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,Der Mensch muss bei dem Glauben verharren, dass
das Unbegreifliche begreiflich sei; er wiirde sonsticht

forschen.”

»-Humans have to hold on to the belief that the
incomprehensible is comprehensible, otherwise they

would not continue to explore.”

Johann Wolfgang von Goethe
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1. AIM OF THE STUDY

Rett's Syndrome (RTT) is a severe, progressive ogdewelopmental
disorder that affects mainly females, occurringhwdn incidence of up to
1:10,000 live births (Hagberg et al. 1983). Aften apparently normal
development, affected children around 6-18 monthsstart to display signs of
the disease which consist in loss of speech, redutaor abilities, respiratory
crises, stereotyped hand movements, severe cognitipairment and autistic

behavior.

Recent studies have shown that RTT is often linkedhutations in the
MECP2 gene, mapped to Xq28 and encoding for methyl-Cpf@tdg protein 2
(MeCP2), a methylation-dependent transcriptiongrassor (Lewis et al. 1992)
and splicing regulator (Young et al. 2005).

Nonetheless a significant fraction (around 30%)children affected by
RTT does not carry mutation in this gene, and refiedings highlighted the fact
that mutations in the CDKL5 (cyclin-dependent kinase-like 5) geneare
responsible fora new disorder that in many aspects overlaps RTT but is also
characterized by specific traits (Evans et al. 208hr et al. 2013). Mutations in
the CDKL5 gene are associated with a severe epileptic eatmpthy
characterized by early-onset intractable seizuregantile spasms, severe

developmental delay, intellectual disability, an@TRlike features.

Although several distinct mutations of tkdOKL5 gene have been found
associated with the diseasiee function of CDKL5 and patrticularly its role in
the development of the nervous system remain totglicryptic yet, as well as it
remains unknown how deregulated expression or mag&bf CDKL5 determine
the disease phenotype.



Several studies in rodents have shown tBdkl5, a serine-threonine
protein kinase, is highly expressed in the develapy brain (Rusconi et al.
2008; Chen et al. 20103uggesting the importance of this kinase for proper

brain maturation and function.

Based on these premisttee overall aim of the study was to characterize
role of CDKL5 on brain development and to identify the molecular

mechanism/s underlying its action.

In particular our aims were:

i) to establish the role of CDKL5 on neuronal mation, through an appropriate

in vitro cellular system;

i) to generate a CdklI5 loss of function mouse niddeCdkl5 knockout mouse

model);

iii) using the new generated Cdkl5 knockout mousegissect the role of Cdkl5
on brain development and to identify the molecuh@chanism/s underlying its

action;

This study will provide novel information on the haoular mechanism/s
underlying brain alterations in the CDKL5 variarft RTT. This is a first and
essential step for future studies in which the Gdklockout mouse model and the
information gained in the current project can beplexed to devise new

therapeutic strategies in order to improve symptofitee CDKL5 disorder.



2. INTRODUCTION

2.1. THE RETT'S SYNDROME

2.1.1. EPIDEMIOLOGY OF RETT'S SYNDROME

Rett's Syndrome (RTT) [OMIM 312750] is a X-linkedrggressive
neurodevelopmental disorder that affects the pésieility to communicate and
perform simple motor tasks. RTT affects mainly fésa occurring with an
incidence rate of 1 up to 10,000 female live bitHagberg et al. 1983; Neul et
al. 2010). Although the RTT phenotype is variabtegst RTT patients have a
distinctive disease course: after a period of agmr normal development (6-18
months) a regression appears with loss of socialpnand communication skills,

hand stereotypies, microcephaly and mental retardat

Several RTT variants, that deviate from the cladsitinical presentation
and range from milder forms with a later age of einsgo more severe
manifestations, have been described. The mildendomclude the preserved
speech variant (PSV or “Zappella variant”), chagdezed by the recovery of some
degree of speech and the “forme fruste” (or “wawad form”), with a milder,
incomplete clinical course. Patients have a latggr af onset compared to the
classical form, with regression occurring betwedn 3 years of age and the hand
use is sometimes preserved with minimal stereotlgpitd movements (Weaving
et al. 2004). The more severe forms include thedenital variant” that lacks the
early period of normal development, and the “eabizure variant” (ESV or

“Hanefeld” variant), with onset of seizures beftine age of 6 months (Hanefeld



1985). These variants present some symptoms of RUT show considerable

variation in type and age of onset, severity ofampent, and clinical course.

In 1999, Amir et colleagues discovered that mutetian the gene
encoding methyl-CpG-binding protein 2 (MeCRP@MIM 300005] are associated
with rare familial cases of RTT as well as more nwn sporadic occurrence of
typical RTT (Amir et al. 1999). MeCP2 is a tranptional repressor involved in
chromatin remodeling and modulation of RNA spliciMutations inMECP2are
found in 95-97% of individuals with classic RTT (Neet al. 2008), while only
50-70% of patients with atypical variants of RTTvlabeen diagnosed with

mutations ilMECP2 suggesting the existence of one or more RTT loci.

Mutations in the CDKL5 gene[OMIM 300203] encoding for a serine-
threonine kinase (cyclin-dependent kinase like hayve been identified in
individuals who had been characterized as early-oes variant of RTT (ESV o
“Hanefeld” variant), supporting the existence ohggc heterogeneity in RTT.
However, the increasing identification of individsiavith CDKL5 mutations has
led to the observation that these individuals kaickome of the distinctive clinical
features of classic RTT, such as the clear peribdregression and the
characteristic intense eye-gaze and very recemhy &Bnd colleagues proposed to
consider the CDKLS5 disorder as a distinctive disg&®hr et al. 2013).

Similarly, recent reports have identified mutatiams third gene involved
in a variant of RTT. In 2008 Ariani and colleagudentified FOXGLtruncating
mutations in two patients with congenital variamtRI'T (Ariani et al. 2008).
FOXG1 [OMIM 164874] encodes forkhead box protein G1, Gax(formerly
brain factor 1, BF-1), a brain-specific transcopidl repressor that is essential for
early development of the telencephalon. Molecutalysis revealed that FoxG1
might also share common molecular mechanisms wi@CRR during neuronal
development, exhibiting partially overlapping exgg®n domain in postnatal

cortex and neuronal subnuclear localization.
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The incidence of the classic form of RTT is estmdaat 1 out of 10,000
females (Hagberg et al. 1983; Fehr et al. 2013)redtiunderstanding of classical
and variant forms suggests that the overall prexales probably higher. The
annual death rate in classic RTT has been estinadtedt 1,2% in the UK (Kerr
1992), and a little change in the survival has bfemd in the last 30 years
(Freilinger et al. 2010). Most of death clusteredween the ages of 15 and 20
years with causes related to the disorder, suetaated condition and poor health
in general, pneuomonia and epilepsy. Poor autonaroidrol and autonomic

manifestations are considered to play a significal& to (Julu et al. 2001).

2.1.2. THE HISTORY OF RETT'S SYNDROME

RTT was first described as a clinical entity by Aeab Rett, a pediatric
neurologist in Vienna, in 1954. His publication German medical literature in
1966 (Rett 1966)however, remained largely unnoticed. In the largetttook
series on neurology by Vincken and Bruyn, Andrea#t Rirote a chapter under
the misleading heading of Cerebral Atrophy and Hgpenonaemia in a series of
21 girls and women (Smeets et al. 201R).the same time another child
neurologist observed similar clinical features mpanese girls (Smeets et al.
2012), but only in 1983 Hagberg and colleagueseme®d awareness of the
disorder in the English medical literature. Thestlier described the condition in
35 girls with strikingly similar clinical featuresf “progressive autism, loss of
purposed hand movements, ataxia, and acquired cejghaly” (Hagberg et al.
1983). This article was a breakthrough in commumgadetails of the disease to
a wide audience and in 1986 Hagberg and Witt-Emgens1 developed the first
classification of clinical staging of RTT, propogifiour age-related stages, that
was later revised in 2001 (Witt-Engerstrom and Haigh1990; Hagberg et al.
2002). In addition to the worldwide recognition BT, the 1980s witnessed
major strides in another field, namely DNA methiat For the first time, a

connection between DNA methylation and heritablanges in gene expression
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was established. Scientists identified the CpG deutide to be the side of almost
all DNA methylation in mammalian genomes and bewadefine the effects of
this modification on gene activity. In 1992, Dr. hah Bird and colleagues
identified a novel mammalian protein that binds mikgtted CpGs, methyl-CpG
binding protein 2 (MeCP2) (Lewis et al. 1992). Tdene encoding MeCP2 was
found to be localized to the X-chromosome (Quadeal. 1994) and the protein
encoded was found to repress transcripiiorvivo (Nan et al. 1997). In the
meantime, as the DNA methylation field was decipigerepression mechanisms
mediated by methyl-CpG binding proteins, the RTTmownity tried to
understand the pathophysiology of this puzzlingditoon. A major breakthrough
in RTT research occurred in 1999, when researclfren® Huda Zoghbi’s
laboratory suggested thdECP2gene as a candidate gene for RTT (Amir et al.
1999) The identification of mutations IMECP2as being causal in RTT has led
to rapid increase in understanding the diseasenantkerous research groups are

still trying to clarify the mechanism/s underlyitigs complex disorder.

In the last years a small proportion of clinicaell-defined RTT patients
(3-5%) have been found not to present mutatiorteeMECP2gene, suggesting
the existence of at least one other RTT locus. Rfcenutations in the gene for
cyclin-dependent kinase like EDKL5) were identified in patients who had been
diagnosed with atypical RTT, supporting the existeaf genetic heterogeneity in
this disease. The kinase CDKL5 was initially idéetl through a positional
cloning study aimed at isolating disease genes mgpgn the X-chromosome.
Sequence analysis revealed homologies to sevaiakghreonine kinase genes
and identified one protein signature specific foist subgroup of kinases,
therefore, leading the authors to name the &Ii€9(Serine Threonine Kinase 9)
(Montini et al. 1998). The first described mutasom CDKL5 were balanced
X/autosomal translocations in two unrelated girleowin addition to seizures and
mental retardation, presented hypsarrythmia anahtié spasms (Kalscheuer et
al. 2003). Even though the first patients mutate@DKL5 were these two girls
affected by X-linked infantile spasms (ISSX), suhsgent cases were reported in
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female patients with a clinical phenotype mimickiRJ T (Tao et al. 2004;
Weaving et al. 2004). The first genetic screenimgdDKL5 mutations occurred
mainly in cohorts of patients with RTT, or variawfsit, which had no mutations
in the MECP2 gene. By comparing the clinical phenotypes of guasi with
CDKL5 mutations already described in literature, it beeahear that almost all of
them presented one common characteristic: earlgt@eszures, starting from 10
days to 3 months after birth. Therefore in the lgsdrs the screening has been
extended to cohorts of both genders affected by efimell epileptic
encephalopathy, infantile spasms or West Syndrd@emsequently individuals
with mutations in th€CDKL5 gene have been variably classified as having early
infantile epileptic encephalopathy, X-linked dormbanfantile spasm Syndrome,
early-onset variant of RTT or diagnosed with otbkpileptic disorders such as
West Syndrome. Interestingly, Intusoma et colleag(latusoma et al. 2011)
suggested in a recent paper that screening amotenisahaving intractable
seizures with an onset before 6 months of age giV@gher score than screening
amongMECP2negative RTT patients; this score is even incrageen RTT-
like features are shown as well. Only in 2013 Fafdl colleagues, using a large
international data collection to describe the chiiprofile of the CDKL5 disorder
and comparing it with classical RTT, proposed tostder the CDKL5 disorder as
an independent entity (Fehr et al. 2013). Althougltations in theCDKL5 gene
have been for a long time described in associatiith the early-onset variant
(ESV or “Hanefeld” variant) of RTT, Fehr’'s papersdebes, that only <25% of
the analyzed cases meet the clinical criteria fig variant. They suggest that
researchers and clinicians should not only conaemton RTT features when
describing the clinical picture of females and malth CDKL5 mutations, but
they should also put the focus on the characteriséitures present in the CDKL5
disorder.

13



2.1.3. CLINICAL OVERVIEW

RTT is characterized by a specific developmentafiler and the clinical
diagnosis is based on a consistent constellationclofical features and
internationally accepted diagnostic criteria dediteel in a staging system (Fig. 1)
(Witt-Engerstrom and Hagberg 1990; Hagberg et @22 Neul et al. 2010). The
diagnostic criteria include a neonatal and peringtariod with normal
developmental progress for the first 5-6 months litd. The birth head
circumference is normal with subsequent decelaratib head growth, leading
usually to microcephaly. Between 3 months and 3rsyed life there is a
regression and loss of acquired skills, such apgaaful hand movements,
vocalization, and communication skills. The hallknaf RTT is the intense,
sometimes continuous, stereotypic hand movemerichvedevelop after the loss
of purposeful hand movements. Other motor abnotisalincluding abnormal
muscle tone and jerky truncal gait are other pr@mirfeatures. Many girls with
RTT have also autonomic perturbations, includingpdwentilation or
hyperventilation during wakefulness, breath-holdingereophagia, forced

expulsion of air and saliva, and apnea.

Stage |

Developmental stagnalion

Stage Il

Developmental regression :
Loss of acquired :l
hand skills and speech
Impaired social
el I
Hand sterectypies [ |

Stage lll
Seizures |

Breathing irregularities [ ]

Stage IV

Late motor deterioration I:l

6 lyr 18 2 3 4 5 6 10
mths mths

Figure 1Staging system for classical RTT. Derived from Hagberg and Witt-
Engerstroem (Image taken from (Weaving et al. 2005)
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Common features in classical Rett's Syndrome

Hand stereotypies

The hallmark and important diagnostic criteria RFT are the intense,
sometimes continuous, stereotypic hand movemerichvedevelop after the loss
of purposeful hand movements. Stereotyped hand ments are typically of
small magnitude, but they may be accompanied byenpooximal movements,
that may also involve the trunk. Patterns consistumimanual or bimanual
wringing, mouthing, rubbing, patting, squeezing /andlapping, or other more

bizarre hand automatisms during waking hours (&)ig.

Figure 2 Stereotypic hand movementsin a girl with RTT (Image taken from
(Borg et al. 2005)).

Communication

All the patients with RTT develop intellectual didgies and mental
retardation to a variable extent. The absenceeddp the dyspraxia and the short
attention span with lack of interest in play arearatteristic and make the
developmental testing a difficult task. Affectedldren show diminished interest

in people and objects and their exploratory characs very poor. Their
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communication is often limited to establishing \@kgontact by intense staring
and particular care should be taken to presengeuisual sensory function. No
specific ophthalmologic pathology occurs in thisatder, although strabismus
and acquired cataracts after self-injurious tappmgssociation with behavioral
agitation is very common. Some affected girls hpxeservation of speech and

can use words and sentences in a meaningful way.

Kyphoscoliosis and Food Deformities

Mild trunk hypotonia and lack of mobility often lkgéao kyphoscoliosis,
which develops in early school age with variousrdeg of severity. Progression
of scoliosis is often very rapid, depending on aswtry in muscle tone
(dystonia) and degree of muscle wasting. Most coniynan S-shaped curve
develops with a longer upper part (most frequed#dyxtroconvex) and a shorter
lower part (sinistroconvex) (Fig. 3). Most commarod deformities in RTT are
equinus and equinusvalgus/varus positions due ¢ordlduced intersegmental

mobility, related to stereotyped postures or taatys.

Figure 3 Scoliosis in a RTT patient (A) and X-ray view (B) (Image taken
from (http://syndromepictures.com/rett-syndromepies/)).

16



Seizures

Epilepsy is present in up to 80% of affected indiiadls at some times in
their lives (Steffenburg et al. 2001) usually starts after the age of 4 years and
becomes less intense in adulthood. The most contypas are partial complex,
tonic-clonic, tonic, and myoclonic seizures andeBolabout 50% of seizure in
classical RTT can be controlled by medication. Ehtectroencephalogram is
usually abnormal in RTT, but there is none cledibgnostic pattern. Brain stem
events, such as blinking of the eyes, facial twiitgh vacant spells and
hypocapneic attacks are often confused with seszure

Autonomic Manifestations and Sleep Abnormalities

Many girls with RTT have autonomic perturbations¢luding irregular
breathing in the waking state associated with rlegtic vacant spells. This
includes hypoventilation or hyperventilation duringkefulness, breath-holding,
aereophagia, forced expulsion of air and salivaaprka. It reflects immaturity of
the brainstem and may contribute to sudden dedtlepSabnormalities are more
or less a constant feature in RTT and include nifghighter, prolonged
wakefulness or early morning awakening. The meamarbehind this disruptive
night awakening and daytime sleeping is not wetlarstood, but may be related
to the autonomic dysfunction that has been atwithud midbrain and brainstem

immaturity.

Feeding and Physical Growth

Girls with RTT love to eat and like to watch wheweats are prepared and
are very alert during feeding. Emergence and cbofrprimary mouth functions

such as chewing and swallowing are often delayeldcan be problematic. There
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is also a high incidence of gastro-esophageal xefind decreased intestinal
motility resulting in constipation. In spite of thghysical growth there is a
deceleration of linear growth during the first 2ag® of life, while later height
and/or weight for height become normal. The ratehafhd and foot growth,
particularly the latter, of girls with RTT is slowéhan that of normal children.
The birth head circumference is normal with subsetjudeceleration of head
growth, leading usually to microcephaly. The dezlin head growth may thus be
very obvious in classical RTT, but it may not begant at all in atypical variants
of RTT. Therefore, microcephaly is no longer aneaesial criterion for the

diagnosis.

2.1.4. CLINICAL OVERVIEW OF THE CDKL5 VARIANT OF
RTT

The clinical characteristics commonly associateth @iDKL5 mutations
include early-onset seizures, severe intellectuahhbility and gross motor
impairment. The recently published Neul criterice(iNet al. 2010) for atypical
RTT include five specific items for differentiatirige early-onset variant (ESV or
“Hanefeld” variant) from the classic form and thther atypical forms: seizures
onset before 5 months of age, infantile spasmsactefry myoclonic epilepsy,
seizures onset before regression and decreaseaceifrey of typical RTT features
(Table 1).

For several years the clinical understanding of CBkdisorder was
limited, with most information derived from smallageent groups seen at
individual centers, the largest including 20 pase(Bahi-Buisson et al. 2008).
Fehr et al. in 2013 used a large international datkection (InterRett database;
86 individuals with CDKL5 mutations and 920 individuals witMECP2
mutations) to compare the clinical profile of CDKdisorder with classic RTT,

concluding that CDKL5 disorder should be consideasdin independent clinical
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entity and should not be considered part of the Bpdctrum, as < 25 % of cases
didn’t meet the clinical criteria for the early-@bs/ariant of RTT (Table 2) (Fehr
et al. 2013).

Consider RTT diagnosis when postnatal deceleration of head
growth is observed

Required for typical or classic RTT

A period of regression followed by recovery or stabilization

1. All main and all exclusive criteria

2. Supportive criteria are not required, although often present
in typical RTT

Required for atypical or variant RTT

1. A period of regression followed by recovery or stabilization

2. Atleast 2 of the 4 main criteria

3. 5outof 11 supportive criteria

Main criteria

1. Partial or complete loss of acquired purposeful hand skills

2. Partial or complete loss of acquired spoken language

3. Gait abnormalities: impaired (dyspraxia) or absence of
ability (apraxia)

4. Stereotypic hand movements such as hand wringing/
squeezing, clapping/tapping, mouthing and washing/
rubbing automatisms

Exclusion criteria for typical RTT

1. Brain injury secondary to trauma (peri- or postnatally),
neurometabolic disease or severe infection that cause
neurological problems

2. Grossly abnormal psychomotor development in the first
6 months of life

Supportive criteria for atypical RTT

1. 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 sensitivity to pain

Intense eye communication and eye-pointing behavior

SOV NANEWN

—

Table 1RTT diagnostic criteria 2010. (Table taken from (Neul et al. 2010)).
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Extremely likely* Seizures within the first year of |ife (90% by 3 months)

Very likely®

Likely®

Unlikely?

