (see Results, Fig. 4.1).
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CLIP-170 plays a dual role in regulating cell morphology and migration. In normal
conditions, MTs are characterized by rapid growth and low catastrophe frequency that
allows a persistent growth of MTs. The normal function of CLIPs (including CLIP-170) is
to promote MT assembly. Moreover, by modulating the capture of MTs to the cell
cortex through the complex formation with IQAGP1, CLIP-170 promotes cell migration
(18).

Considering that the open conformation of CLIP-170 exposes the two domains involved
respectively in modulating MT dynamics and MT capture at the cell cortex, our results
might explain the altered phenotypes found in CDKL5-silenced cells. On the one hand,
the hypo-functional conformation of CLIP-170, observed in the absence of CDKL5,
reduces its binding to MTs, causing their disorganization. On the other hand, in the
closed conformation, CLIP-170 is likely to be impaired in its binding to IQGAP1. This
could justify, at least in part, the disruption of the Racl-IQGAP1-CLIP-170 triple
complex and the consequent alterations found in CDKL5-deficient cells [Appendix 1,
(14, 15, 118)].

The switching between the open and closed conformations of CLIP-170 has been
reported to depend on specific phosphorylation events (19). Of note different patterns
of CLIP-170 phosphorylation seem to play a fundamental role in enhancing or
decreasing the affinity between N- and C-terminal domains regulating the consequent
interaction between CLIP-170 and MTs (119, 120). However, the biological significance
of differential phosphorylation of CLIP-170 is yet to be addressed. Thus, we cannot
exclude that specific events of CLIP-170 phosphorylation may be regulated by CDKLS5,
which may promote, directly or indirectly, the open conformation of CLIP-170,

increasing its capacity to bind to MTs.

5.2 CdkIS regulates axonal dynamics via CLIP-170

Because of its involvement in neurological disorders CDKL5 has mostly been studied for
its neuronal functions and several reports have described the role of Cdkl5 in regulating
neuronal morphology. In line with previous results in Cdk/5-silenced neurons (13), we
confirmed in KO neurons that the loss of Cdkl5 induces a significant reduction of the

average axonal length in young neurons and an impaired axon specification. Indeed,
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CdkI5Bhull neurons were characterized by an increase in the number of neurons bearing
either no axon or multiple axons. Interestingly, CLIP-170 was reported to be involved in
the modulation of such processes, regulating proper growth cone organization, axon
specification and outgrowth by promoting MT stability in axonal growth cones.

During axonal outgrowth, protruding MTs within the growth cone function as a
“pushing forcel against the actin meshwork allowing the protrusion of the axon (115).
By moderately enhancing MT stability in the growth cone, +TIPS such as CLIP-170 play
an important role in this process (16).

Consistent with all the overlapping features between neurons devoid of Cdkl5 and CLIP-
170, we found that Cdk/5-KO neurons display an altered growth cone morphology
characterized by an overall increase in the area occupied by the MTs within the tip of
the axon, usually coincident with a paused state (see Results, fig. 4.2). As previously
described, growth cones at the tips of rapidly extending axons are small, straight and
characterized by highly motile MTs, while in paused axons, MTs become bundled and
form loops that cause an enlargement of the structure (104). Such morphological
alterations on the one hand provide further evidence of a potential role of CDKL5 in the
regulation of CLIP-170 activity. Indeed, functional CLIP-170, ensuring a moderate
stabilization of MTs (18) and allowing their interaction with the actin cytoskeleton,
either by physically pushing against the actin network or by inducing actin-related
signalling, supports MT polymerization thus allowing their proper dynamics in the
axonal growth cone (121). On the other hand, the aforementioned growth cone defects
may contribute to the other axonal alterations we found in Cdk/5-null neurons. Indeed,
weakened MT polymerization, caused by reduced binding of CLIP-170, is likely to
prevent the ability of MTs to engorge in the area protruded by actin filaments at the tip
of the axon. Consequently, the MTs will attain a splayed organization, thus increasing
the growth cone size and cause a reduced elongation (see Results, fig. 4.4).