Global developmental delay
Severely impaired gross motor function

Sleep disturbances
Abnormal muscle tone
Bruxism
Gastrointestinal issues

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

Laughing and screaming spells

Cold hands or feet

Breathing disturbances

Peripheral vasomotor disturbances

Independent walking
Microcephaly
Major congenital malformations

*0Obsearved in > 90% of cases in the curent study.

"Observed in 80-90% of cases in the cument study.

“Observed mare variably in 40-80% of cases in the cument study.
“Observed in < 10% of cases in the cument study.

Table 2 Clinical features suggesting a diagnosis of CDKL5 disorder.
(Image taken from (Fehr et al. 2013)).

Seizures and motor delay

The early-onset epilepsy is one of the hallmarkuies of the CDKL5
disorder and occurs in about 90% of patients byddtirs of age. In literature
many seizure types and EEG changes have been kakcincluding infantile
spasms, multifocal and generalized seizures withoabeyic, tonic (tonic
vibratory) and clonic features. The second key uieatcharacteristic for the
CDKLS5 disorder is a severe developmental motoryddf@hr’'s paper report that
early development is more severely impaired ineoasi affected byCDKL5

mutations, with approximately half learning toad 10% to walk in comparison
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with 80% learning to sit and just half learningwalk affected of classic RTT
(Fehr et al. 2013).

Hand function and speech

Patients withCDKL5 mutations develop less frequently typical hand
stereotypies, which are the most important diagoasiteria of the classic variant
of RTT. Fehr et al. show that functional hand uses \ecquired by just over the
half of the cases analyzed. Patients with CDKL®isr were less likely to use
words whereas use of some words was acquired byyr#po of females with

classic RTT before regression (Fehr et al. 2013).

Dysmorphism

Various dysmorphic facial features have been desdriin individuals
with CDKL5 mutations including a prominent and/ or broad feeah high
hairline, relative mid-face hypoplasia, deep-set Barge” appearing eyes,
infraorbital shadowing and strabismus. The lipseapgull with often reversion of
the lower lip. They also present often a wide mautd widely spaced teeth. The
fingers in young children are often tapered, somth wuffy proximal and
narrowed distal phalanges and some have a puffyudorof the hands and/ or
feet. In older individuals, the fingers tend toddender, with prominent proximal

interphalangeal joints and narrow distal interphg&al joints (Fig. 4).

Dysmorphic features have also been described &r attnditions of early-
onset encephalopathy, such as cases MIKG1 mutations and in Pitt-Hopkins
Syndrome, while in classical RTT no typical facgdstalt has been described,
although some clinicians have suggested a facialilasity to Angelman
Syndrome. The presence of these characteristicalydacial features could
provide additional assistance in the clinical iddtion of individuals with a
CDKL5 mutation.

21



Figure 4Characteristic facial, hand and feet featuresin males and females
with CDKL5 disorder. (Image taken from (Fehr et al. 2013)).

In the last few years individuals with mutationstive CDKL5 gene have
been variably classified and in most cases thenmpsgms have been attributed to
the early-onset seizures variant of RTT (ESV orriefed” variant), as they show
some clinical overlapping phenotypes with the ¢aBJT. In literature CDKL5
was considered part of the RTT spectrum and onl®013 Fehr et colleagues
suggested to consider the CDKL5 disorder as an ingendent clinical entity,
basing on the observation that the majority ofgrat withCDKL5 mutations did
not meet the diagnostic criteria proposed in 20tMNbul et al(Neul et al. 2010;
Fehr et al. 2013).
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2.1.5. CLINICAL MANAGEMENT AND THERAPEUTIC
STRATEGIES

Early clinical intervention and comprehensive libelg management of
RTT are essential and can significantly improveltheand longevity of affected
individuals. Medical management is essentially sygmyatic and supportive and
may be optimized by involvement of a multidisciglig team consisting of many
different medical and paramedical specialists apaib individualized approach.
Management should also include psychosocial supgort the families,
development of an appropriate education plan arsksasent of available
community resources. Parent support groups areatrncproviding support for
families. Pharmacologic strategies targeting spedfymptoms include anti-
epileptic treatments, treatment with L-carnitine,itnprove patients’ wellbeing
and health, magnesium to reduce the episodes @rbgmptilation and melatonin
to improve sleep dysfunctions. Clinical managemeshbuld also include
rehabilitation programs adapted to the patientsfividual needs, in order to
improve posture and motility. Decreasing repetifpugposeless hand movements
can for example be achieved by the use of varioos rastraints, such as soft
elbow splints, helping also in training specificndaskills such as self-feeding.
Actually habilitation programs will likely remairhé cornerstone of management
of individuals with RTT, although a better undenstimg of the molecular
pathophysiology of this condition is expected tadeo promising therapeutic

approaches.
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2.2. MeCP2

2.2.1. THEMECP2 GENE AND ITS PRODUCTS

The MECP2gene is located at q28 on the human X chromosoméas
been demonstrated to undergo X inactivation in hurmad mice (Adler et al.
1995; D'Esposito et al. 1996). It encodes the nié@ipgG-binding protein MeCP2,
which belongs to a large family of DNA-binding peots that selectively bind 5-
methylcytosine residue in symmetrically position€@G dinucleotides. These
nucleotides occur random throughout the genome;eliery a recent study has
shown that enrichment for A and T bases adjacentdthyl-CpG nucleotides is
essential for high-affinity binding between MeC&a its target sites , indicating
a basis for specificity (Klose et al. 2005). Alloggins of this family contain a
highly conserved MBD domain (methyl-CpG binding dom), which in MeCP2
extends from position 1 to 174 and it is necessay sufficient to bind DNA.
MeCP2 contains a central transcriptional represkonain (TBD), at position
219-322, which is able to recruit co-repressor dengs that mediates repression
through deacetylation of core histones, with conset compaction of DNA into
heterochromatin (Jones et al. 1998; Nan et al. 1288 nuclear localization
signal. The C-terminal domain facilitates the bimgdof MeCP2 to DNA(Chandler
et al. 1999) and contains a WW domain that is jptedito be involved in protein-
protein interactions (Fig. 5) (Buschdorf and Singtl2004).

Two alternative splicedMECP2 transcripts has been identifiecdECP2A
(also known asMECP2_E2 or MECPZ3, 498 amino acids) andMECP2B
(MECP2_E1 or MECP2:, 486 amino acids) (Kriaucionis and Bird 2004;
Mnatzakanian et al. 2004). The two splicing vasadiffer only in their most 5’
regions (Fig. 5). Although both of them are higelypressed in the brain, they

differ in translation efficiency and are expresseédlifferent relative amounts in
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various tissues, wittMECP2B being more prevalent and abundant in brain,
thymus and lungs (Kriaucionis and Bird 2004), whNECP2A is highly
expressed in other tissues, such as fibroblasts Bmiphoblast cells
(Mnatzakanian et al. 2004). AdditionAMECP2 transcripts with 3'UTRs of
different lengths are also produced by the usdtefrative polyadenilation sites.
Their expression levels vary between tissues aneéldemental stages, but the

functional significance of this is unknown.
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Figure 5SMECP2 gene and protein isoforms.

Schematic illustration of the gene structure of NFR2Cand the different
domains of the two protein isoforms, MeCP2E1 an@€RRE2. The primary
amino acid composition of the N-terminus of MeCP2all MeCP2E2 is
depicted.

(Image taken from (http://www.hindawi.com/journafg2012/415825/fig2))

The MeCP2 protein is present in all vertebratedugting the sea lamprey,
a primitive jawless vertebrate, but no MeCP2 oxlgous has been detected in
invertebrate animals or plants. There are known RR@®@rthologous in rat,
mouse, monkeyXenopus,and zebra fish, suggesting that MeCP2 has served

important functions throughout vertebrate evoluti@though these may be
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different between widely divergent species. Segegrfoom human and mouse,
for example, which diverged from a common ancesiocg, 95% identical at the
amino acid level. Divergences between mammalian REa&nd amphibian or fish
MeCP2 is more extensive (33% amino acid identitigwben human and zebra

fish), but conserved sequences as the MBD domaiprasent.

2.3.2. MECP2 MUTATIONS AND THEIR INFLUENCE ON
THE PHENOTYPIC OUTCOME

Over the past few years, more than 2000 pathogentations have been
reported in females with RTT (Amir et al. 1999; Wieg et al. 2005). This
includes missense mutations, nonsense mutatioasmeghift mutations, large
deletions and/or duplications. 70% of the reporsdt@ration are due to C>T
substitution in CpG hotspots IMECP2 and results in loss of function due to
truncated, unstable or abnormally folded proteidMdore recently, large

rearrangements that invollECP2,including deletions, were reported.

Attempts to establish genotype-phenotype correlation females with
RTT give conflicting results, due to the phenotypariability consequence of
different pattern of X-chromosome inactivation. Haer some patterns have
recently begun to emerge. Female patients with thoasin MECP2that truncate
the protein towards its C-terminal end (late-truimga mutations) have a
phenotype that is less severe, and less typicalaskic RTT, than patients who
have missense or N-terminal (early truncating) mta (Charman et al. 2005).
In addition, the Arg270X mutation, which results & truncated protein, is
associated with increased mortality. This is cdesis with greater clinical
severity in cases with mutations upstream of ohwithe TRD domain. However,
as missense and late-truncating mutations can teadther classic or atypical
RTT, it has been suggested that genetic backgramior non-random X-
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chromosome inactivation in the brain influence thelogical consequences of
mutations ilMECP2

Mutations in MECP2 in males were initially thought to be prenatally
lethal; however, it has been shown that these muttcause a variable
phenotype in males, ranging from mental retardatmisevere encephalopathy.
MECP2 mutations that cause classic RTT in females tyljgidaad to neonatal
encephalopathy and death in the first year ofiilivenales with normal karyotype,
while some mutations that do not cause RTT in femaan cause moderate,
nonspecific to profound mental retardation or psteic disorders in males.

2.2.3. CURRENT PERSPECTIVES ON MeCP2 FUNCTIONS

MeCP2 as a transcriptional regulator

The prevailing view of MeCP2 function at the tramstional level is
largely based on a model of methylation-dependentitg and subsequent
induction of transcriptional repression. MeCP2 kintb promoter regions
containing methylated CpGs upstream of the trapBon start site of target
genes. This binding recruits co-repressor complétesigh the interaction with
the TBD domain (transcriptional repressor domaindl @ause local chromatin

compaction and consequent transcriptional downtagign (Fig. 6A).

MeCP2 binds to the methylated promoter of targetegeand recruits
chromatin-remodeling complexes that contain SIN3#& t(anscriptional co-
repressor), BRM (a SWI/SNF-related chromatin rentindeorotein) and histone
deacetylases (HDACS). This leads to chromatin cosa&on owing to histone
deacetylation, which results in a limited accesigybiof the transcriptional
machinery to the promoter of the target gene (Jehas. 1998; Nan et al. 1998).
MeCP2 also interacts with other co-repressors, sashSK1 viral proto-
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oncoprotein and the nuclear co-repressor NCOR, @otrhich are components of
the HDAC complexes (Kokura et al. 2001)

In regards to MeCP2 target genes, the initial gitesnmo identify such
targets were heavily influenced by the model tha¢QR2 acts solely as
transcription repressor. In order to identify piv&attarget genes in a high-
throughput, genome-wide manner, transcriptional filprg studies were
performed. These early gene expression studieg @siher human post-mortem
tissues or whole brain tissues from Mecp2-defici@nimals, identified only a
modest number of target genes and failed to sugpertole of MeCP2 only as
transcriptional repressor (Colantuoni et al. 20D&ynor et al. 2002; Tudor et al.
2002; Nuber et al. 2005; Jordan et al. 2007). Heatification of both up- and
down-regulated genes argues against a single foMe@€P2 in transcriptional
regulation and elucidates a limited or direct reléVleCP2 also in transcriptional

activation (Fig. 6B).

Transcriptional down-regulation ’ Transcriptional up-regulation

Transcriptional

repression domain Co-repressors Co-activator
Methyl-binding
A,-" :.;
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MeCP2 Target Gene MeCP2 Target Gene
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Figure 6MeCP2 as a transcriptional regulator.

(A) MeCP2 as a transcriptional repressor. MeCP2 kital methylated CpG
upstream of the transcriptional start site of MeCR#get genes. This
recruits repressive co-factors to presumably caudseal chromatin
compaction and transcriptional down-regulation.
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(B) MeCP2 as a transcriptional activator. In thiase, MeCP2 recruits a
transcriptional co-activator to cause the transeigmal up-regulation of a
target gene.

(Image taken from (Samaco and Neul 2011)).

MeCP2 as a histone-like protein

Elucidating the transcriptional function of MeCP2further complicated
by the recent evidence that MeCP2 is also a patawimatin-condensing protein,
which mediates the assembly of novel chromatin regaxy structures
independently of its binding to methylated DNA (@&gel 2007). This role of
MeCP2 as histone-like protein was further confirrogdSkene et al. (Skene et al.
2010). An important observation of this study iattheurons only have half the
amount of histone H1 compared with non-neuronsthan absence of MeCP2,
histone H1 increases in neurons up to the levehasf-neuronal cells. This is
accompanied by a global increase in acetylatiote stehese findings indicate a
complex interplay between gene expression regulatio neurons that may
involve compensatory mechanisms between MeCP2 istwhke H1. Nevertheless
more work is needed to determine the relationslepvéen gene expression

changes and MeCP2's role as histone-like protein.

MeCP2 requlation of imprinted genes

An involvement of MeCP2 in the regulation of imgad genes was first
indicated by studies that showed subtly alteredresgion ofUBE3A (ubiquitin
protein ligase E3A)GABRB3(y-aminobutyric-acid recept@3) andDIx5 (distal-
less homebox 5) in patients with RTT and in Mecpfaient mice (Horike et al.
2005; Makedonski et al. 2005; Samaco et al. 2005).

29



UBE3A, which encodes the ubiquitin ligase E3A, is located an
imprinted region, that has a causal role in Pratigii- Syndrome (PWS) and
Angelman Syndrome (AS). The imprinted expressiongehes in this region
involves a complex regulation that requires-acting elements, known as
imprinting control regions (ICRs). The ICRs coom i the expression of several
neighboring genes and direct expression of gendsinwthis region from the
allele that is derived from one parent only, basedallele-specific epigenetic
modifications of chromatin. The imprinting contrelgion for the PWS-AS locus
consists of two parts, with the AS ICR located moeatromeric. Regulation of
UBE3A expression also involves both a region that isted upstream of the
nearby small nuclear ribonucleoprotein polypephdéSNRPN-SNRPNupstream
reading frame YNURF locus, known as the PWS-AS imprinting center, el
recently identified small nucleolar RNAs that owegxlwith UBE3A and are
transcribed in the opposite direction. This traipgas also thought to inhibit the
expression otUBE3Afrom the paternal allele through an antisense nrésima
UBE3AMRNA and protein levels are slightly reduced in Ne@aeficient human
and mice brains antBE3A expression has been shown to be regulated by
MeCP2. This downregulation of expression correlatgl a biallelic production
of UBE3Aantisense RNA and changes in the chromatin steictuth increased
acetylation and methylation of H3K4 (histone 3 mgsi4), and reduced
methylation of H2K9 at the PWS-AS imprinting cent€his indicate that MeCP2
might regulate the interpretation of imprinted DM#ethylation marks in this
region, in combination with other chromatin-bindimigteins.

MeCP2 can also regulate gene expression and matepranting through
the formation of a silent chromatin-loop. Horike at. used chromatin
immunoprecipitation to identify Mecp2-binding sitae mouse brains and
revealed several sequences located within an iteggringene cluster on
chromosome 6, including DIx5 and DIx6 (Horike et 2005). The expression of
these two genes is two times higher in the braihdMecp2-null mice and
interestingly the DIx5-imprinted pattern is disre@tin these brains. Mecp2 has
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shown to interact with sequences near the impriribxb and DIx6 genes,
mediating the formation of a 11-kb chromatin loaghee DIx5-DIx6 locus that is
enriched in methylated H39K. This leads to an iraggn of DIx5 and DIx6 into a
loop of silent, methylated chromatin, and repredbeg expression. In Mecp2-
deficient brains this loop is absent and the exgwesof DIX5 and DIx6 is no
longer repressed, which results in the over-expyass these two genes.

MeCP?2 as splicing requlator

Another mechanism by which alterations in MeCP2cfiom might
contribute to the characteristic features of RTThreugh disruption of alternative
splicing in the brain (Young et al. 2005). MeCP2 bhaen shown to interact with
the YB1 protein (Y-box-binding protein 1, also kmovas p50 and EF1A), a
principal component of messenger ribonucleoprotearticles that controls
multiple steps of mMRNA processing, including thieesgon of alternative splicing
sites. The role of the MeCP2-YB1 complex was ingaséd by examining its
function in the regulation of alternative splicimj candidate genes, such as
NMDA receptor unit 1 (NR1)n vivo. The expression of NR1 is regulated by an
alternative splicing event that is independent enranal activity and generates
two functional variants. The comparison of wild#y@nd Mecp2-null mice
showed significant differences in the amount oftthe variants of NR1.
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2.2.4. MECP2 TARGETS

Brain-derived neurotrophic factor (BDNF)

Two research groups (Chen et al. 2003; Martinovétlkal. 2003) found
that MeCP2 specifically binds to methylated CpGessinear the promoter Il
region of BDNF in rats and promoter IV region of BB in mice, respectively,
thereby repressing BDNF transcription in restinguroeal cells. When the
neurons where exposed to potassium chloride, whiuuce membrane
depolarization, calcium influx and BDNF release, Q2 dissociated from the
BDNF promoter. This displacement has been suggdstedsult from reduced
CpG methylation in the relevant region of the aatiddl promoter (Martinowich et
al. 2003) An alternative mechanism has been proposed by @hdrhis group,
which showed a time-dependent increase in MeCP2spttarylation when
neurons where stimulated with potassium chloridbiciv might influence the
affinity of MeCP2 for the methylated promoter s{@hen et al. 2003). SIN3A, a
MeCP2 co-repressor, is also displaced from the essor complex after
membrane depolarization induced by potassium adorand loss of MeCP2 is
accompanied by changes in histone modification, ciwhiresults in a

transcriptionally permissive chromatin state.

Although the specific functions of BDNF have notebecompletely
elucidated, its important role in regulating symagtlasticity and its effects as
neurotrophic factor are well defined. A deficit MeCP2 function and its
downstream effects on BDNF expression might theeefaccount for the
neurobiological and cellular defects observed INnTRTn support of this,
transgenic mice that overexpress BDNF develop symgtthat are similar to

those in Mecp2-deficient mice (Croll et al. 1999).
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Hairy 2

A recent study has identified another gene involved neuronal
differentiation as a target of MeCP2. Xenopus MeCP2 inhibits the expression
of xHairy2a which itself is a target of the Notch/Delta sityng pathway. With
reduction of MeCP2 activityxHairy2 expression is increased, and this leads to
inhibition of primary neurogenesis (Stancheva e2@03). It will be interesting to
study whether MeCP2 plays a role in other Notchuleggd aspects of neuronal

maturation.