In view of the above we can speculate that CLIP-170 and Cdkl5 may act in common
pathways. This prompted us to analyse whether the localization of CLIP-170 in neurons
could be affected by the loss of Cdkl5. Firstly, consistent with previous publications, we
found that CLIP-170 localizes in the growth cone of axons where it regulates MT
dynamics for axon development (16). We also demonstrated that the loss of CdklI5

affects the proper distribution of CLIP-170 in this cellular compartment. Indeed, this
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+TIP appeared delocalized from tubulin, reinforcing our data showing a reduced
capacity of the protein to bind MTs (see Results, Fig. 4.3). This result, which is
supported by the apparently closed conformation of CLIP-170 in CDKL5 depleted COS7
cells, may strengthen our hypothesis that the two proteins act in common pathways.
Indeed, CdkI5 localizes within the axonal growth cone (8), where it may regulate,

directly or indirectly, the MT binding capacity of CLIP-170.

5.3 CdkI5, probably acting on CLIP-170, modulates dendritic spine maturation

In the past years Cdkl5 has been linked to the regulation of neurite outgrowth via Racl
(8) and has been found to control proper spine development and stabilization. In fact,
the lack of Cdkl5 results in an overall spine loss characterized by an increased number of
immature filopodia-like spines and a simultaneous reduction of mature spines (7, 9, 10,
66, 75). These morphological defects have been confirmed in the present study, thanks
to the characterization of primary hippocampal neurons derived from Cdk/5-KO
embryos. Indeed, we found that the loss of Cdkl5 produces a reduction of spine density
with a concurrent increase of morphologically immature spines. These data were
further supported by the analysis of PSD95 puncta that were significantly reduced in
CdkI5-KO neurons (see Results, fig. 4.6). PSD95 is an indicator of functionally mature
spines and its presence at such level correlates with synaptic strength (110). These
pieces of evidence, showing a reduced number of PSD95 puncta in Cdkl/5-KO neurons,
are further supported by our recent publication in which we demonstrate that the loss
of Cdkl5 negatively impacts also on AMPA-receptor membrane exposure, which have
been correlated with the formation and maturation of dendritic spines. Thus, altogether
these data lend support to the presence of immature spines in Cdk/5ehull neurons (12).

While changes in size and shape of dendritic spines have since long been linked to the
remodelling of actin cytoskeleton (122), the presence of MTs and the associated
proteins has remained a subject of debate till very recently, probably due to their
dynamic structure and transient permanence in such compartment. Interestingly, MTs
that enter dendritic spines are capable of polymerizing in the correct orientation thanks
to the action of the +TIPs that allow the communication between MTs and the actin

cytoskeleton (20). The +TIP EB3 is required for spine formation and its reduced levels
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causes a reduction of their density and morphology (108). Moreover, IQGAP1, an
interactor of CLIP-170 and other +TIPs, is involved in proper spine formation (123, 124).
Thus, even if a direct link between spine formation and CLIP-170 has not been found
yet, we speculate that Cdkl5 may control MT dynamics in dendritic spines in a CLIP-170—
dependent manner. Bearing in mind that the depletion of CDKL5 causes a reduced
functionality of CLIP-170 in COS7 cells, we assume that loss of neuronal Cdkl5 may
generate a similar effect, influencing MT dynamics in spines and thereby alter their
proper formation and maturation. Our characterization of primary hippocampal
neurons gave support to this model. Indeed, using two complementary approaches we
could detect CLIP-170 in dendritic spines (see Results, Fig. 4.5), suggesting that it may
indeed play a role in the regulation of MT dynamics in such compartment. Furthermore,
through a biochemical analysis we found that the loss of Cdkl5 produces a reduction of
CLIP-170 levels in the synaptic fraction of mouse brain lysates. This evidence could
support our hypothesis that Cdkl5 is fundamental to maintain CLIP-170 in its open
conformation in the dendrites, thus promoting MT growth and invasion. On the other
side, we cannot exclude that the loss of Cdkl5 may also affect CLIP-170 expression. In
fact, CLIP-170 levels were reduced in both the synaptic fraction and in total lysates,
suggesting a global decrease of its expression. Further experiments are needed to
clarify this point.