UBE3A (ubiquitin protein ligase E3A)

UBE3Aencodes for an ubiquitin ligase, an enzyme thatvielved in the
polyubiquitylation of target proteins in order toark them for degradation.
Mutations in the maternal allele of this gene (fheternal allele is normally
inactivated in the brain due to paternal imprinfiage responsible for some cases
of Angelman Syndrome, a genetic disorder charasdrby hyperactivity, ataxia,
problems with speech and language. If the patgrmakterial from the same
region is mutated instead, the brother syndrome, Rhader-Willi Syndrome,
characterized by similar features such as mentatdation, learning disabilities
and behavioral problems, is the result. MeCP2 edgal the imprinted gene
UBE3Ain a temporally and spatially defined manner anel deregulation of
UBE3Aexpression that results from MeCP2 loss of fumchidght contribute to
the clinical manifestations of RTT, such as menggrdation, seizures, muscular
hypotonia and acquired microcephaly, that overlégp awith the other two

disorders.
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DLX5 (distal-less homebox 5)

DLX5 regulates the production of enzymes that sgtitley-amino butyric
acid (GABA) and is overexpressed in Mecp2-deficieratins as a consequence of
loss of imprinting. This might alter GABA-dependenturon activity and
contribute to the clinical manifestations of RTT.

Glucocorticoid-regulated genes (Fkpb5 and Sgk1)

Nuber et al. found that Mecp2-null mice differefifiaexpress several
genes that are induced during the stress responggubocorticoids. Increased
levels of mMRNAs for serum glucocorticoid-induciltd@ase 1 (Sgk 1) and FK506-
binding protein 51 (Fkbp5) were observed before aftekr onset of neurological
symptoms, but plasma glucocorticoid was not sigaiitly elevated in Mecp2-
null mice. Mecp2 is bound to th&kbp5andSgkgenes in brain and may function
as a modulator of glucocorticoid-inducible gene regpion. Given the known
deleterious effect of glucocorticoid exposure omimrdevelopment, this data
raises the possibility that disruption of MeCP2-elggent regulation of stress-
responsive genes contributes to the symptoms of RIliber et al. 2005).
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2.2.5. Mecp2 MOUSE MODELS

To uncover the molecular mechanisms underlying M2@¥sfunction in

the past few years several mouse models were dedera

Mecp2 conditional male knockout mice (Me&pR lacking either exon 3
or both exon 3 and 4 (Chen et al. 2001; Guy et280D1), display severe
neurological symptoms, including uncoordinated ghtgoactivity, tremor, hind
limb clasping and irregular breathing. Similarly RIT patients they undergo a
period of normal development, followed by severarralgical dysfunction,
leading to death at 8-10 weeks of age. Behaviastirtg of these conditional
Mecp2 knockout models revealed phenotypes simdldRTT patients, including
deficits in motor learning, increase in anxietyelikehavior, impairments in social
interaction and altered learning and memory-reldtedaviors. Female MecBZ
mice show similar behavioral abnormalities, buthwat later stage of onset. The
brains of Mecp2-null mice are smaller in weight amk than brains of wild type
littermates, but have no detectable structural ahabties, except smaller, more
densely packed neurons were found in hippocamputexcand cerebellum (Chen
et al. 2001). In addition, the olfactory neuronsMécp2-null mice demonstrate
abnormalities of axonal targeting in the olfactbylb, suggesting a function for
MeCP2 in terminal neuronal differentiation (Matazazand Ronnett 2004). To
elucidate the role of Mecp2-loss in the brain, adittonal KO approach, using a
nestrin-Cre transgene, was used to specificallgtdeMecp2 expression in the
brain during early embryonic development. Theseensicow phenotypes similar
to those observed in Mecp2-null mice, demonstratiag MeCP2 dysfunction in
the brain is sufficient to cause the disease (Gugl.e2001). Similar but less
severe neurological phenotypes are observed whertpMes only deleted in
postmitotic neurons of broad forebrain regions gsan calcium-calmodulin-
dependent kinase Il (CaMKIl)-Cre transgene, confignan important role of
MeCP2 in mature neurons (Chen et al. 2001; Gerselkl. 2006). To further
confirm the idea that MeCP2 is not essential folydarain development but has a
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crucial role in mature neurons, Mecp2 was express®ter the control of the
endogenous tau promoter in Mecp2-null mice and tal tcecovery of the

neurological symptoms were observed (Luikenhuad.€2004).

Shahbazian et al. created another mouse modebdinding a truncating
disease-causing mutation in the murine Mecp2 geate afmino acid 308)
effectively deleting only the C-terminus end of M&s coding sequence
(Shahbazian et al. 2002a). The Met2 mice appear normal until 6 weeks of
age, when they start to display impairments in mol@arning, forepaw
stereotypes, hypoactivity, tremor, seizures anxielgted behaviors and deficits
in social interactions. This model as well as famlakterozygous mice for the

truncation display milder and more variable traits.

Transgenic mouse models with two-fold overexpressiohuman MeCP2
under the control of its endogenous promoter (ME@R2capitulate many of the
same behavioral phenotypes seen in Mecp2 KO miith, the onset around 10
weeks of age. Initially these mice display increbsgnaptic plasticity, with
consequent enhancement in motor and contextualitepabilities, followed by
social impairment, hypoactivity and motor deficasound 20 weeks of age.
Mouse lines that overexpress MeCP2 have also bemated by using a large
insert genomic clone from a P1-derived artificiatf@mmosome contacting MeCP2
locus (Collins et al. 2004), demonstrating thathleiglevels of MeCP2 expression
are associated with more severe phenotypes. Ovessipn of MECP2 in adult
neurons under control of the tau promoter also li®sin a progressive
neurological symptomatology (Luikenhuis et al. 2004ese studies suggest that
MeCP2 levels must be tightly regulated even poatlyaand that the slightest

perturbation results in deleterious neurologicalssmuences.

The characterization of these different mouse nsodidarly indicate that
homeostatic regulation of MeCP2 is necessary fomabCNS functioning. Both

the loss and the overexpression of MeCP2 resulbhenrological phenotypes
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similar to those seen in patients with RTT, revegla need for precise control
over the amount of MeCP2 expression.

2.2.6. THE ROLE OF MeCP2 IN THE BRAIN

MeCP2 is an essential epigenetic regulator in hubram development.
MECP2 mutations and dysfunctions, responsible for tressit form of RTT,
have also been associated with a broad array oér otleurodevelopmental
disorders in males and females, including X-linkeental retardation (XLMR),
severe neonatal encephalopathy, Angelman SyndroA®), (and autism,
demonstrating that disruption of MeCP2 can haveewahging effects on
neurodevelopment and plays an important role ducorgect brain development
(Hammer et al. 2002).

MeCP2's role in CNS development and neuronal maturi@on

Patients with RTT display a normal period of depebent prior to
symptom onset and then undergo a period of regmessuggesting that MeCP2
may play a more functional role in early postnaelopment rather than during
embryonic periods. Additional confirmation has cofmen studying the timing of
MeCP2 expression in both human and rodents. Inrtident CNS, MeCP2
expression is first detected in the brainstem gumbs cord around day E12, while
MECP2 mRNA is detected in subcortical regions at theitm@gg stages of
embryonic neurogenesis (Shahbazian et al. 20021ig dual. 2003). In thalamus,
caudate putamen, cerebellum, hypothalamus and ¢tappous MeCP2 expression
starts at days E14-16, similarly to the cerebratesy where expression is first
limited to the deeper cortical layers before spigadut to more superficial layers
around day E18. Over the course of cellular difiéegion, amounts of MeCP2
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protein increase from early postnatal developmend ihighly adulthood, in
accordance with high MeCP2 expression in the mabuaen (Shahbazian et al.
2002b) In olfactory neurons, MeCP2 expression is alsoetated with neuronal
maturation (Cohen et al. 2003), during a periodwbeh neurogenesis and
synaptogenesis. In humans this period occurs iredny embryonic week 12-20,
and the loss of MeCP2 in RTT patients within thisiet window may be
responsible for the observed decrease in neurambbeerall brain size. Autopsy
studies show a 12%-34% reduction in brain weigltt aolume in patients with
classic RTT, the effect most pronounced in therpreél, posterior frontal, and
anterior temporal regions (Armstrong 2005). Thereaidecrease in the size of
cortical minicolumns (Casanova et al. 2003), whighn accordance with the
observation that there is a reduced dendritic briaugcof layers Il and V of
pyramidal neurons in frontal, temporal and mot@ioas, and of layer Il and IV
of the subiculum (Armstrong et al. 1995). At themsatime, neurons of
hippocampal CA1 and occipital regions are relayiveteserved and although
neuronal size is reduced in the cortex, thalamasalbganglia, amygdala and
hippocampus, there is an increase in neuronalpaalking in the hippocampus
(Kaufmann and Moser 2000). The loss of MeCP2 espraswithin the critical
period for neuronal maturation and synaptogenesisjulating in an abnormal
development of the CNS, may be responsible forcHaacteristic neuronal RTT

phenotype.

MeCP2 regulates dendritic morphology

The reduction in brain size and neuron size sedvléop2-null mice and
RTT patients is accompanied by a reduction in alkand dendritic processes and
decreased levels of the dendritic cytoskeletal gmotMAP2 (microtubule
associated protein 2). In addition neurons in REligmts show a decrease of
dendritic spine density (Armstrong 2002; Chapletale2009). In female RTT
patients, CA1 pyramidal neurons exhibit decreag@aesdensity (Chapleau et al.
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2009) and MeCP2- deficient neurons have fewer deéndipines and reduced
arborization in the hippocampus and in the olfacteystem (Zhou et al. 2006;
Smrt et al. 2007; Palmer et al. 2008). Similar abradities in dendritic spines
have been seen in human subjects with mental ed¢tandand in animal models of
Down syndrome (Kurt et al. 2000; Belichenko e28l04; Belichenko et al. 2007)
and these dendritic abnormalities may contributéhto cognitive impairment in
RTT patients (Fig.7).
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Figure 7 Modd of neuronal pathology in RTT based on dendritic
development in prefrontal cortex.

During normal development, onset of MeCP2 expressioincides with
early neuronal differentiation. Direct targets ofek@P2, such as BDNF, in
conjunction with other synaptic signals have a jpaitarrly strong effect on
the process of dendritic pruning. Marked reductiorMeCP2 function and
deficient afferent input, in neurons carrying a MECmutated allele, impair
appropriate dendritic expansion. The abnormalityteexls and worsens
during dendritic puring because of the abnormallghhlevels of MeCP2
targets and additional neurotransmitter disturban@ée ultimate neuronal
phenotype is characterized by a smaller cell withrkadly decreased
MeCP2 expression and dendritic arborization.

(Image taken from (Kaufmann et al. 2005)).
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MeCP2 and synaptic transmission

Long-term synaptic plasticity is widely acceptedtlas cellular basis for
learning and memory, which can be observed as tlermy-potentiation (LTP) or
long-term depression (LTD) of synaptic responselPR lhas been shown to be
adversely affected in cortical and hippocampaledidf Mecp2-nullmice (Asaka
et al. 2006 Moretti, 2006 #86). A number of studiso show that MeCP2 KO
hippocampal and cortical cultures display a sigaffit decrease in spontaneous
excitatory synaptic transmission, while inhibit@gtivity is increased (Dani et al.
2005; Nelson et al. 2006; Chao et al. 200Hese changes in neurotransmission
suggest an overall shift in the ration of excitatemd inhibition and indicate that

MeCP2 is essential in modulating synaptic funcaod plasticity.

40



2.3. CDKL5

2.3.1. THECDKL5 GENE AND ITS PRODUCTS

The kinase CDKL5 was initially identified throughpesitional cloning
study aimed at isolating genes mapping to Xp22 (wioret al. 1998). The
eukaryotic protein kinases represent a large sapelff of homologous proteins,
related by the presence of a highly conserved kirtmsnain of 250-300 amino
acids. There are two many subdivisions within thpesfamily of eukaryotic
protein kinases: the serine-threonine protein lkeeaand the protein tyrosine
kinases. Sequence analysis revealed homologiesévat serine-threonine kinase
genes, and further characterization of the prediptetein product identified two
protein kinase signature, one of which is spediic serine-threonine kinases.
Consequently Montini et colleagues first nameditteatified geneSTK9(Serine
Threonine Kinase 9). Serine-threonine kinases frequently have been involved
in the pathogenesis of genetic disorders and a auwfthuman genetic disorders
have been mapped to the Xp22 region. Montini esadjgest the Nance-Horan
syndrome (NH), a X-linked recessive disorder chiarézed by cataract and dental
anomalies, as a candidate disorder $4iK9 mutations. In the next five years,
mutations in this gene were found in epileptic guats and in 2003 Vera
Kalscheuer suggest&®irK9to be a chromosomal locus associated with X-linked
infantile spasms (ISSX) (Kalscheuer et al. 2003)e K-linked infantile spasm is
characterized by early-onset generalized seizungpsarrhytmia and mental
retardation and majority of cases are due to naratin the aristaless-related
homebox geneARX), which maps to the Xp21.3-p22.1 interval. Kalsgtreand
colleagues in this paper show the disruptiorS6K9in two unrelated patients
with identical phenotype and suggest that the &ddianctional STK9 protein may
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be the second cause of this X-linked disorder. e strong similarity to some
cell division protein kinases, th8TK9 gene subsequently got renam@BbKL5

(cyclin-dependent kinase like 5).

The humanCDKL5 gene occupies approximately 240 kb of the Xp22
region and is composed of 24 exons of which trst fiiree exons (exon 1, 1a and
1b) are untranslated, whereas the coding sequeaaatained within the exons
2-21 (Fig. 8A). Following the identification of tHeimanCDKL5 gene in 1998 by
Montini et al., a number of different isoforms asgplicing variants have been
identified. Two different splice variants with difent 5’UTRs have been
identified: isoform 1, containing exon 1, is traribed in a wide range of tissues,
whereas isoform Il, including exon la and 1b, msited to testis and fetal brain
(Kalscheuer et al. 2003; Williamson et al. 2011lteMative splicing events lead
to three distinct human protein isoforms (Fig. 8B). The original CDKL5
transcript generates a protein of 1030 amino aamt$ 115 kDa of molecular
weight (CDKL5;5) and is mainly expressed in the testis. Two othere recently
identified transcripts, characterized by an alte@eterminal region, are likely to
be relevant for CDKL5 brain functions (Fichou et a011; Williamson et al.
2011). Firstly, an alternatively spliced isoformshaeen described in both human
and mouse, which has an additional in-frame exoh28f bp, exon 16b, between
exons 16 and 17, producing a predicted protein26kDa in humans and a 110
kDa protein in mice (Fichou et al. 2011; Rademadcdteal. 2011). Interestingly
this variant is highly conserved in species througlolution, suggesting a
potential functional role, but does not display &ynology with other referenced
sequences. Fichou et al. also demonstrate thantioeint of exon 16b-containing
(CDKL5115+ex.16) transcript varied depending on the brain regioalyed and
that this transcript is brain specific. The secaulorm identified also in 2011 by
Williamson et al. is a 107 kb isoform with an aftative C-terminus that
terminates in intron 18 (CDKL%;) and is the predominant isoform in human and
mouse brains, suggesting that this isoform is yikel be of primary pathogenic
importance in the CDKL5 disorder. Although thistiee major CDKL5 splice
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variant, there are species-specific CDKL5 spliceards. Very recently, another
previously unidentified CDKL5 splice variant prodiug a protein product with a
variant C-terminus has been described in rat neuamd glial cells (Chen et al.
2010). These isoforms have specific tissue didinbg and end in rat exon 19,

which is unique to the rat genome.
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Figure 8 The genomic structure of CDKLS5 and its splice variants.

(A) The human CDKL5 gene with untranslated sequeimcgrey and exons
encoding the catalytic domain in blue. Exons emgdihe common C-
terminal region appear in white, whereas isofornedfic sequences are
shown in red, green, and as hatched.

(B) hCDKLS5 protein isoforms differing in the C-tenal region. CDKL5;5
contains the primate specific exons 19-21. In CDil.5intron 18 is
retained. The inclusion of exon 16b would genefBEKL5; 54 16p@Nd/0OF
CDKL5y07+ex.160 NCDKL5Se419 1S @ hypothetical splice variant in which exon
19 is excluded generating alternative C-terminugh(lblue).

(C) The murine CDKLS5 isoforms. mCDKkbharbors a distinct C-terminal
region encoded by a mouse specific exon 19 (oramge)n humans, the
retention of intron 18 generates the common CDkliSoform.

(Image taken from (Kilstrup-Nielsen et al. 2012)).
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The CDKL5 protein belongs to the CMGC family of iserthreonine
kinases, which include cyclin-dependent kinases K§D mitogen-activated
protein kinases (MAP kinases), glycogen synthasadds (GSK), and CDK-like
kinases, and is characterized by a N-terminal gii¢atiomain (amino acids 13-
297), homologous to that of other CDKL-family mente such as
p56KKIAMRE (CDKL1), p42KKIALRE (CDKL2) and NKIAMRE (CDKL3).
This N-terminal catalytic domain contains the ATiReling region (amino acids
13-43), the serine-threonine kinase active siteifaracids 131-143) and a Thr-
Xaa-Tyr motif (TEY) at amino acids 169-171, whosgaldphosphorylation is
normally involved in activating kinases of the MAihase family. In analogy to
all the other members of the family of serine-timiee kinases, 12 conserved

subdomains can be identified in this 284-amino &oidse domain (Fig. 9).

Interestingly, most of the pathogenic missense mutans identified so
far hit the catalytic domain, suggesting that the ezymatic activity of CDKL5

is essential for normal neurodevelopment.
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Figure 9 Schematic representation of the CDKL5 protein. (Image taken
from (Bienvenu and Chelly 2006)).
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CDKLS5 is unique in his family of kinases as it pgats an unusual long C-
terminal tail of more than 600 amino acids, highbnserved between different
CDKL5 orthologous. This region contains putativgnsils for nuclear import
(NLS) and export (NES) and seems to be involvethencellular localization of
the protein (Rusconi et al. 2008) and either thalgac activity (Bertani et al.
2006).

2.3.2.CDKL5 MUTATIONS AND THEIR INFLUENCE ON THE
PHENOTYPIC OUTCOME

Since 2003, when Kalscheuer et al. identified trs¢ mutations irlCDKL5
in two unrelated girls who, in addition to seizuigesd mental retardation, had
hypsarrythmia and infantile spasms (Kalscheuer |let2@03), patients with
different phenotypic outcome of the disorder, harmp a wide range of
pathogenic mutations, have been described in titeraMore than 80 different
point sequence variations have been described rsanfduding missense and
nonsense mutations, small and large deletions,efsaift and splicing mutations.
Even considering the small number of patients desdr some “hot-spots” and

genotype-phenotype correlations can be proposed.