Eventually, although PSD95, the levels of which are reduced in Cdk/5-KO neurons, is not
directly trafficked along MTs into dendritic spines, polymerization of MTs into such
compartment is necessary for the synaptic accumulation of PSD95, thus allowing
synaptic maturation (125). Based on these data, it becomes clear that CdkI5 may exert a
central role in the stabilization of mature spines though its regulation of CLIP-170 and
that loss of Cdkl5 disrupts the tight coordination of MT dynamics controlled by CLIP-170

with consequences on downstream events such as synapse stabilization.

5.4 P5 e PME ameliorate CdklI5-related defects in cells and neurons

CLIP-170 has recently been identified as the cellular receptor for the neurosteroid
Pregnenolone. P5, an endogenous steroid generated from cholesterol by the action of

CYP11A1, is known to bind and activate CLIP-170 by changing its conformation, thus
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potentiating its ability to enhance microtubule assembly and interaction with
microtubules and the microtubule-associated proteins (21). P5 was demonstrated to be
capable of ameliorating CDKL5-related defects both in cycling cells and in neurons:
indeed, the treatment with this neurosteroid was able to enhance CLIP-170 binding to
MTs in COS7 cells and to correct axonal alterations in primary hippocampal neurons
silenced for CDKL5 [Appendix 1, (14)].

As an endogenous neurosteroid, P5 can be further metabolized into other steroids that
can accomplish different functions: among the metabolites of P5, P5-S and
allopregnanolone can target GABA,, NMDA, and Sigmal receptors and thus modulate
neurotransmission (112). Conversely, P5 has low affinity for such receptors and its
mechanism of action has been reported to involve the above mentioned effect on
microtubule dynamics through its direct binding to CLIP-170 and MAP2, another
microtubule binding protein (21, 111). Moreover, P5 has lately caught interest by acting
as an allosteric negative modulator of the type-1 cannabinoid (CB1) receptor, thus
being capable of protecting the brain from cannabis intoxication (126). Thus,
considering the possible off-target effects of P5 in a future clinical application for CDKL5
disorder, we tested the efficacy of the synthetic compound PME, a non-metabolizable
derivative of P5 which promotes MT dynamics (111), but is devoid of the effects due to
P5 metabolism: indeed in @& v@Pb studies this compound did not show affinity for any
neurotransmitter receptor of the central nervous system, while demonstrated to
enhance tubulin assembly by binding to the microtubule associated protein MAP2 (22,
112, 127).

Consistent with our previous results, the & vido FRET analysis revealed that both P5 and
PME enhance the opened conformation of CLIP-170 in CDKL5 silenced cells (see Results,
Fig. 4.7 and 4.8) Our findings confirm previous publication on P5 specific activity on
CLIP-170 (21) and pave the way for studies on the novel compound PME. Indeed, in
accordance with our previous results on P5-treated cells [Appendix 1, (14)], PME could
restore the association of CLIP-170 with MTs in proliferating CDKL5-deficient cells,
apparently bypassing the need of CDKL5. These results could lead to the identification
of a novel function of PME on CLIP-170 conformation, which may have interesting

implications for patients with mutations in CDKL5.
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As further support of the relevance of such findings and consistent with our previous
results on cycling cells, we found that the neurosteroid Pregnenolone and its synthetic
derivative PME are capable of restoring or ameliorating the morphological alterations
found in Cdk/5-KO neurons. Indeed, both P5 and PME corrected axonal defects reducing
the growth cone area and consistently enhancing the percentage of “extending® growth
cones. This evidence was further supported by the effect of P5 and PME on the
localization of CLIP-170 in growth cones, which overlapped with tubulin suggesting its
enhanced interaction with MTs (see Results, fig. 4.9). The action of the compounds on
the growth cones may have promoted MTs dynamics in the axonal compartment.
Indeed, treatment of young neurons normalized axon specification and outgrowth (see
Results, fig. 4.10). Eventually, both neurosteroids ameliorated spine density and
morphology in mature Cdkl/5-KO neurons, increasing the number of PSD95 positive
puncta and reducing the percentage of immature, thin or filopodia-like, spines (see

Results, fig. 4.11).