It has been suggested that missense mutationsandyrnocalized in the
N-terminal catalytic domain, underlining the imgont role of the CDKL5 kinase
activity during brain function and/or developmehhese mutations are associated
with a more severe phenotype, characterized by eadet of intractable infantile
spasms followed by late onset multifocal myoclosjpdlepsy, while patients with
stop-codon mutations in the long C-terminus @DKL5 present a milder

phenotype (Bahi-Buisson et al. 2008).
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As previously described CDKL5 contains an ATP-bimgdimotif and a
conserved kinase catalytic domain in its N-terminliee missense mutation
p.Ala40Val in the ATP-binding domain has been désct in 5 independent
patients with common prominent autistic featuresm@ared to girls with other
CDKLS5 mutations these patients had better hand useesadtd present a better
ability to walk, suggesting that mutations in th&FAbinding domain may result
in a less severe phenotype (Bahi-Buisson et al2R@ven though the less
number of cases described, some hot spots, asR@&LA3-codon, located in the
kinase catalytic domain, have been identified. @#ht missense mutations
(p.Arg178Pro, pArgl78Trp, pArgl78GIn) have beemtdeed at this codon, and
it seems that the exchange of a positively chagegeitho acid such as arginine for
an uncharged one (Pro, Trp and GIn), would likelffuence substrate-binding
specificity (Bahi-Buisson et al. 2012). Missensetations in this catalytic kinase
domain can be considered as loss-of function nartatas they impair the kinase
activity of CDKL5 and generally result in a morevemal phenotypic outcome of
the disease. Truncating mutations can be found hessvin the gene, leading to
CDKLS5 derivatives of various length. Several trumog mutations, including the
mutations p.Arg59X and p.Argl34X and the splice atioh c145+2T>C have
been identified in the catalytic kinase domain, leshdifferent pathogenic
mutations have also been found in the rather uackenized C-terminus of
CDKL5. Some reports suggest that mutations in the Chteisroriginate a milder
clinical picture than those caused by mutations tie catalytic domain.
Interestingly, the ¢.23635 2636delCT mutation, \Wwhikeads to a protein
truncation in position 908, is associated with arengevere phenotype, without

affecting the catalytic domain (Bahi-Buisson et24l12).
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Figure 10Pathogenic CDKL5 mutations.

(A) Schematic representation of CDKL&with the functional domains and
signatures indicated. NLS: nuclear localizationrsiy NES: nuclear export
signal.

(B) All mutations in CDKLS5 reported to date areicetted corresponding to
their location within the gene. Mutations shown abothe CDKL5 gene are
deletion and frame shift mutations as well as spliariants indicated with
cDNA nomenclature. Missense and nonsense mutdfiocissia and black,
resp.) are represented with amino acid nomenclatoetow the CDKL5
gene.

(Image taken from (Kilstrup-Nielsen et al. 2012)).
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2.3.3. CURRENT PERSPECTIVES ON CDKLS5 FUNCTIONS

CDKL5 might regulate the function of epigenetic fators and

transcriptional regulators

The first demonstrating the phosphorylation acgiat CDKL5 were Mari
et al. in 2005. Considering the similar phenotypassed by mutations MECP2
and CDKL5, they investigated the expression patterns of hmtbteins in
embryonic and postnatal mouse brains. MeCP2 and5Cshow a spatial and
temporal overlapping expression during neuronalunaéibn and synaptogenesis
in the brain, in favor of a possible involvementtbé two proteins in the same
development pathway (Mari et al. 2005). They alseestigate whether MeCP2
and CDKLS5 directly interact ivitro and invivo. By classical pull-down assays
Mari et colleagues demonstrated that MeCP2 and CD#ie directly interacting
in vitro and that a portion on MeCP2, containing the lasidues of the TRD and
the C-terminal region, is responsible for this assmon. An analog interaction
was demonstrated also wivo by co-immunoprecipitation experiments. Given the
direct interaction between MeCP2 and CDKL5 anddberlapped expression in
different brain regions, they further investigatetether CDKL5, based on the
sequence homologies with other kinases, is ablautophosphorylate and to

phopsphorylate MeCP2.

Their results demonstrate that CDKLS5 is indeedreage, which is able to
autophosphorylate itself and to mediate also Me@R&phorylation, suggesting
that these proteins belong to the same molecultiwag. There are some
controversial results from another research gredpch was able to demonstrate
the autophosphorylate capacity of CDKL5 to, but taotonfirm that CDKLS is a
direct target of MeCP2, neither ARX, the gene oesible for the X-linked

infantile spasms (Lin et al. 2005).
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Furthermore, a recent report has suggested a mdwbétween CDKL5
and MeCP2. Both proteins have been shown, indeedbihd to DNA
Methyltransferase 1 (DNMT1), an enzyme that recogmi and methylates
hemimethylated CpG dinucleotides after DNA replmatto maintain a correct
methylation pattern (Kameshita et al. 2008). Moexently Carouge and
colleagues addressed the question of the transcrgbtcontrol of Cdkl5 by
Mecp2 as a potential link between the two gendsngaadvantage of MeCP2
induction by cocaine in rat brain structures (Cagewet al. 2010). Their data
reveal that over-expression of Mecp2 in transfecets results in the repression
of Cdkl5 expression and thisik vivo Mecp?2 directly interacts with Cdkl5 gene in a
methylation-dependent manner. Taken together thesdts are consistent with
Cdkl5 being a Mecp2-repressed target gene and ggovew insights into the
mechanism by which mutations in the two genes tesul overlapping
neurological symptoms (Carouge et al. 2010).

An interesting feature of CDKLS5 that distinguishesrom MeCP2 is its
subcellular localization. While MeCP2 is only a lear protein, CDKL5 seems to
shuttle between the nucleus and the cytoplasm. sTibeellular localization of
CDKLS5 within the cell seems to be important alsoife function. In the nucleus
CDKLS5 co-localizes and is associated with a nundfesplicing factors that are
stored in structures called nuclear speckles, th bell lines and tissues. In these
structures CDKL5 seems to manage the nucleardkaify of splicing factors and
thus indirectly of the splicing machinery (Ricciaret al. 2009). It is already
known that phosphorylation of the RS domain of i&erich (SR) splicing factors
IS necessary to release these factors from speahkbkslirect them to sites where
pre-mRNA processing takes place. Considering tbe¢ral protein kinases have
been described to be able to phosphorylate the &Baih of SR proteins,
Ricciardi and colleagues have hypothesized that @BKL5 could have a role in
nuclear speckles organization. Interestingly it besn demonstrated that CDKL5
acts on nuclear speckle disassembly determiniregligtribution of at least some

speckle proteins (Ricciardi et al. 2009). Theselltessuggest that CDKL5 may
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play a role in controlling gene expression throydfosphorylation of DNMT1
and alteration of CpG methylation, which may affabe transcription of
numerous genes. In addition, altering the distrdvutof the splicing factor
machinery within the nucleus may result in altex@asplicing of different RNA's
leading to a subset of proteins with subtly altefwattions. Rosas Vargas et al.
looked at the effect of two missense mutations IgBVal and p.Leu220Pro)
causing severe infantile encephalopathy on celldistribution. These mutations
are both within the catalytic domain @DKL5 and therefore likely to affect
phosphorylation. In both cases the proteins weablento cross into the nucleus
suggesting that the phosphorylation state of CDKu&y regulate its ability to

enter the nucleus (Rosas-Vargas et al. 2008).

Cdkl5 expression correlates with neuronal maturatio

Expression studies in human and mouse tissues Ilsaosvn that
CDKL5/CdkI5 mRNA is present in a wide range of tiss, with highest levels of
expression in the brain, underlining its importarfoe the nervous system
functions. Comparing the expression levels of Meap@ CdklI5 in mouse brains,
Rusconi and colleagues demonstrated that Mecp2egsipn is induced during
embryogenesis and its levels remain rather consharbg postnatal stage until
adulthood, while Cdkl5 expression is very low dgriembryonic stages and is
highly induced during the first two postnatal weeksd after this period it
declines (Fig. 11H) (Rusconi et al. 2008). Moreo@ekI5 levels also vary in the
different brain regions in adulthood, with highelvels in the cortex,
hippocampus, and striatum. Interestingly very tegpression levels are detected
in the most superficial cortical layer, particujamvolved in the connection of the
two hemispheres through the corpus callosum, stigges possible role of
CDKLS5 in this brain region. In the hippocampus GdkhRNA is present at high
levels in all the CA fields, while it presents lawexpression in the dentate gyrus

(DG), in accordance with the fact that DG neuranaturation occurs mainly in
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adulthood. Surprisingly compared to the other bramions low levels of CdklI5

were found in the cerebellum (Fig. 11) (Ruscorale2008).
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Figure 11 Cdkl5 expression is highly induced at early postnatal stages of

brain devel opment.

(A-G) Immunohistochemistry experiments showing £dkpression in the
cortex (A-D) and hippocampus (E-G) of mouse bratngifferent embryonic

or postnatal stages.

(H) Western blot showing Cdkl5 and Mecp2 levelgha total brain at
different embryonic and postnatal stages.

(I) Western blot showing Cdkl5 and Mecp?2 levelslifferent brain area of

adult mice (P120)

(Image taken from (Rusconi et al. 2008)).
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As mentioned, CDKL5 seems to shuttle between thelens and the
cytoplasm. In the mouse brain, CdkI5 is initiallggominantly cytoplasmatic and
progressively accumulates in the nucleus, starfrogn roughly P14 when
approximately 40% of total Cdkl5 can be detectedhis cellular compartment.
However, Cdkl5 gets significantly translocatedhe tucleus only in certain brain
areas; in the cerebellum for example more than 88R6CdkI5 remains
cytoplasmatic, while in the cortex it is almost atiy distributed between the two
compartments (Rusconi et al. 2008). The nucleantitma increases during early
postnatal stages consistently with neuronal matmand remains as such until
adult stages, suggesting that CDKL5 functions might modulated through
mechanisms regulating its shuttling between nuclemsl cytoplasm. In
accordance with this, Rusconi et al. also demotesirthat the C-terminal region
of CDKLS5 is important for its subcellular dynamiochlization (Rusconi et al.
2008).

At the cellular level, CDKL5 is easily detectable virtually all NeuN-
positive neurons while it is expressed at very levels in the glia (Rusconi et al.
2008), in accordance with an important role of CBKib neuronal maturation
and function. In cultured non-neuronal cells exagen CDKL5 shuttles
constitutively between the nucleus and the cytaplélsrough an active nuclear
export-dependent mechanism, which involves ther@iteis of CDKL5 and the
CMR1 nuclear export receptor. Interestingly Ruscand colleagues observed
that a similar mechanism is not present in rat bganpal neurons and this result
integrated with the knowledge that Cdkl5 is maiajgoplasmic in young brains
and moves into the nucleus upon neuronal maturatigyests that, in neurons,
CDKLS5 is not dynamically cycling between the nudeand cytoplasm. Cdkl5
intracelluar trafficking occurs in rat hippocampaleurons after specific
stimulation with glutamate through an active nuclexport system. This
phenomenon needs further investigation, but it migh hypothesized that
CDKL5 plays different roles also depending on thpecific neuronal
subpopulation (Rusconi et al. 2011). In additiarhas been found that sustained
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glutamate stimulation promoted CDKL5 proteasomabrddation and that
degradation of CDKLS5 itself seems to be involvedagulating its function. Both
events are mediated by the specific activationxtfagsynaptic pool oN-methyl-

D-aspartate receptors. Proteasomal degradationalsasinduced by withdrawal
of neurotrophic factors and hydrogen peroxide inegit, two different paradigms
of cell death. Altogether, these results by Ruscehial. indicate that both
subcellular localization and expression of CDKLB arodulated by the activation
of extrasynapticN-methyl-D-aspartate receptors and suggest a regulaif

CDKL5 by cell death pathways (Rusconi et al. 20MMy neurons degrade
CDKL5 upon cell death induction and how this degtaxh is regulated are still

unanswered questions.

CDKL5 affects neuronal morphogenesis and dendritic

arborization

As already mentioned, CDKL5 expression correlatath i vitro andin
vivo with neuronal maturation, reaching the higheselewf expression when
neurons acquire a mature phenotype and suggestimyalvement of the kinase
in neuronal differentiation and arborization. Cletral. recently demonstrated that
Cdkl5 affects neuronal morphogenesis and dendatigorization through a
cytoplasmic mechanism. In cortical rat neurons dawgulation of Cdkl5 by
RNA interference inhibits neurite outgrowth and diétic arborization, while
overexpression had opposite effects (Chen et d020hey also found out that
in fibroblasts and neurons CDKL5 co-localizes whttactin in the growth cone
and forms a protein complex with Racl, a criticedulator of actin remodeling
and neuronal morphogenesis. Racl belong to the@Ifeas family of proteins
that promote the formation and/or maturation ohepiby remodeling the actin
cytoskeleton of neuronal spines (Chen et al. 20Hinctional experiments
suggest that CDKL5 influences neuronal morphogenbgi acting upstream of

Racl. Chen et al. also demonstrated that brainwvetbrineurotrophic factor
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(BDNF) transiently phosphorylates CDKL5 and CDKL% mecessary for the
capability of BDNF to activate Racl (Chen et all@D These results confirm a
critical role of CDKLS5 in neuronal morphogenesisiauggest that deregulation
of the BDNF-Rac1l signaling pathway may contributghite neuronal phenotype
of the CDKLS5 disorder.
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Figure 12 A modd depicting the different functions of CDKL5 in the
cytoplasmic and nuclear compartments.

(A) In the cytoplasm CDKL5 is involved in the regidn of actin

cytoskeleton and dendritic arborization. This fumietis mediated by the
interaction of CDKL5 with Racl. Importantly, a lirdetween BDNF and
Racl activation has been suggested. (Chen etGil1)2

(B) In the cytoplasmic compartment, the levels DKC5 are regulated by
degradation. Furthermore several phosphorylatiomg&és remain to be
identified.

(C) In the nucleus, CDKL5 has been proposed capablateracting and

phosphorylating MeCP2 and DNMT1, thereby influegciiene expression
and DNA methylation. Furthermore, the protein hasem shown to
colocalize with RNA speckles involved in RNA gmicBeveral targets have
not been identified so far.

(Image taken from (Kilstrup-Nielsen et al. 2012)).
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CDKL5 contributes to correct dendritic spine structure and

synapse activity

The important role of CDKL5 in neuronal morphogesewas further
confirmed by Ricciardi and colleagues, which den@ted that CDKL5
contributes to correct spine structure and synapsévity. Ricciardi et al.
demonstrated that CDKL5 localizes almost exclugivat the post synaptic
density (PSD) of excitatory synapses bmtlvivo andin vitro. CDKLS5 silencing
in rat hippocampal neurons leads to severe defititsspine density and
morphology and similar alterations have been foumdeurons established from
patient fibroblast-derived pluripotent stem celBSCs), indicating that CDKLS5 is
required for ensuring a correct number of well-gthgpines. In line with the
compromised development of spines, CDKL5-downregdlaneurons exhibit a
significant decrease in spontaneous miniature @&xeciy postsynaptic currents
(mEPSCs), while there was no significant effectirdrbitory synapse density or
any significant changes in miniature inhibitory {sysaptic currents (Ricciardi et
al. 2012). These data suggest that CDKL5 is a kepihg factor in regulating
glutamatergic synapse formation and that changexgitatory synaptic strength
might be responsible, at least in part, for therodevelopmental symptoms
associated with this disorder.

Ricciardi and colleagues also demonstrated that EDkteracts and
phosphorylates the netrin-G1 ligand (NGL-1, alsown as LRRC4C), a synaptic
cell adhesion molecule (CAMSs) that plays a cruoidd in synapse homeostasis.
NGLs have a conserved C-terminal PDZ-binding domahich specifically
binds to PSD95, a protein that plays a significahe in learning and memory,
and NGL-1 spine-inducing capability is promoted taygeting PSD95 to new
forming dendritic protrusions. CDKL5 phosphorylaté&L-1 on a unique serine
(Ser631), which is very close to the PZD-bindingmémn and this
phosphorylation event ensures a stable associagbmeen NGL-1 and PSD95
(Ricciardi et al. 2012). These data indicate th&KC5 is critical for the
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maintenance of synaptic contacts, mainly by regqudatthe NGL-1
phosphorylated state and, thereby, its ability ted dPSD95 and stabilizes this

association.

More recently another research group confirmed ¢hécal role of
CDKLS5 in regulating spine development and synapgsivity, demonstrating that
CDKL5 binds directly to PSD95 in a palmitoylatioefendent way (Zhu et al.
2013). The multidomain protein postsynaptic den@#$D) 95 is a major scaffold
in the postsynaptic density and has an essentalimssynapse development and
maturation. Its N-terminal domain is posttransiagily modified by
palmitoylation, a reversible attachment of 16-carbmalmitate to a cysteine
residue, and this palmitate cycling on PSD95 cdsitits polarized targeting to
synapses, which is essential for its synaptic fonctZhu and colleagues
demonstrated that CDKL5 binds to palmitolyated PS@@d that this binding
promotes the targeting of CDKL5 to excitatory syseg They propose two
possible ways by which palmitolyated PSD95 regslatgnaptic targeting of
CDKLS5. First, CDKL5 may bind to palmitolyated PSD8@6the Golgi apparatus
and the complex moves to the postsynaptic sideorSe@and more likely
important in neurons, free CDKLS5 is captured by lyepalmitolyated PSD95 at
the dendrites and then trafficked to synapses, l@wbmes enriching at the
subsynaptic side. Taken tighter these results detraie a critical role of the
palmitoylation-dependent CDKL5-PSD95 interaction lotalizing CDKL5 to

synapses for normal spine development.

These data imply that two pathways are importantmiediating the
cytoplasmic function of CDKL5: first of all CDKL5si required for BDNF-
induced activation of Racl, which participates itabgdizing the actin
cytoskeleton; on the other hand CDKL5, PSD95 arGlL N, form a protein
complex that functions coordinately to regulateapse development. These data
show that different CDKL5-signaling cascades arm®lved in synaptic plasticity
and learning, acting on spines, dendritic branchang actin cytoskeleton and
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elucidate, in part, how the lack of CDKL5 may cdmite to the typical neuronal
phenotype of the CDKL5 disorder, characterized igliectual disability, early-

onset epilepsy and autistic features.

Another recently identified cytoplasmatic targetGIDKL5 is amphiphysin
1 (AMPH1), a brain specific protein involved in menal transmission and
synaptic vesicle recycling through clathrin-mediagadocytosis (Sekiguchi et al.
2013). Sekiguchi and colleagues explored the ermumgesubstrates of Cdkl5 in
mouse brains extracts using a newly developed rdettrml found Amphl as
specific substrate of Cdkl5. They demonstrated @akl5 phosphorylates Amphl
exclusively at Ser 293 and that this phosphorytatie disrupted by CdklI5
catalytic domain mutations. Interestingly Cdk5 gidmsphorylates Amphl but at
different positions (Ser-272, 276 and 285) to tfaCdkl5 (Sekiguchi et al. 2013).
It still remains unclear what effect phosphorylataf AMPH1 by CDKL5 has on
its function in neuronal development, but interegyy Amphl deficient mouse
shows major learning difficulties and irreversiblzures, suggesting that Amphl
is a critical molecular component of the pathogepathway of the CDKL5
disorder.

57



2.4. NEUROGENESIS IN THE POSTNATAL BRAIN

CDKL5 expression correlates, both vitro andin vivo, with neuronal
maturation, reaching the highest levels of expogssiduring postnatal
development, when neurons acquire a mature phesotgoggesting an
involvement of this kinase in neuronal differentatand arborization (Rusconi et
al. 2008; Chen et al. 2010; Rusconi et al. 20119nsilering its temporal
expression pattern, CDKL5 might have an importaié also in postnatal and
adult neurogenesis. Impairment of adult neurogenbas been observed in a
variety of models relevant to neuropsychiatric ds&s, such as major depression,
schizophrenia and Alzheimer's disease, and neusddpmental disorders,

including Fragile X and Down syndrome (DS)

Noteworthy, neurogenesis persists in the postraatdladult brain in two
distinct brain regions, the subventricular zone {p¥nd the hippocampal dentate
gyrus (DG).

2.4.1. POSTNATAL NEUROGENESIS IN THE SVZ

In the central nervous system of mammals, mostamsuare generated in
two specific regions that form the germinal ventliz system: the ventricular
zone (VZ) and the subventricular zone (SVZ). Thiéscieom the VZ descend
directly from the neural plate, and give rise tostpmitotic neuroblasts that
migrate up in a radial direction to the surfacetlté pia mater. At E16 in the
mouse brain, these cells leave the cell cycle (ldagtlal. 2000) and during early
postnatal development the VZ disappears completgiye the number of cells in
the SVZ reaches a peak in the first postnatal weekdents (approximately the
35th gestational weeks in humans). After this mktheere is a gradual decrease in

size, but a region of small mitotically active SYé&rsists also into adulthood.
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During development the SVZ is divided into four imgs: MGE (medial
ganglionic eminence), LGE (lateral ganglionic emice), CGE (caudal
ganglionic eminence) and SVZn (foetal neocorticdZp Each region presents
different progenitors, which generate neurons alia that populate different
areas of the developing brain. The VZ, SVZn, MGEH.and CGE give rise to
neurons that populate the neocortex, striatumathas, hippocampus and other

subcortical structures. The MGE and LGE disappe#ne postnatal period.

In the perinatal period, the SVZ can be subdiviod two key anatomical
regions: the anterior SVZ (SVZa) and the SVZ bade {SVZdl) regions. The
first one is the main source of the cells of the RKdostral migratory stream),
while the SVZdI gives rise to the neuroglia of teencephalon. The migration of
cells from the SVZa region through the RMS to ttaatory bulb occurs in forms
of cell chains and, once reached the bulb, indaideells disperse radically
(Alvarez-Buylla 1997). SVZdl cells migrate into thite matter and then rotate
90 degrees to reach the neocortex. In mice atdbensl day after birth (P2) 80%
of the progeny cells derived from SVZdl cells migranto the neocortex, 10% in
the white matter and the remaining percentage ofkada cells colonize the
surrounding regions (Brazel et al. 2003). The SVi&djion is the main source of
macroglia. In the grey matter, the cells which #vwe SVZ in the early perinatal
period, differentiate in astrocytes, while in thhit@ matter this differentiation is
not allowed. SVvzdl cells which migrate into a moeslvanced stage of
development differentiate primarily in  myelinatednda non-myelinated
oligodendrocytes,, and NG2+ cells. Oligodendrocytage been observed in the
neocortex (where the precursors are mitoticallyvagtin the striatum and in the

subcortical white matter.

The ultrastructure and organization of the adulZS\as been recently
studied in detail and there have been identified fell types (excluding resident
microglia). These cells were classified as typeBA,B2 and C. The cells of type
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A are small, intensely marked and correspond toraldasts destined to the
olfactory bulb, while the cell types B1 and B2 shake characteristics of
astrocytes. B1 cells are immature astrocytes, vaselB? cells are probably neural
stem cells. C cells, the fourth cell type, appasgdr and isolated in clusters. They

are very mitotically active and are transient npatent cells (Fig. 13).

Electron microscopy combined with staining with 8hmidine have
shown that the migrating cells in the RMS belondgyfme A. Immature progenitor
cells in the SVZ in adulthood continue to migrateotigh the RMS in the
olfactory bulb, where cells mature into post-mitatieurons in the granular layer
and around the glomeruli (Lois et al. 1996). It bagn estimated that in the adult

mouse brain there are approximately 1200 neural stdls.

1. prolferatian Mt determination
IV i

P

- 3. integration

Figure 13 Model of neurogenesis in the subventricular zone (SVZ)
/olfactory bulb system.

1. Proliferation and fate determination: Stem catighe SVZ of the lateral
ventricle (blue) give rise to transit amplifyingllse(green) that differentiate
into immature neurons (red). Adjacent ependymds déht brown) of the
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lateral ventricle are essential for the neuronaltefadetermination by
providing inhibitors of glial differentiation.

2. Migration: Immature neurons (red) migrate aloegch other in chains
through the rostral migratory pathway (RMP). Thegrating neurons are
ensheathed by astrocytes (blue).

3. Integration: Immature neurons differentiate lbdaterneurons (red) in
the granule cell layer and the periglomerular layedlfactory sensory
neurons (OSN); tufted neurons (T); mitral neuroM);(granule neurons
(Gr); periglomerular neurons (PG).

(Image taken from (Lie et al. 2004))

Many studies show that the SVZ responds to damagfeei adult brain by
producing new progenitor cells that migrate to ssitehere there had been a
neurodegeneration or a brain injury. In responsdiseases such as epilepsy or
Huntington's syndrome it is observed an increasst@i cells, cytokine levels
and migration proteins in the SVZ (Curtis et al02)

2.4.2 POSTNATAL NEUROGENESIS IN THE DG

The hippocampus is integral to learning and memfumyction and
evidences suggest that adult hippocampal neurogeiseisvolved in acquisition
of declarative memory in the short and long term ather hippocampal functions
(Zhao et al. 2008). If the hippocampus is damagedsfand events cannot be
stored over a long-term memory. Given its fundamlemhportance in learning
and memory, the hippocampus has always been thecsub intense anatomical
psychological and psychophysical studies. The matructures of the
hippocampal formation are the entorhinal cortex )(BBe dentate gyrus (DG),

CA3 and CALl regions and the subiculum.

The hippocampal dentate gyrus (DG) is formed ovéng time period

that begins during gestation and continues in th&natal period. It contains a

61



neurogenic niche, the subgranular zone (SGZ), whihinhabited by a
heterogonous population of cells and cellular eleewhich play an important
role in neurogenesis. Type 1 neural stem cells S&e radial glia-like
progenitors and express the markers nestin and/BbRp. It is hypothesized
that these cells divide asymmetrically to self-teramd give rise to daughter cells,
termed actively dividing progenitors (type 2, tyBecells). Type 2 cells are
differentiated into two different subtypes: type 8a type 2b cells. Type 2a
progenitor cells are nestin-positive, and their photogy suggest that they are
capable of tangential migration (Kuhn et al. 19986h the other hand type-2b
cells are also considered actively dividing progancells but, unlike type-2a
cells, they have limited self-renewal capabiliteasd are lineage determined. In
addition to nestin, type 2b cells also express thmantin (DCX), similar to type 3
cells which only express DCX. After progressingotigh these stages, precursors
exit the cell cycle and enter a post-mitotic stagieere they are termed immature
granule cells and actively establish network cotioes. The final stage of
differentiation is the post-mitotic, mature grangkdl (DGCs) that expresses the
neuronal marker NeuN. These cells are considerd@ terminally differentiated
granule cells and project their axons (known asaydibers) to CA3 pyramidal
cells and their dendrites to the molecular layeg.(E4).

Adult-born neurons make up about 6% of the gramelé layer in adult
rats (Cameron and McKay 2001) and newly generateghue cells are
continuously integrated into the hippocampal circas bromodeoxyuridine

(BrdU) labeling studies indicate (van Praag e2@02).
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Figure 14 An overview of hippocampal neurogeness. (Image
taken from (Masiulis et al. 2011)).

Increasing evidence supports a role for adult-lruarons in learning and
memory. Stimulation of adult hippocampal neurogenewith behavioral
interventions such as exercise or environmentalkclement is associated with
better performance on certain hippocampal leartasgs (van Praag et al. 1999;
Kempermann et al. 2004). More direct evidence thatfirogenesis supports
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hippocampal-dependent learning and memory dernggs £€xperiments in which
depletion of adult-generated neurons impairs sjgeddarning tasks such as

associative learning and fear conditioning (Sho.e2001).
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3. MATERIALS AND METHODS

3.1. HUMAN NEUROBLASTOMA CELL LINES

3.1.1. Cell cultures

Human neuroblastoma cell lines SH-SY5Y and SKNBEaimed from
ATCC (Manassas, VA, USA), were maintained in DuttiedVodified Eagle
Medium (DMEM) supplemented with 10% heat-inactizafetal bovine serum
(FBS), 2 mM glutamine and antibiotics (penicillt0 U/ml; streptomycin, 100
pug/ml), in a humidified atmosphere of 5% of CO2 inat 37 °C. Cell medium
was replaced every 3 days and the cells were siilred once they reached 90%

confluence.

3.1.2. Plasmids

Human CDKL5 cDNA was kindly provided by Marsha Ri€&osner
(University of Chicago) (Lin et al. 2005). CDKL5 8IA was PCR amplified and
cloned into pCMV14 plasmid (Sigma) in frame with3aFLAG C-terminal
epitope. CDKL5-3XFLAG sequence was subcloned ihto Hicistronic pIRES2-
EGFP plasmid (Clontech) to obtain a GFP and CDKkBLAG co-expression
vector (0 GFP/CDKL5-FLAG).

3.1.3. Immunocytochemistry

For cell proliferation analyses SH-SY5Y cells weiated onto poly-D-lysine

coated slides in 6-well plates at density of 3x&6lls per well and transfected
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with 3 ng of CDKL5-FLAG expression plasmid using lipofeciam(Roche).
Twenty-four hours after transfection cells wereetixin a 4% paraformaldehyde
4% sucrose solution at 37 °C for 30 minutes. Fanimofluorescence studies the
following antibodies were used. Primary antibodeasti-Ki-67 rabbit monoclonal
(1:100, Thermo Scientific), anti-BrdU rat monoclb(ka 100, AbD Serotec), anti-
cleaved caspase-3 (aspl175) rabbit polyclonal (1.C@l Signaling Technology),
antiB-tubulin 1l rabbit polyclonal (TubJ, 1:500, Sigmand anti-FLAG M2
mouse monoclonal (1:1000; Sigma). Secondary ango&ITC-conjugated anti-
rat antibody (1:200, Jackson Immuno Research Lataes), FITC-conjugated
anti-rabbit antibody (1:200, Jackson Immuno Rededraboratories), FITC
conjugated anti-mouse antibody (1:200, Jackson InunfResearch Laboratories)
and Cy3-conjugated anti-rabbit antibody (1:200,ksan Immuno Research
Laboratories). Double immunofluorescence imageskerta from random
microscopic fields (10-12 for each coverslip), wsrgerimposed and used to
determine the labeling index (LI), defined as patage of cells co-labeled with:
anti-BrdU and anti-FLAG oanti-cleaved caspase-3 and anti-FLAG or anti-Ki-67
and anti-FLAG antibodies. In each experimental dioodwe randomly analyzed
a total of 600 cells. Fluorescence images werentale an Eclipse TE 2000-S
microscope (Nikon, Tokyo, Japan) equipped with gitdi camera Sight DS-
2MBW (Nikon).

3.1.4.Western blotting

For the total cell extracts preparation, cells wgsed in RIPA lysis buffer
(Tris—HCI 50 mM, NaCl 150 mM, Triton X-100 1%, sadi deoxycholate 0.5%,
SDS 0.1%, protease and phosphatase inhibitors aitecki%; Sigma). Cell
extracts were immediately processed by Western doidtept frozen (=80 °C)
until assayed. Sample protein concentration wamattd by the Lowry method
(Lowry et al. 1951). Equivalent amounts (RQ) of protein were subjected to
electrophoresis on a 10% SDS-polyacrylamide ged. fbHowing antibodies were
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used: anti-CDKL5 (1:500; Sigma) and anti-GADPH (@08; Sigma).
Densitometric analysis of digitized images was @aned with Scion Image
software (Scion Corporation, Frederick, MD, USAantensity for each band

was normalized to the intensity of the correspog@APDH band.

3.1.5. Analysis of neurite outgrowth

For differentiation analyses neuroblastoma cellsew#ated onto poly-D-
lysine coated slides in a 24-well plated at densit@x1d cells per well. After 24
hours of cell plating, differentiation was indudeg retinoic acid (RA; 1QM) for
the indicated time. This treatment was replacedh eadays to replenish RA in
culture media. Phase contrast photographs of thares were taken at various
time intervals with an Eclipse TE 2000-S microscdqpikon, Tokyo, Japan)
equipped with an AxioCam MRm (Zeiss, Oberkochemn@ay) digital camera.
Ten different areas were randomly selected anditeeomtgrowth was measured
using the image analysis system Image Pro Plus igM&ybernetics, Silver
Spring, MD 20910, USA). Only cells with neuritesmgeer than one cell body
diameter were considered as neurite-bearing cdls. experiments were
performed at least 3 times. In each experiment watyaed a total of around 450
cells. The total length of neurites was dividedtfor total number of cells counted

in the areas.

3.1.6. Flow cytometric analysis

SH-SY5Y cells were harvested 24 hours after tranisie with pGFP or
pGFP/CDKL5-FLAG plasmids, collected by trypsinizatj pelleted and
resuspended in phosphate buffered saline (PBSYitmlaconcentration of 1xf0
cells/ml. Transfected cells were then analyzed thava cytometer (FACSCalibur,
Becton Dickinson, San Jose, CA, USA) and sorted GiP fluorescence
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(detection filter set at 525 nm). Cell aggregatesengated out, and 10,000 events
were analyzed. Untransfected SH-SY5Y cells weral useestablish a threshold
for green fluorescence (up to 102 arbitrary fluoeexe units in a typical case),
and which was taken as a threshold for positiviige( Fig. 17C results). For
differentiation analysis an aliquot of GFP sortetiscwas plated in 6-well at the
density of 3x108cells per well in the presence or absence of RAWN For cell
cycle analysis cells were fixed in 70% ethanol BSPat —20 °C for at least 1
hour, washed several times with cold PBS, treati¢ld RNaseA (5Qug/ml) for 30
minutes at 37 °C and incubated with propidium ied{@0ug/ml). GFP-positive
and -negative populations were analyzed separtdelPNA content (filter set at
675 nm) and assigned to specific cell-cycle phdweapplying the Cell Quest
Software (Becton Dickinson, San Jose, CA, USA).

3.1.7. Small interfering RNA assay

The siRNA oligonucleotides used for silencing CDKWw&re purchased
from QIAGEN and were: Hs-CDKL5-5 cat. N0:S1022231(sénse; Sil) and Hs-
CDKL5-10 cat. N0:S1004437244 (sense; Si2). Contatls were transfected with
a scramble siRNA duplex; AllStars Negative ConsiiRNA (siSCR QIAGEN),
which does not present homology with any other hum&NAs. SH-SY5Y cells
were transfected with HiPerFect Transfection Reag@®AGEN) with 50 nM
siRNA (final concentration). For differentiation geriments retinoic acid was
added to the cells 6 hours post transfection aaddiis harvested after further 42
hours. For proliferation experiments i BrdU was added to the cells 46 hours

post transfection and the cells harvested aftéhénr2 hours.
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3.1.8. Quantitative real time PCR and standard revese transcription-PCR

RNA samples from cell cultures were prepared u3ingReagent (Sigma)
and treated with DNase (DNA-freeTM; Ambion). Rewersanscription was
performed using a SuperScript reverse transcri®lGR kit (Invitrogen). Real
time quantitative PCR (RT-gPCR) was performed usir§YBR Premix Ex Taq
kit (Takara, Shiga, Japan) and the iQ5 thermocy@er-Rad). The efficiency of
the used primers was evaluated by calculating itieat regression of Ct data
points obtained with a series of different primeluttbns and inferring the
efficiency from the slope of the line. We used theners that gave efficiency
close to 100%. Primers used for RT-gPCR are a®vistl human CDKL5
(Cyclin-dependent kinase-like 5) (NM_003159.2) fard, 55CGGTGGATGTGA
TGGCAGAAGAC-3, and reverse 5’GGACTGGAGATTGGACGATGYG-
3’; human GUSB (Glucuronidase beta) (NM_00018108\ard, 5-AGCGTGG
AGCAAGACAGTGG-3', and reverse 5-ATACAGATAGGCAGGGCITCG-

3’. Quantifications were always normalized using@genous control GUSB.

3.2. CdkI5 KNOCKOUT MICE

3.2.1. Generation of Cdkl5 knockout mice

A 10 kb genomic fragment containing exon 4 of CdkI5
(ENSMUSE00000346596) was subcloned into a pDTAetamg plasmid by
recombineering-mediated transfer from a 178-kb geadragment containing the
C57BL/6J mouse Cdklmcus (RP23-21308, ChoriBACPAC, Oklahoma, CA). A
loxP site was inserted 806 bp upstream of the dyorecombineering-mediated
insertion of a loxP- flanked pEM7::kanamycin gened asubsequent Cre
recombination. An FRT-flanked pEM7/PGK::neomycinlesion cassette was
inserted 347 bp downstream of exon 4. The plasnad inearized with Nrul
before electroporation into ES cells (129/Sv x CBHBBI, clone A8, kindly
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provided by A. Wutz, Wellcome Trust Centre for St@mll Research, Stem Cell
Institute, University of Cambridge). G418-resistahbnes were identified and
screened by long-range PCR. Hybridization with eceffr probe for the 5" and 3'
arms was used to confirm PCR results. Two indepsnpiesitive ES cell clones
were injected into C57BL/6N host embryos using ezetdrill assisted 8-cell
stage injection procedure developed at the EuropBhiecular Biology
Laboratory (EMBL, Monterotondo, Italy). Four outfofe offspring (all >95% ES
cell derived) provided germline transmission. Resioffspring were crossed to
C57BL/6J congenic FLP-deleter mice (Farley et @0® to remove the neomycin
selection cassette and further crossed to C57Btéhyenic Cre-deleter mice
(Tang et al. 2002) to generate the Cdklfil allele (see Fig. 18A results).

3.2.2. Mouse strains and husbandry

Mice for testing were produced by crossing hetegomg female (-/+)
CdklI5 knockout with hemizygous male (-/Y) Cdkl5 knockauice or with wild-
type male mice (+/Y). Littermate controls were usadall experiments. Animals
were karyotyped by PCR on genomic DNA using thieofaihg primers: 108F: 5'-
ACGATAGAAATAGAGGATCAACCC-3’, 109R: 5 CCCAAGTATACCCCTT
TCCA-3’; 125R: 5-CTGTGACTAGGGGCTAGAGA-3'. The dagf birth was
designed as postnatal day (P) zero and animals ¥thhours of age were
considered as one-day-old animals (P1). After wegnmice were housed three
to five per cage on a 12 h light/dark cycle inmperature controlled environment
with food and water providead libitum Experiments were performed in
accordance with the Italian and European Commutaty for the use of
experimental animals and were approved by Bologmaveisity Bioethical
Committee. In this study all efforts were made timimize animal suffering and

to keep the number of animals used to a minimum.
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3.2.3. Semi-quantitative PCR

Brains from wild-type and Cdkl5 knockout mice agdmonths were
collected, washed in PBS-DEPC and one hemisphesehaaogenized using an
automate dounce. Total RNA was extracted using BNédini Kit (Qiagen,
Hilden, Germany) and converted into first-strandNeD(SuperScript Il Reverse
Transcriptase, Invitrogen, Paisley, UK) using oldjb according to the
manufacturer’'s protocol. For semiquantitative PCRA was amplified using
primers against Cdkl5 exons using 1xnPCR Buffeoifiaga, Madison, WI), 0.5
units of Dream Taqg (Promega) and 200 mM each dN(Heésmentas, Vilnius,

Lithuania).

3.2.4. EEG analysis

Male mice aged 2/4 months were anesthetized witankee/xylazine
supplemented with isofluorane as needed, kept loeating pad to maintain body
temperature at 35+1°C, and immobilized in a sterdotframe. An incision above
the skull was cut and burr holes drilled into thkels Four stainless steel screws
were used as electrodes placed bilaterally abgweobampus (2.0 mm posterior,
1.5 mm lateral to bregma) and frontal cortex (118 @mnterior, 1.5 mm lateral to
bregma). Ground and reference screws were ancloréte posterior and middle
portions of the skull, respectively. A wireless Kaagger 2A recording device
(400 HZ sampling rate) acquired and stored datardal-time for later
downloading (Brankack et al. 2010). After surgerginzals were housed
individually and allowed at least one week to remoWlice were tested in a novel
cage for a thirty minutes baseline period followsda 2 hour recording after
treatment with kainic acid (10 mg/kg and 25 mg/kp,). Each animal received
both doses separated by at least one day. Datadeemesampled to 200 Hz and
filtered between 1-25 Hz (Chebyshev | filter, 3rdder). To quantify seizure
episodes, a Fourier transform (4 s window, 3.5 erlap, 2 hours period) was
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applied to the EEG. Seizure events in the 1-8 ldguency range were used to
guantify amplitude The baseline period was used asutoff criterion (mean

power + 8x SD) to define seizure events.