5.5 Conclusions

Several reports have in the past linked CDKLS5 to the regulation of cytoskeletal dynamics
[Appendix 1, (8, 14)]. Moreover, very recently, Baltussen and colleagues identified three
novel CDKLS5 interactors, MAP1S, EB2 and ARHGEF2 (128), which, interestingly, are MT
associated proteins. All in all, our results disclose a novel role of CDKLS in the regulation
of MT dynamics that depends on its action on CLIP-170. The manifestation of
morphological neuronal defects in CDKL5 disorder can well be explained by a deranged
MT dynamics caused by dysfunctional CLIP-170 (fig. 5.1). Intriguingly, many neurological
diseases are associated with defects in the MT +TIPs genes; among these, the CLEPEL 70
gene, also known as CLEP1, was linked to autosomal recessive intellectual disability
(109). This evidence suggests a possible implication of CLIP-170 in the aetiology of the
CD, a disorder characterized by intellectual disability.

Moreover, although further studies are needed to fully understand which of the various
morphological and molecular CDKL5-associated defects that can possibly be restored by
P5 and PME, our studies may have interesting implications for patients with mutations

in CDKL5. In the brain, reduced levels of P5 have been associated with aging and
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neurodegenerative disorders (129); it will thus be interesting in the future to analyse
whether the levels of P5 or its metabolites are reduced in patients with CDKL5 disorder.
If this were the case, considering the neuroprotective potential of P5 (130), we can
assume that the neuronal damage caused by the frequent seizures in these patients
might not be sufficiently attenuated by the neurosteroid. Moreover, administration of
P5 was found to enhance memory and cognition in rodents (131). In humans, clinical
testing of Pregnenolone proved its anti-depressive and anti-psycotic effects and the
drug was well tolerated with a positive safety profile (132, 133). The P5 derivative, PME,
was synthesized in the early B0s (134) and has since then been tested in several clinical
settings. This compound was firstly experimented for the treatment of arthritis and
hypersensitivity disease. Although PME did not show any apparent toxic properties and
no androgenic or estrogenic effects were observed in extensive tests on rats, no actual
decrease was seen either in the arthritic process in patients receiving this compound.
Intriguingly however, the treatment produced a feeling of well-being in patients, who
displayed reduced anxiety. PME was therefore suggested as a promising compound for
psychiatric diseases. The first clinical trial on psychiatric symptoms was carried out on
150 patients. No significant changes were noted in disorders affecting content of
thought, but the compound demonstrated to be effective in decreasing irritability,
anxiety and depression (135). More recently, two studies conducted on rodents
demonstrated that PME could be a useful treatment for depressive disorders (22, 136).
Indeed, the development of synthetic steroids maintaining the specific action of P5 may
lead to the development of interesting therapeutic compounds for various neurological
disorders, including CD.

Therapeutic strategies, including drug-based therapies, are still missing for patients with
CDKL5 disorder. Based on our results, we find it intriguing to speculate that P5 and
PME, targeting CLIP-170, might represent interesting candidates for this group of
patients. To test further the therapeutic potential of both compounds for CD, & vi@o
studies will be performed, in which behavioural tests will be conducted on treated

CdkI5-KO mice.
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Fig. 5.1 Proposed model: CDKL5 alters CLIP-170 conformation and activity in axonal growth cones and
spines. (A) In Cdkl5-WT axons, CLIP-170, in its active extended conformation, binds to MTs, which are
properly organized, can polymerize and allow axon specification, elongation, and proper growth cone
morphology. In Cdkl/5-KO axons CLIP-170, in its inactive folded conformation, cannot interact with MTs,
which appear disorganized and unable to polymerize, impairing proper axonal development. The
treatment with P5 or PME is able to stabilize CLIP-170 active conformation, allowing MT polymerization
and dynamics, favouring axonal extension. (B) In Cdk/5-WT dendrites, CLIP-170, in its extended
conformation, binds to MTs, which can polymerize and are driven into spines, allowing their formation
and maturation. In Cdk/5-KO dendrites, CLIP-170, in its folded conformation, cannot interact with MTs,
which appear unable to polymerize and to protrude within the spine, thus impairing proper spine
development. The treatment with P5 or PME is able to stabilize CLIP-170 active conformation, allowing
MT polymerization and dynamics, promoting spine formation and maturation.
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