3.2.5. Behavior testing

Behavior testing was performed in mice aged 2/4tivrA portion of the
behavioral data derived from knockout mice contagnihe neomycin selection
cassette. No difference in behavior was noted lmtwahis allele and the neo-

negative allele and the results were combined.
Clasping- Mice were suspended by their tail for 2 minwgad hind-limb clasping
was assessed from video recordings. Clasping wésedeas present if it

occurred for more than 5 seconds in an animal.

Home-cage activity Locomotion was measured using activity-monitorigges

similar in size, shape, and material to the homgec@'SE Systems, Bad
Homburg, Germany). A mouse was placed in the chamtkeast 3 hours before
recording started. Relative activity was monitohtinuously for 4 days and

binned into 12 hour epochs.

Open field -Mice were placed in the center of a 50 x 50 cm cgrema equipped
with video tracking and infrared rearing detectisystems (VideoMot2, TSE
Systems). Cumulative distance travelled was cateat 5 minute intervals for 30

minutes.

Y-maze spontaneous alternatiory-Maze Spontaneous Alternation was used for

measuring the willingness of rodents to explore newironments and
hippocampus-dependent spatial reference memonh Bacse was placed at the
distal part of one arm facing the center of the en&ach of three arm is 34cm x 5
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cm x 10 cm height, angled 120° from the othersraade of grey opaque plastic.
After the introduction to the maze, the animal lisveed to freely explore the
three arms for 8 minutes. Over the course of thiiphelarm entries, the subject
should show a tendency to enter a less recently aisn. Arm entries were
defined by the presence of all four-paws in an aBach 8 minute trial was
recorded and scored via ANY-maze videotrackingvafé (Stoelting). The maze
was washed with 50% ethanol between trials. Thegmage of spontaneous
alternations is defined as: (total alternation®taltarm entries-2) x 100. One

alternation is defined as consecutive entriesredhifferent arms.

3.2.6. BrdU injection

On P40, some animals received for five consecuttl@ys an
intraperitoneal injection (150ug/g body weight) of BrdU (5-bromo-2-
deoxyuridine; Sigma) in 0.9% NaCl solution. Animalsre sacrificed either 24
hours after the last BrdU injection (on P45), tamne cell proliferation, or after

one month (on P75), to examine the fate of the Badi¢led cells.

3.2.7. Histological procedures

Some animals were deeply anesthetized with ethdr teanscardially
perfused with ice cold phosphate-buffered salinBS)R followed by a 4%
solution of paraformaldehyde in 100 mM PBS, pH Brains were stored in the
fixative for 24 hours, cut along the midline angke 20% sucrose in phosphate
buffer for an additional twenty-four hours. Hemispés were frozen and stored at
-80°C. The right hemisphere was cut with a freezimgrotome in 304m-thick
coronal sections that were serially collected irife@eze solution containing
sodium azide. Some animals were decapitated andbriie was removed, cut

along the midline and fixed by immersion in Glyoeki(Thermo Electron Corp.,
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Waltham, MA, USA) for 48 hours. Samples were dehtelt through a series of
ascending ethanol concentrations, embedded infparafd cut with a microtome
in ultra-thin sections (4 um) and mounted on pgkire slides.

Sections from the dentate gyrus (DG) and subven#&tizone (SVZ) were
used for immunohistochemistry. The SVZ of this gtedrresponds to the rostral
horn of the lateral ventricle and starts at thdrabgole of the lateral ventricle,
stretching for 900-120im in the caudal direction. Its rostral and caudabbrs
correspond approximately to +1.18 mm and +0.02 nlamgs, respectively, of

Franklin and Paxinos atlas of the mouse brain.

3.2.8. Immunohistochemistry/double-fluorescence imanohistochemistry

One out of six 3Qm-thick coronal sections from the DG and the SVZ of
animals were processed for immunohistochemistry pesviously described
(Contestabile et al. 2007; Bianchi et al. 2010)mmmohistochemistry was carried
out on free-floating sections for the frozen braiRer CdkI5 detection sections
were incubated overnight at 4°C with rabbit antk{®dantibody (1:250, Sigma-
Aldrich) and for 2 hours with a Cy3 conjugated aatibit IgG (1:200; Jackson
Immunoresearch). For BrdU immunohistochemistryisastwere denatured in 2
N HCI for 30 minutes at 37°C and incubated overhigh4°C with a primary
antibody anti-BrdU (mouse monoclonal 1:100, Rochgpled Science,
Mannheim, Germany). Detection was performed witlCy8B-conjugated anti-
mouse secondary antibody (1:200; Jackson Immunargse For Ki-67
immunohistochemistry sections were incubated ogétniat 4°C with rabbit
monoclonal anti-Ki67 antibody (1: 200; Thermo Stien Neumarkers, Fremont,
CA. USA) and for 2 hours with a Cy3 conjugated aahbit 1gG (1:200; Jackson
Immunoresearch). For cleaved caspase-3 immunohistaistry, sections were

incubated overnight at 4°C with a rabbit cleavespese-3 antibody (1:100; Cell
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Signaling Technology) and for 2 hours with an HRfjogated anti-rabbit
secondary antibody (dilution 1:200; Jackson Immasearch). Detection was
performed using the TSA Cyanine 3 Plus Evaluatiah (Rerkin Elmer). For
Synaptophysin immunohistochemistry, sections frbm DG were incubated for
48 hours at 4°C with mouse monoclonal anti-SYN (8)yantibody (1:1000,
Millipore Bioscience Research Reagents) and for thaurs with a Cy3
conjugated anti-mouse IgG secondary antibody (%:286kson Immunoresearch).
For DCX immunohistochemistry sections from the D&revincubated overnight
at 4°C with a goat polyclonal anti-DCX antibody 1Q0; Santa Cruz
Biotechnology). Sections were then incubated fdroRrs at room temperature
with a biotinylated anti-goat IgG secondary antip¢t200; Vector Laboratories)
and thereafter incubated for 1 hour with VECTASTARINABC kit (Vector
Laboratories). Detection was performed using DAB(¥ector Laboratories). For
double-fluorescence immunostaining, sections weoelbated overnight at 4°C
with a primary antibody, rat monoclonal anti-Brdhbtibody (1:100; AbD Serotec,
Kidlington, Oxford, UK) and one of the following iprary antibodies: i) mouse
monoclonal anti NeuN (1:250; Chemicon, BillericaAMUSA) and ii) mouse
monoclonal anti-glial fibrillary acidic protein (@) (1:400; Sigma). Sections
were then incubated with a Cy3 conjugated antidg® (1:100; Jackson
Immunoresearch) secondary fluorescent antibodyBfdtJ immunoistochemistry
and FITC conjugated anti-mouse 1gG (1:100; Sigma@rah) for NeuN or GFAP
immunoistochemistry. Fluorescent images were takiéman Eclipse TE 2000-S
microscope (Nikon, Tokyo, Japan) equipped with axioBam MRm (Zeiss,
Oberkochen, Germany) digital camera or with a LAi€&S confocal microscope

(Leica Microsystems, Wetzlar, Germany).

Ultra-thin consecutive sections were deparaffinjzadubated with a goat
anti-DCX antibody (1:100; Santa Cruz Biotechnology)with a rabbit cleaved
caspase-3 antibody (1:200; Cell Signaling Techngloetection was performed
with a HRP-conjugated anti-goat or anti-rabbit se@yy antibody (dilution

75



1:200; Jackson Immunoresearch, West Grove, PE, 4d) DAB kit (Vector
Laboratories, Burlingame, CA, USA).

3.2.9. Measurements

Cell counting -The total number of positive cells (BrdU, Ki-67, IN¢/BrdU,
GFAP/BrdU, cleaved caspase-3, DCX) was estimatechii§iplying the number
counted in the series of sampled sections by therse of the section sampling

fraction (section sampling fraction = 1/6).

Stereology of the DGIn the series of Hoechst-stained sections, themelaf the

granule cell layer was estimated as previously nilest (Contestabile et al. 2007;
Bianchi et al. 2010) by multiplying the sum of tbess sectional areas by the
spacing T between sampled sections. Granule cefherioal density was

determined using the optical fractionators (Bianethal. 2010). Counting frames
with a side length of 3im and a height of 8m spaced in a 15@m square grid

(fractionator) were systematically used. The taotaimber of granule cells was
estimated as the product of the volume of the deacell layer and the numerical

density.

Measurement of the dendritic tre®endritic trees of DCX-positive granule cells

of the DG were traced with a dedicated softwarestam-designed for dendritic
reconstruction (Immagini Computer, Milan, Italyterfaced with Image Pro Plus
(Media Cybernetics, Silver Spring, MD 20910, USAhe dendritic tree was

traced live, at a final magnification of 500x, byctising into the depth of the
section. The operator starts with branches emergorg the cell soma and after
having drawn the first parent branch goes on witidaughter branches of the
next order in a centrifugal direction. At the end toacing the program

reconstructs the number and length of individuanbhes, the mean length of
branches of each order and total dendritic length.
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Connectivity in the molecular layer of the DGTe evaluate the connectivity in

the molecular layer of the DG, intensity of SYN immnoreactivity (IR) was
determined by optical densitometry of immunohistaultally stained sections.
Fluorescence images were captured using a NikoipdeclE600 microscope
equipped with a Nikon Digital Camera DXM1200 (ATystem). Densitometric
analysis of SYN in the inner (1), middle (M) andteu(O) third of the molecular
layer was carried out using Nis-Elements Softwa@l.83 (Nikon). For each
image, the intensity threshold was estimated byyama the distribution of pixel
intensities in the image areas that did not cont&n This value was then
subtracted to calculate IR of each sampled area.

3.2.10. Western blotting

For the preparation of total brain extracts miceda@ months were
decapitated and brain rapidly collected on ice. Gemmisphere was homogenized
in lysis buffer (50 mM HEPES pH 7.0, 250 mM NaCIl5% NP-40, 5 mM
EDTA, 1 mM DTT, protease/phosphatase inhibitor momposed of 0.5 mM
Na3vO4, 0.5 mM PMSF, protease inhibitor mixture ¢R® Applied Sciences,
Monza, ltaly), using an automated dounce. For tteggration of hippocampal
extracts from P19 mice, tissues were homogenizeRIRA buffer (Tris-HCI, 50
m M, NaCl 150 mM. Triton X-100 1%, SDS, 0,1%, sadideoxycholate 0,5%,
PMSF 1mM, protease and phosphatase inhibitors tals-1%). Extracts were
immediately processed by Western blot or kept inog80°C) until assayed.
Sample protein concentration was estimated by thery. method (Lowry et al.
1951). Equivalent amounts (50 pg) of protein wengexted to electrophoresis on
a 10% SDS-polyacrylamide gel and incubated withféilewing antibodies: anti-
CDKL5 (1:500), anti-GAPDH (1:5000), anti-tubulin :6D00) (Sigma) anti-
phosphorylated Erk1/2 (1:1000), anti Erk1/2 (1:10@Mti-phospho-AKT-Ser473
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(1:2000), anti-phospho-AKT-Thr308 (1:1000), anti-AK1:1000), anti-phospho-
GSK3$-Ser9 (1:1000), anti-GSKB- (1:1000), anti-phospho-CRMP2 Thr514
(1:12000), anti-CRMP2 (1:1000) (Cell Signaling Teclogy); anti B-catenin

(1:2000; BD Transduction Laboratories); anti-phasf@REB-Ser133 (1:1000)
and anti-CREB (1:1000) (Upstate Biotechnology) aignt at 4 C, incubated
with secondary antibodies (one hour at room tentpexaand developed using
ECL detection (GE Healthcare, Chalfont St. GileK)\Densitometric analysis of
digitized images was performed with Scion Imageveafe (Scion Corporation,
Frederick, MD, USA) and intensity for each band wasmalized to the intensity

of therespective total protein levels, tubulin@APDH band.

3.3. NPC cultures

3.3.1. NPC cultures and treatments

Cells were isolated from the subventricular zon€Z)Sof newborn (P1-
P2) homozygous (-/-), heterozygous (-/+) and wyioet (+/+) female CdkI5
knockout mice. To obtain neurospheres, cells werdéur@d in suspension in
DMEM/F12 (1:1) containing B27 supplements (2%), F&R0 ng/mL), EGF (20
ng/mL), heparin (5pg/mL), penicillin (100 units/mL), and antibioticgs
previously reported (Trazzi et al. 2011). Primaeyrospheres were dissociated at
day 7-8 using Accutase (PAA, Pasching, Austria) derive secondary
neurospheres. The sub-culturing protocol consisibecheurosphere passaging
every 7 days with whole culture media change (Wrigshly added FGF-2 and
EGF). All experiments were done using neurosphebtgined after 1-3 passages
from the initially prepared cultures. Cell culturegere kept in a 5% CO
humidified atmosphere at 37°C. 2mM Lithium chloridéSigma) was

administrated on alternate days.
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3.3.2. Viral Particles Transduction

NPCs were infected, at day 1 post-plating, with @BKAdenovirus
Particles (Vector BioLabs) or GFP Adenovirus P#tidVector BioLabs) at 100
multiplicities of infection (MOI).

3.3.3.BrdU immunocytochemistry

For proliferation analysis dissociated neurosphevese cultured for 3
days, treated with 10 uM BrdU for additional 16 reowand harvested on
microscope slides by cytospin centrifugation (21§, min, Shandon, Thermo,
Dreieich, Germany). Specimens, processed as prayiodescribed (Contestabile
et al. 2009), were incubated with a mouse antieébrm-2-deoxyuridine (BrdU)
monoclonal antibody (1:100; Roche Applied Scierar®) a Cy3-conjugated anti-
mouse secondary antibody (1:200; Sigma). Sampleg weunterstained with
Hoechst-33258.

3.3.4. In vitro differentiation, immunocytochemistry and analysis of neurite

length.

Neurospheres were dissociated into a single calpesusion and plated
onto poly-L-ornithyine-coated 24-well chamber stice a density of 3xfaells
per well. Cells were cultured for 2 days in DMEMZFhedium containing EGF
(20 ng/mL), FGF (20 ng/mL) and 2% fetal bovine ser(FBS) and then
transferred to differentiation medium (EGF and H@&de plus 1% FBS) for 6 or
12 days. Every 2 days half of the medium was reglagith fresh differentiation
medium. For immunofluorescent staining, differeteiin NPC cultures were
paraformaldehyde-fixed and stained with antibodaggminst: GFAP (1:400;
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Sigma) and3-tubulin 111 (1:100; Sigma) as primary antibodies)d with mouse
FITC-conjugated (1:200; Sigma) and rabbit Cy3-cgajed (1:200; Jackson
Laboratories), as secondary antibodies. Samplese weEunterstained with
Hoechst-33258. Ten random fields from each coyemskre photographed and
counted. The number of positive cells for each mamkas referred to the total
number of Hoechst-stained nuclei. Evaluatddmeurite length was performed by
using the image analysis system Image Pro Plus iM&ybernetics, Silver
Spring, MD 20910, USA). The average neurite lerugh cell was calculatelly
dividing the total neurite length by the numbecells counted in the areas.

3.3.5. Western blotting

Total proteins from neurosphere culturealkl5 knockout and wild-type
mice were homogenized in ice-cold RIPA buffer (5™ niris-HCI pH 7.4, 150
mM NaCl, 1% Triton-X100, 0.5% sodium deoxycholat&,0% SDS)
supplemented with 1ImM PMSF and 1% proteases andpplatases inhibitor
cocktail (Sigma). Protein concentration was deteadi by the Lowry method
(Lowry et al. 1951). Equivalent amounts (50 pg)pobtein were subjected to
electrophoresis on a 4-12% Mini-PROTEAN® TGX™ Gdid-Rad) and
transferred to a Hybond ECL nitrocellulose membr@kmersham Life Science).
The following primary antibodies were used: antiiB (1:500), anti-GAPDH
(2:5000) (Sigma), anti-phospho-AKT-Ser473 (1:1000)ti-AKT (1:1000), anti-
phospho-GSK3-Ser9 (1:1000) and anti-GSKB-(1:1000) (Cell Signaling
Technology). Densitometric analysis of digitizedames was performed with
Scion Image software (Scion Corporation, Fredeidk, USA) and intensity for
each band was normalized to the intensity of rdspective total protein levels or
GAPDH band.
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3.4. Statistical analysis

Results are presented as the mean * standard (&E)rof the mean.
Statistical significance was assessed by two-wajyais of variance (ANOVA),
followed by Duncan's post hoc test or by the twiteth Student’'s t-test A

probability level of P<0.05 was considered to laistically significant.
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4. RESULTS

Despite the clear involvement ofEDKL5 mutations in intellectual
disability, the function/s of CDKL5 and particubits role in the development of
the nervous system are still poorly understood.eBdvstudies in rodents have
shown that CdkI5 is highly expressed in the devielpprain (Rusconi et al. 2008;

Chen et al. 2010), suggesting an important rol€KL5 in neuronal maturation.

In order to elucidate the role of CDKL5 on neuromsturation we used,
as anin vitro neuronal model, human neuroblastoma cell linesmé&fu
neuroblastoma cell lines show several biochemical functional features of
neurons and are considered a gaod/itro model of neurons, as they can be
induced to differentiate upon treatment with reitnacid (RA) (Melino et al.
1997; Singh and Kaur 2007). For these reasons bkastoma cells have been
here employed to study the CDKLS5 functionvitro.

In parallel we created a Cdkl5 knockout (KO) mouswdel in
collaboration with the European Molecular Biologyaloratory (EMBL),
Monterotondo, Italy. In the current study we pemied a first behavioral
characterization on the Cdkl5 KO mouse. In rodetits, hippocampal dentate
gyrus produces its neurons mainly postnatally (Altmand Bayer 1990). This
makes the hippocampus an ideal structure in owexamine the role of Cdkl5
on fundamental neurodevelopmental processes sutbuasgenesis and dendritic
development. In the current study we used a CdiKIbrfouse model in order to
dissect the role of CDKL5 on hippocampal developimamd to establish the

mechanism/s underlying its actions.
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4.1. CDKL5 enhances neuronal differentiation in theSH-SY5Y

neuroblastoma cell line

We first sought to establish whether human neusbbiaa cell lines
exhibit a positive correlation between CDKL5 exgiea and neuronal
differentiation similar to those observad vivo during brain development
(Rusconi et al. 2008; Chen et al. 2010)

We evaluated morphological differentiation and CE3K&xpression in two
neuroblastoma cell lines, SH-SY5Y and SKNBE, follogrRA treatment. Within
3 days of treatment with RA, SH-SY5Y cells preskmtg branched processes
measuring up to 56 fold the length of the cellyo@€ig. 15A,B). Consistent with
previous studies (Ciani et al. 2004), SKNBE celeravstill undifferentiated after
3 days of treatment and RA-mediated differentiastarted only after 7 days from
RA exposure (Fig. 15A,B). Although basaDKL5 expression was notably higher
in untreated SH-SY5Y than in untreated SKNBE c@fig. 15C), differentiating
SH-SY5Y cells exhibited strong up-regulation @DKL5 expression (Fig. 15C),
whereas SKNBE cells did not show any chang€DKL5 expression within the
same RA-treatment period (Fig. 15C).

The up-regulation of CDKL5 expression in differeitng RA-treated SH-
SY5Y cells was further confirmed at the proteinelegFig. 15D). We found that
CDKL5 expression increased significantly in thidl d@e after 3 (+40%) and 7
(+100%) days of RA exposure (Fig. 15D).
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Figure 15CDKL5 expression during differentiation in neuroblastoma cell
lines.
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(A) Immunofluorescence images showing the morplotdgSH-SY5Y (left
panel) and SKNBE (right panel) cells after 7 daysreatment with (+RA)
or without (-RA) retinoic acid. Cells were stainéat g-tubulin 11l (green)
and nuclei were counterstained with Hoechst dyaebiScale bar: 3gm.

(B) Quantification of neurite outgrowth of SH-SY@&ft histogram) and

SKNBE (right histogram) cells that were either eiatied or treated with RA
(10 uM) for 3 and 7 days. Neurite outgrowth was exprésse mean neurite
length ¢gm) per cell. Data are expressed as meantSE of £peddent

experiments. A minimum of 400 cells were evalustexhch experiment for
each condition. *P<0.05; ***P<0.001, treated vs. weated condition

(Duncan's test after ANOVA).

(C) Quantification by RT-gPCR of CDKL5 expression SH-SY5Y and

SKNBE cells that were either untreated or treatetth WRA (10uM) for 3 or

7 days. Data, given as percentage of untreated 85¥¥Sells, are expressed
as meanitSE. The asterisks indicate a significafiedince between treated
vs. untreated condition, *P<0.05, ***P<0.001 (Dunea test after ANOVA)

(D) CDKL5 protein expression in SH-SY5Y cells eithrgreated or treated
with RA (10uM) for 3 and 7 days was analyzed by western bldi \&i
CDKLS5 specific antibody

The positive correlation between CDKL5 expression rad SH-SY5Y
differentiation indicates that SH-SY5Y neuroblastona cells may represent a

suitable model to study the role of CDKLS5 in neuroml differentiation.

To further investigate the role of CDKL5 in neurbdéferentiation, we
over-expressed CDKL5 in SH-SY5Y cells by transigminsfection of a
pGFP/CDKL5-FLAG expression vector. We compared ieuoutgrowth in
GFP- and GFP-CDKL5-positive cells isolated by csditing 24 hours after
transfection and then grown for 1-2 days eitheh@absence or presence of RA.
We found that CDKL5 was able to induce a beginrdiftgrentiation also in the
absence of RA treatment. While cells expressing G&lBne (controls)
occasionally emitted very short processes (Fig.,1le® panel), cells over-
expressing CDKL5 had longer processes with a lemgitease by +100% after 2
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days in culture (Fig. 16A,B, left panel), indicaithat CDKLS5 is able to promote
differentiation also in the absence of pro-diffesi@tive stimuli such as RA
treatment. To investigate the effects of CDKL5 egrpression also on RA-
induced differentiation, GFP- and GFP-CDKL5-tranéeccells were cultured for
1-2 days in the presence of RA (Fig. 16A,B). Affeday of RA treatment,
CDKL5 expressing cells exhibited a greater neuetegth compared to control
cells (+30%, Fig. 16A,B), but this difference waslanger detectable after 2 days
of RA treatment (Fig. 16A,B).

These data clearly show that CDKLS can promote neuronal
differentiation also in the absence of pro-differetiative stimuli and enhances

RA-induced differentiation in SH-SY5Y neuroblastomacells

To further confirm this finding, we tested whetl@ereduction in CDKL5
expression interfered with RA-induced differentiati To this purpose, SH-SY5Y
cells were transfected with two different siRNAsamgt CDKL5 (sil, si2) to
inhibit CDKL5 expression and treated with RA. Af#8 hours of treatment, the
reduced expression of CDKLS5 induced by the siRNgairsst CDKL5 (-45% and
-60%, Fig. 16C), confirmed by western blot analysisas paralleled by a
significant reduction (-46% and -58%, Fig. 16C) ireurite outgrowth.
Transfection with a scrambled siRNA (siScr), asatieg control, had no effect
on CDKLS5 expression and RA induced cell differetndia (Fig. 16C,D), to further
confirm the role of CDKLS5 on differentiation of SEIY5Y cells.
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Figure 16 CDKL5 induces differentiation in the SH-SY5Y neuroblastoma
cell line.

87



(A) Quantification of neurite outgrowth of SH-SY&AMIs transfected with
either GFP-CDKL5 or GFP. Twenty-four hours fromrtsdection, cells were
FACS sorted for GFP fluorescence and cultured fe2 Mays with or
without retinoic acid (RA; 1Q:M). Neurite elongation was expressed as
mean neurite lengthun) per cell. Data are expressed as meantSE of 3-4
independent experiments. A minimum of 400 cell® wenluated in each
experiment for each condition. The asterisks ingi@significant difference
between cells expressing GFP-CDKL5 vs. cells esprgsGFP alone.
***P<0.001; two-tailed t-test.

(B) Representative phase-contrast images of cefisessing GFP-CDKL5
or GFP and cultured for 1 or 2 days in absence (R¥-in presence of 10
uM RA (RA+). Scale bar: 16m.

(C) SH-SY5Y cells were transfected with two differeiRNAs against
CDKL5 (sil1 and si2; 50 nM) or with scramble siRNgiSEr; 50 nM).

Quantification by western blots of CDKL5 expressisas performed 48
hours after transfection. Data are expressed asmH#eB of 3 independent
experiments. *P<0.01***P<0.001; two-tailed t-test.

(D) Quantification of neurite outgrowth of SH-SY&AIs transfected with
sil, si2 or siSCR (50 nM). Six hours after siRN&ns$fection cells were
treated with RA (1@M) and analyzed 42 hours later for neurite outgrowt
Data are expressed as meanitSE of 3 independentimgrgs. **P<0.01;
***P<(0.001; two-tailed t-test.

4.2. CDKL5 negatively regulates cell proliferationin the SH-SY5Y

neuroblastoma cell line by blocking cell cycle progssion

CDKL5 expression peaks during late embryonic stagel the first
postnatal period (Chen et al. 2010), when mostefrteuronal progenitors stop
proliferating and enter the differentiated statgygesting that it may negatively
control neuron proliferation.

To address this point, SH-SY5Y cells transientlpressing the CDKL5-
FLAG fusion protein were evaluated for proliferatiorate by a

bromodeoxyuridine (BrdU) incorporation assay, inchhthe thymidine analogue
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Is incorporated into DNA during the S-phase of ttedl cycle. The effect of
CDKL5 over-expression on cell proliferation was etetined by evaluating the
number of proliferating cells (BrdU positive cellshat expressed CDKL5
(CDKL5-FLAG positive cells). Interestingly, we nevdound cells that, in
addition to express CDKL5, were also BrdU positisepporting our hypothesis
that CDKL5 may inhibit cell proliferation (Fig. 17A Similar results were
obtained with a second proliferation marker, Ki-&hich is expressed in dividing
cells through late-&S+G+M but not G and early G phases of cell cycle. As

expected no CDKL5-positive cells were also positaeKi-67 (data not shown).

This data indicate that CDKL5 over-expression spetically blocks cell

proliferation of neuroblastoma cells

To further confirm the anti-proliferative role ofD&L5 in neuroblastoma
cells, we silenced the endogenous expression of IEDHsing two SiRNAs
directed against CDKL5 (sil, si2) and evaluated d¢ffect on proliferation by
BrdU-immunostaining. A reduced expression of CDKL&ter siRNAs
transfection was accompanied by a significant iasean cell proliferation (+31%
sil, +39% si2, Fig. 17B), while treatment with aasobled siRNA (siScr), as
negative control, had no effect on cell prolifepatildata not shown). These data

support the idea that CDKLS5 can inhibit cell pretttion.

The hypothesis that CDKL5 can inhibit proliferatiads us to speculate
that CDKL5 may affect the cell cycle dynamics. Tharidy this point, we
compared the cell cycle profile of GFP vs. GFP-CBKikansfected SH-SY5Y
cells. FACS sorted GFP and GFP-CDKLS5 positive c@fig. 17C) were treated
with propidium iodide to stain DNA and analyzed flow cytometry. We found
that the fraction of cells in §85; was significantly increased in CDKL5 over-

expressing cells as compared to control cells as@, consequence, the fraction of
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S phase cells was decreased. In CDKL5 over-expigsslls, the percentage of
Go/G; became approximately 70%, suggesting that CDKIogKd cells in GG,
phase (Fig. 17D). We found no differences in theg@aage of cells in the sub-
G1, which is considered to indicate the proportionapbptotic cells over total,
indicating that CDKL5 does not induce apoptosisnguroblastoma cells. To
further confirm that CDKL5 over-expression does imoluce apoptotic cell death
in this cell line, we performed an immunostainingy fntracellular cleaved-
caspase-3 and found no differences between CDKIskip® and negative cells
(Fig. 17E).

These data clearly show that CDKL5 over-expressiors not induce
apoptotic cell death in human neuroblastoma celtsthatthe inhibition of cell

proliferation is due to an arrest in the G/G; phase of the cell cycle.

0.6

— ®x

—] %%

0.5

0.4

0.2
0.1
0.0

LI BrdU-positive cells

= si1 si2 siSCR

90



(@)

Count
0 50 100150 200250300 350400

FETTUITETI FERTUNYRR CRER FIRTUATITINOUT)

GFP-

Count
0 50 100150 200250300 350400

IIIIIIII T 1 IIIII[ T T IIIIIII T IIIIIII| T
102 10% 104 10°
FITC-A

*
*

=]
o
)

CIGFP
B GFP-CDKL5

FE
.
G/G, S

G,/M

(=2
o
1

% cell cycle phases
N S~
o o

o

[ GFP
Bl GFP-CDKL5

% 1.00 -

Q

s T

2 0.75-

D

(o]

2 0.50 -

(3]

[+}]

wn

8 025

wn

1+

3)

< 0.00

Figure 17 CDKL5 negatively regulates proliferation in SH-SY5Y
neuroblastoma cell lines by blocking cell cycle progression.

(A) Immunofluorescence images of SH-SY5Y neurobtastells transfected
with CDKL5-FLAG. Twenty-four hours after transfectj SH-SY5Y cells
were treated with BrdU (1Q:M) for 2 hours and thereafter cells were
processed for double immunocytochemistry. Celleviemunostained for
FLAG (red signal) and BrdU (green signal) and caluclei were
counterstained with Hoechst dye (blue signal). @ahews in Hoechst and
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merge images indicate the nuclei of cells exprgsgrogenous CDKLS5.
Three independent experiments were performed andhismum of 600 cells
were evaluated in each experiment for each cormditgzale bar: 2Gm.

(B) Labeling index (LI), defined as percentage ailB positive cells over
total cell number, was determined for SH-SYS5Y femnted with two
different siRNAs against CDKL5 (sil1 and si2; 50 niM)with scramble
SiRNA (siSCR; 50 nM). Forty-six hours after traesfen cells were exposed
to BrdU (10uM) for the last 2 hours. Data, given as percentafieontrol
condition, are expressed as meaniSE of 3 indepén@aperiments.
**P<0.01; two-tailed t-test.

(C) Twenty-four hours after transfection with GFIPKL5 or GFP alone,

SH-SY5Y cells were FACS sorted for GFP expresdiba. threshold for
positivity for GFP was established as the levelsresponding to

untransfected cells (histogram on the left). Theegrarea in the histogram
on the right shows fluorescence intensity of so®€P-CDKL5 positive

cells.

(D) Distribution of cell populations in they, S, or G/M phases of the cell
cycle, identified by flow cytometry analysis. Dagjayen as percentage of
either GFP-CDKL5 or GFP cells in each phase of twll cycle, are
expressed as meantSE of 3 independent experinf&atd,05, **P<0.01,
two-tailed t-test.

(E) Immunofluorescence image of cleaved caspasenrdunostainig of SH-
SY5Y neuroblastoma cells transfected with GFP-CDREenty-four hours

after transfection, SH-SY5Y cells were immunostifaecleaved caspase-3
(red signal), CDKLS5 (green signal) and cell nualegre counterstained with
Hoechst dye (blue signal). Scale bar:28.

Percentage of cleaved caspase-3-positive cells tmtat number of GFP-

CDKL5-positive cells and GFP-positive cells (histg on the right). Data

are expressed as meansSE of 3 independent expasnfeminimum of 450
cells were evaluated in each experiment for eactition.

These results demonstrate that CDKL5 affects botheurite growth and
cell proliferation, suggesting that CDKL5 may moduate not only dendritic

maturation but also cell proliferation in the developing brain
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4.3. Creation and validation of Cdkl5 conditional knockout mice

A constitutive knockout allele of Cdkisas produced by germline deletion
of exon 4 of a Cdklsconditional knockout allele produced by standardege
targeting in embryonic stem cells (Fig. 18A). SinCdkl5 is localized on X
chromosome, the genotypes deriving from deletiontted Cdkl5 gene are:
homozygous females (-/-), heterozygous female (@hJ hemizygous males (-
1Y). Semi-quantitative PCR on total brain RNA frdi@male wild-type (+/+),
heterozygous (+/-) and homozygous (-/-) Cdkl5 krmatKKO) mice with primers
spanning exons confirmed the absence of exon 4ndmmal levels of exon 2,3
and 5 in Cdkl5 KO female mice (Fig. 18H)o confirm the absence of the full-
length Cdkl5 protein we performed western blot gsial on whole brain extracts
using a specific antibody against CDKL5. As showifrig. 18C hemizygous male
(-/Y) and homozygous female (-/-) Cdkl5 KO mice dot express the protein,
while heterozygous females (-/X) show intermediateels of Cdkl5 expression.
The absence of the Cdkl5 protein in mutant mice Wwather confirmed by

immunofluorescence analysis of CA1 hippocampusisactions (Fig. 18D).
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Figure 18Generation and validation of Cdkl5 conditional knockout mice.

(A) Genomic organization of the Cdkl5 locus showindical exon 4
(ENSMUSEO00000346596), the targeting construct, essfally targeted
Cdkl5 locus (genotyping primers indicated by arrpw&RT-deleted
conditional Cdkl5 knockout allele, and Cre-deletednstitutive CdklI5
knockout allele used in the present study.

(B) Semi-quantitative PCR on total brain RNA framéle wild-type (+/+),
heterozygous (+/-) and homozygous (-/-) Cdkl5 K@emiith primers
spanning exons confirmed an absence of exon 4ndomal levels of exon
2,3 and 5 in Cdkl5 mutant female mice.

(C) Western blot analysis of whole brain proteitrasts of wild-type (+/+),
heterozygous (+/-), and homozygous (-/-) femalelSCHK mice and wild-
type (+/Y) and hemizygous (-/Y) male Cdkl5 KO musmg a polyclonal
anti-CdkI5 antibody confirm the absence of Cdklhdmozygous female (-/-
) and hemizygous male (-/Y) mutant mice, whilerbeygous females (+/-)
show intermediate levels of Cdkl5 expression.



(D) Examples of CA1 hippocampus brain sections faduit male wild-type
(WT) and Cdkl5 knockout (KO) mice processed fororéiscent
immunostaining for CDKL5 (red signalCell nuclei were counterstained
with Hoechst dye (DAPI- blue signal). Scale bary 4@

4.4. Behavioral impairments in CdkI5 knockout mice

A first characterization of the CdkI5 mutant midew that heterozygous
(+/-) and homozygous females (-/-), as well as aggous male (-/Y) CdkIKO
mice had no differences in viability, body weighkig. 19A), and absolute as well
as relative brain weight compared to wild-typeelithates (data not shown; Fig.
19B).

In order to identify behavioral features that mintie clinical features
described in CDKL5 disorder, including seizures, tonoabnormalities and
impaired hippocampal-dependent learning and menweyperformed a general
behavioral screen (Rogers et al. 1999) on Cdklsantunice.

We first evaluated clasping of hind-limbs and obedrthat a significant
fraction of heterozygous (+/-) and homozygous fenta}) as well as hemizygous
male (-/Y) CdkI5KO mice revealed abnormal clasping of hind-limbmpared to
wild-type littermates (Fig. 19C,D).

Continuous monitoring of home cage activity showadsignificant
decrease in locomotion in both homozygous femaig dnhd hemizygous male (-
1Y) Cdkl5 KO mice and intermediate levels in heterozygous) (€dkl5 KO
females (Fig 19E,F). Hypolocomotion was not seeerwiice were placed in a
novel open arena (data not shown), suggestingthigatieficit did not reflect a

reduced capacity for locomotion.
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Figure 19Behavioral impairmentsin the Cdkl5 knockout mice.

(A) Histogram showing body weight (expressed in graofisy weeks old
wild-type an CdkI5 KO mice. No differences in bagyjght was observed in
heterozygous (+/-) and homozygous (-/-) female T#KD mice, as well as
hemizyous (-/Y) male KO mice compared to sex-matchdd-type
littermates.
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(B) Representative images of dissected brains freiid-type (+/+),

heterozygous (+/-) and homozygous (-/-) female &dkD mice. No
differences in brain size and brain weight wereesbed in female CdklI5
KO mice compared to wild-type littermates.

(C-D) Percentage of mice showing hind-limb claspings significantly
increased in adult female and male Cdkl5 KO mick-(f = 28; +/-, n =
38; -/, n = 32; +/Y, n = 55; /Y, n =42). Data arexpressed as
meantSE,**P<0.01, ***P<0.001; two-tailed t-test.

(E-F) Home cage activity was significantly decrehse adult female (E)
and male (F) CdkI5 KO mice. Data are expressed eamSE,***P<0.001;
two-tailed t-test;

Although early onset seizures are one of the prentirfeatures of the
CDKL5 disorder, we surprisingly found no eviden@e Spontaneous seizures
during videotaped observations of adult CdKI® mice either in the home cage
or following transfer to a novel cage (data notvehp Electroencephalographic
(EEG) recordings from implanted surface electroitlefieely behaving animals
did not reveal spontaneous epileptiform activityhemizygous (-/Y) male CdklI5
KO mice (Fig. 20A,B left panel).

Pharmacological induction of seizures with kainseddawas monitored by
surface EEG. Low dose kainic acid did not inducerbseizures, but caused
occasional epileptiform activity patterns in bo#mtizygous (-/Y) Cdkl5 male KO
mice and wild-type (+/Y) littermates (data not simwAt the higher dose, kainic
acid induced overt seizures, as evidenced by peabddudden immobility and in
some cases tonic clonic convulsions in both henaagg(-/Y) Cdkl5KO and
wild-type (+/Y) littermate mice. Correspondinglyominent epileptiform activity
bursts were observed in the EEG of both genotypes QOA,B right pannel).
CdkI5 KO mice did not differ from wild-type littermates latency to epileptiform
activity bursts suggesting similar susceptibilibythe drug (Fig. 20C). However,
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the mean duration of high-amplitude bursts waséoragd the frequency lower in

Cdkl5 KO mice compared to wild-type littermatesg(F20D,E). Power spectrum

analysis revealed a significant dose-dependentaser in low frequency EEG

power in wild-type, but not in hemizygous (-/Y) G8knale KO mice treated with

kainic acid when compared to baseline (Fig. 20F,G).
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Figure 20Altered seizure response in Cdkl5 knockout mice.

(A-B) Representative electroencephalogram (EEGYesarecorded from
surface electrodes placed over the somatosensatgxcm freely moving
male wild-type (+/Y) and CdkI5 KO (-/Y) mice. (Léaseline EEG before
drug treatment. (Right) EEG taken during 2 hour tgogction period

following treatment with high dose (25 mg/kg, ika)nic acid. (expanded
trace) Detall of epileptiform event showing lowduency, high amplitude
activity.

(C-E) Latency (C) to the first epileptiform everd dot differ between wild-
type (+/Y) and Cdkl5 KO (-/Y) male mice, but (D)ameluration of events
was longer (p=0.058) and (E) mean frequency wastaw hemizygous (-
1Y) male CdkI5 KO mice (+/Y: n = 4, -/Y: n=5). Daare expressed as
meaniSE, *P<0.05fwo-tailed t-test.

(F-G) Average EEG power spectra of (left) baselerad (right) post-
injection periods for (F) low dose (10 mg/kg, i.and (G) high dose (25
mg/kg, i.p.) kainic acid treatment revealed a digant, dose-dependent
increased in low frequency EEG power in wild-tyipat, not Cdkl5 KO mice.

In order to examine hippocampal-dependent learrand memory in
Cdkl5 KO mice, we evaluated hippocampus-dependeatiied working memory
by using the Y-maze paradigm. We found that whilkelstype mice entered more
frequently into the novel, previously unvisited aofithe maze (Fig. 21A), CdklI5
KO mice showed no preference toward the novel archemtered randomly into
the different arms approximately with the same despy (Fig. 21A). This
difference was not due to a reduced motility, asnghby the distance travelled
by both mice (Fig. 21B), suggesting ti@adkl5 KO mice have deficits in spatial

working memory.

To sum upwe demonstrated that Cdkl5 KO mice show hind-limb
clasping, hypoactivity, deficits in spatial working memory and abnormal

EEG responses to convulsantdeatures that may model the stereotypic hand

99



movements, hypotonia, cognitive disabilities anges, respectively, reported

in the human condition.
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Figure 21Working memory test in Cdkl5 knockout mice.

(A) Cdkl5 KO female and male mice were tested in desinigll Y maze

task, to measure arm alternation. The percentage spbntaneous
alternations is defined as (total alternations/icam entries-2) x 100.

(B) Motor activity during testing is shown as thstance during the task.

All data are presented as mean = SEM. Statisticellysis: female, two-way

ANOVA and Duncan'’s test after ANOVA, *p < 0.05 **40.001; male,
Student’s t test, **p<0.01.
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4.5. Loss of CdKI5 increases proliferation rate irthe hippocampal

dentate gyrus

In order to establish whether lack of CdklI5 affextd proliferation in the
hippocampal dentate gyrus (DG), wild-type and CdKI5 mice aged 45 days
(P45) were injected for 5 consecutive days withBrahd sacrificed 24 hours
after the last BrdU injection.

Observation of images from wild-type (+/+) and haygous (-/-) female
Cdkl5 KO mice clearly show that mutant mice had enBrdU positive cells than
wild-type littermates (Fig. 22A). A quantitative awsis revealed that the number
of BrdU positive cells was significantly higher looth homozygous female (-/-)
and hemizygous male (-/Y) Cdkl5 KO mice (+20% ar2B%, respectively)
compared to wild-type littermates (Fig. 22B). Thenber of BrdU positive cells
in heterozygous female (+/-) Cdkl5 KO mice showeslight but not significant
increase in comparison with wild-type females (FREB), which may be
consistent with a mosaic of knockout and wild-typells as a result of X-
inactivation (Goto and Monk 1998). Similar resuligere obtained with
immunohistochemistry for Ki-67, an endogenous madfeactively proliferating
cells (Fig. 22C).

The increased proliferative ability of neuronal precursor cells in
Cdkl5 KO mice suggest that CDKL5 exerts a negativerole on cell

proliferation, similar to those observedin vitro.
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Figure 22Precursor proliferation in the dentate gyrus of Cdkl5 knockout
mice.

(A) Examples of sections processed for fluoresoemiunostaining for BrdU
from the DG of wild-type (+/+) and homozygous (dfemale Cdkl5 KO
mice. These animals were injected for 5 consecutays with BrdU and
sacrificed 24 hours after the last BrdU injection B45. Calibrations = 200
tm (lower magnification) and 80m (higher magnification). Abbreviations:
DG, dentate gyrus; SGZ, subgranular zone; GR, denall layer; H, hilus.

(B-C) Number of BrdU-positive cells (B) and Ki67spaie cells (C) in the

whole DG (GR+H) of homozygous (-/-), heterozygetis) (@nd wild-type
(+/+) female Cdkl5 KO mice (upper histogram) andrheygous (-/Y) and
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wild-type (+/Y) male CdkI5 KO mice (lower histogiambbreviations: DG,
dentate gyrus; GR, granule cell layer; H, hilus.

Values represent totals for one DG (me&aisD). (*)p < 0.07; *p < 0.05;
**p < 0.01 (Duncan'’s test after ANOVA).

4.6.Loss of Cdkl5 reduces the survival of newborn cells the

hippocampal dentate gyrus

In order to evaluate the survival of the newborliscave counted the
number of BrdU positive cells present in the hippopal dentate gyrus (DG) 30
days after BrdU administration, in mice aged 75sd@75). Most of the surviving
cells were located in the granule cell layer (GRg final destination of new
granule neurons. We found that both female (-/¢) arale (-/Y) Cdkl5 KO mice
had the same number of BrdU-labeled cells as wipe-tlittermates (Fig. 23A).
This suggests that the surplus of cells born atiR46e mutant mice was offset
by a reduction in the survival rate. The ratio begw the number of BrdU positive
cells present in the DG at one month (Fig. 23A) 2adours (Fig. 22B) after the
last BrdU injection provides an estimate of theswevival rate. We found that the
surviving cells were 50% of the cells born at Pd%vild-type mice and 39+1.2 %
and 43+1.9%, respectively, in female (-/-) (p< Ot@b-tailed t-test) and male (-
1Y) Cdkl5 KO mice (p< 0.01 two-tailed t-test). Agsificant difference in the
survival rate was also found in the heterozygous) female Cdkl5 KO mice

compared to wild-type littermates (45+1.7 %; p<Ot@b-tailed t-test)

In the attempt to examine whether lack of Cdklggers apoptotic cell
death we evaluated the number of apoptotic cellshen DG by counting the
number of cells that expressed cleaved caspasaeg3 PBB). Most of the
apoptotic cells were in the innermost portion ad BR. We observed an increase
of cell death in both homozygous female (-/-) aethlzygous male (-/Y) CdklI5
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KO mice (+40% and +32%, respectively; Fig. 23B)wad-type littermates and a
less pronounced but significant increaakso in heterozygous (+/-) females
(+14%; Fig. 23B).
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Figure 23 Survival of precursors in the dentate gyrus of Cdkl5 knockout
mice.

(A) Examples of sections processed for fluoresoemiunostaining for BrdU
from the DG of wild-type (+/+) and homozygous (female Cdkl5 KO
mice. These animals were injected for five consexutays with BrdU and
sacrificed after one month after the last BrdU atien on P75. Calibrations

=50 tm.

Number of BrdU-positive cells in the whole DG (GR+gf homozygous (-/-
), heterozygous (+/-) and wild-type (+/+) female Kl KO mice (left
histogram) and hemizygous (-/Y) and wild-type (+fivale mice (right
histogram).

(B) Examples of sections processed for fluores@@miunostaining for
cleaved caspase-3 from the DG of wild type (+/+pdmmozygous (-/-)
female Cdkl5 KO mice. Calibrations = 40n.

Number of cleaved caspase-3-positive cells in thelevDG (GR+H) of
animals as in A.

Values in (A-B) represent totals for one DG (me&dBD). **p < 0.01; ***p

< 0.001 (Duncan’s test after ANOVA). Abbreviatiol¥s, dentate gyrus;
GR, granule cell layer; H, hilus.

This evidence suggests that lack of Cdkl5 decreastee survival

rate of newborn cells in CdkI5 KO mice.
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4.7. Loss of Cdkl5 specifically decreases survivabf

postmitotic neurons in the hippocampal dentate gyrs

In order to examine the phenotype of the survivie§js 30 days after
BrdU administration we performed an immunofluoregécdouble-labeling for
BrdU and either a neuronal marker (NeuN) or anoagtic marker (GFAP) on
wild-type and CdkI5 mutant mice. Both female (#&)d male (-/Y) Cdkl5 KO
mice had fewer (-20% and -30%, respectively) newrores (NeuN/BrdU positive
cells; Fig. 24A,B) in comparison withild-type littermates, while the number of
new astrocytes (GFAP/BrdU positive cells; Fig. 2BAwas similar in both
genotypes. Consequently a larger number of cellth véin undetermined
phenotype was present in female (-/-) and male) @dkI5 KO mice (+190% and
+300%, respectively; neither; Fig. 24A,B). A similaeffect was also found in
heterozygous (+/-) female Cdkl5 KO mice compareditd-type littermates (Fig.
24A).
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Figure 24 Phenotype of the surviving cells in the dentate gyrus of Cdkl5
knockout mice.

(A,B) Absolute numberof surviving cells with neuronal phenotype
(NeuN/BrdU), astrocytic phenotype (GFAP/BrdU) anadetermined
phenotype (Neither/BrdU) in the DG (GR+H) of hongmys (-/-),
heterozygous (+/-) and wild-type (+/+) female CdK® mice (A) and
hemizygous (-/Y) and wild-type (+/Y) male CdkI5 KKiice (B). These
animals were injected for five consecutive day$ WwitdU and sacrificed
after one month after the last BrdU injection orbP7

Values represent totals for one DG (me&aBD). **p < 0.01; ***p < 0.001
(Duncan'’s test after ANOVA).

These data show that the lack of Cdkl5 dampens tHermation of new

granule neuron without affecting astrogliogenesis.

The hippocampal dentate gyrus (DG) is formed ovésng time period
that begins during gestation and continues in th&natal period. It contains a
neurogenic niche, the subgranular zone (SGZ), whihinhabited by a
heterogonous population of cells and cellular el@iewhich play an important
role in neurogenesis. In the course of adult hippgmal neurogenesis, new cells
within the SGZ of the DG go through a series ofgeta associated with
proliferative activity, from stem cell (type 1) avimtermediate progenitor stages
(type 2/3) to postmitotic maturation (Fig. 25A). Wdecortin (DCX), a
microtubule associated protein, is widely expredsgdhe actively dividing type
2b and type 3 progenitor cells and also by immatuegule neurons (Fig. 25A).
As shown in Fig. 25A,B, these cell types can bdirtisished based on their
morphology: while type 2b/3 cells are orientatedaplal to the SGZ (Fig. 25A,B;
asterisk), immature granule neurons have a vertidahtation and extend long
apical processes into the granule cell layer (GR).(25A,B; arrows). Based on

these features, we determined whether loss of Cdklécifically affects a
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particular stage of granule cell formation. We fduhat Cdkl5 KO mice had
more 2b/3 type cells in comparison with wild-typdermates but a reduced
number of immature neurons (Fig. 25C). These dadicate that the lack of
Cdkl5 affects in an opposite manner type 2b/3 céitgtotic cells) and
differentiating (postmitotic) neurons. This is cmtent with the increased number
of undifferentiated cells (neither) and the reducednber of cells differentiated
into neurons (BrdU/NeuN positive cells) found in ki&d KO mice (see Fig.
24A,B).

In order to establish whether the reduced numbémofature neurons
in CdkI5 KO mice was due to an increase in celtllege evaluated the number
of cells that were positive for both DCX and cledwaspase-3. We found that
hemizygous male (-/Y) Cdkl5 KO mice showed a notdtajher number of DCX/
cleaved caspase-3 positive immature neurons in aosgn to wild-type
littermates (+/Y) (Fig. 25D,E), with no differenaethe number of DCX/caspase-
3 positive 2b/3 type cells (Fig. 25D,E). Similasués were obtained also in the

female Cdkl5 KO mice (data not shown).
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Figure 25Survival of post-mitotic neurons in the dentate gyrus of CdklI5
knockout mice.

(A) Schematic representation of adult hippocamapautrogenesis. The
subgranular zone (SGZ) of the dentate gyrus (DG)nlsabited by a
heterogonous population of cells which go throughsexies of stages
associatedvith proliferative activity: from stem cell (typecells, expressing
Nestin and SOX2) over intermediate progenitor sigtype 2a/b and type 3)
to postmitotic maturationDoublecortin (DCX), a microtubule associated

109



protein, is widely expressed by the actively dngdiype 2b and type 3
intermediate progenitor cells and also by immatgranule neuronsand
these two cell types can be distinguished basetth&in morphology: while
type 2b/3 cells are orientated parallel to the S@ asterisks), immature
granule neurons have a vertical orientation and eext long apical
processes into the granule cell layer (GR)

(B) Examples of sections processed for DCX immaimosgy from the DG of
wild-type (+/Y) and hemizygous male (-/Y) Cdkl5 Kaice. The high
magnification photomicrograph show immature DCX#{pes neurons
(vertical orientation with apical processes; blagkrows) in the innermost
portion of the GR and type 2b/3 DCX-positive granaklls (orientated
parallel to the GR; red asterisks) in the SGZ. Baltions = 60 um (lower
magnification) and 15 um (higher magnification).

(C) Number of DCX-positive cells in the whole DG (GR;Hdivided in

immature neurons and type 2b/3 cells, of homozygadys heterozygous (-
/+) and wild-type (+/+) female Cdkl5 KO mice (leftistogram) and
hemizygous (-/Y) and wild-type (+/Y) male Cdkl5 #&i@e (right histogram).

(D) Examples of ultra-thin sections processed formunostaining for
cleaved caspase-3 and DCX from the DG of wild-tygde (+/Y) mice.
Computer-based image overlay of two serial ultristiections allow to
identify DCX-positive cells (black asterisks)/cled\caspase-3-positive cells
(red arrow). Calibrations = 15m.

(E) Number of cleaved caspase-3/DCX-positive cellghe whole DG
(GR+H), divided in immature neurons and type 2k#Bs¢ of hemizygous (-
1Y) and wild-type (+/Y) male Cdkl5 KO mice. Datee axpressed as fold
difference in comparison to wild-type mice.

Values in (B-E) represent totals for one DG (me&8D). *p < 0.05; **p <
0.01 (Duncan'’s test after ANOVA).

This evidence suggests that the reduced number oew neurons in
Cdkl5 KO mice (see Fig. 24A and Fig. 25@) due to an increase in cell death

that specifically affects early postmitotic neurons
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4.8. Loss of CdklI5 results in reduced net number gfranule cells

in the dentate gyrus

To establish the impact of the reduction in the banmof newly formed
granule neurons in Cdkl5 KO mice on overall granagel number, we
stereologically evaluated total granule cell numibemice aged 45 (Fig. 26) and
75 days (data not shown). We found no differendevéen Cdkl5 KO and wild-
type mice in the volume of the granule cell lay@até not shown), but a reduced
granule cell density (Fig. 26B) and reduced nundfegranule cells (Fig. 26C) in
CdklI5 KO mice compared to wild-type littermates.eTteduction in cell number
was -12% ,—8% and -10%, respectively, in homozydeomle (-/-), heterozygous
female (+/-) and hemizyogous male (-/Y) Cdkl5 KQcencompared to their wild-
type littermates (Fig. 26C).

Consistent with the higher apoptotic cell deathGdkl5 KO mice
estimated by cleaved caspase-3 immunostaining ¢38), we noted a higher
number of pyknotic nuclei in the innermost grancad layer in the Cdkl5 mutant
mice, indicating a larger number of dying cellsg(R26A, yellow arrowheads).

111



B x X *
5 x & OO+ L B= X OO+
& 2 30 == N .Y
X 2 25 - X = %5
o @ 20 w8 201
g O £ g
£ O 15 g2 15
= 2 10- = £ 104
O (15 5+ O 6 54
otl—L15 0=
C 10- 10+
x [CJ+H+ x [+
& g ¥ x E+- & g ¥ MY
o 8 o
T |= X * M- >
x = 2= @
oy L
Q [«
Q2 - Q 44
£ g
Z 2 Zz 2
c L} L] c L]

Figure 26 Net number of granule cells in the dentate gyrus of Cdkl5
knockout mice.

(A) Examples of sections processed for Hoechst iostaining from the
DG of wild-type (+/+) and homozygous (-/-) femalék® KO mice.

(B-C) Density of granule cells (B) and total numioérgranule cells (C) in
P45 homozygous (-/-), heterozygous (+/-) and wjfget(+/+) female CdkI5
KO mice (left histogram) and hemizygous (-/Y) anid-type (+/Y) male
CdkI5 KO mice (right histogram).

Values refer to one DG (meahSD). **p < 0.01; ***p < 0.001 (Duncan’s
test after ANOVA).
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4.9. Loss of CdklI5 results in reduced dendrite treand synaptic

contacts of newborn granule cells

To establish the effect of loss of Cdkl5 on demdrdevelopment of
newborn granule cells, we examined the dendriticpimology of DCX-positive
cells. Dendritic morphology of newborn granule setlan be analyzed with
immunohistochemistry for DCX, taking advantage be texpression of this
protein in the cytoplasm of immature neurons durthg period of neurite
elongation (from one to four weeks after neuronhbirFig. 25B clearly shows
that in Cdkl5 KO mice DCX-positive immature neurdresd fewer processes than
in their wild-type counterparts. Quantification tfe dendritic size of DCX-
positive cells showed that homozygous female @h) hemizygous male (-/Y)
Cdkl5 mutant mice had a shorter dendritic lengthl% and -34% respectively;
Fig. 27A) and a reduced number of segments (-4680-36% respectively; Fig.
27B) than wild-type littermates. The decrease & dendritic length and in the
number of segments in heterozygous (+/-) femalel®#lO mice (-41% and -
45% respectively; Fig. 27A,B) was very similar teat found in homozygous

female (-/-) mutant mice .

To dissect the effects of loss of Cdkl5 on detafs the dendritic
architecture we examined each dendritic order se¢glgr A striking difference
between wild-type and Cdkl5 KO mice was the absesfcbranches of higher
order in the mutant mice. While wild-type (+/+) fale mice had up to 9 orders of
branches, homozygous (-/-) and heterozygous («drmafe Cdkl5 KO mice
completely lacked branches of orders 7 and 8-9. (BEfgc, arrows). Analysis of
the branch length of individual orders showed redugranch length of orders 4-6
in female Cdkl5 KO mice (Fig. 27C). In contrastabzing the length of the
branches of orders 1-3 we found no difference betweild-type and mutant

mice (Fig. 27C). Similar results were also obtaimechemizygous male (-/Y)

113



Cdkl5 mutant mice compared to wild-type littermafebsence of branches of
higher order 8-10 and reduced branch length ofrofd€ig. 27C)Analysis of the
number of branches showed that homozygous (-/-)haterozygous (+/-) female
Cdkl5 KO mice had a similar number of branches of ordet as wild-type mice,
fewer branches of orders 5-6 and, as noted abavietanches of higher orders. In
the male mutant mice (-/Y), there was a progressi@esening in branch number
from order 5 and no branches of orders 8-10 (F@)2

Taken together these data indicate that in Cdkl5 KOmice the
dendritic tree of the newborn granule cells is hypwophic and that this effect
is mainly due to a reduction in the number of branbes of intermediate order

and a lack of branches of higher order.
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Figure 27 Dendritic architecture of newborn granule cells of Cdkl5
knockout mice.

(A,B) Mean total dendritic length (A) and mean nemiof dendritic
segments (B) in homozygous (-/-), heterozygoug &hd wild-type (+/+)
female Cdkl5 KO mice (left histogram) and hemizggely) and wild-type
(+/Y) male CdkI5 KO mice (right histogram).

(C,D) Quantification of the mean length (C) and meaumber (D) of
branches of the different orders in animals as inTAe arrows indicate the
absence of branches in CdkI5 KO mice.

Values represent as meanSD. *p < 0.05; **p < 0.01; **p < 0.001
(Duncan’s test after ANOVA).
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It is likely that a reduction in connectivity isehcounterpart of the
severe dendritic hypotrophy that characterizesndweborn granule cells of
Cdkl5 KO mice. Synaptophysin (SYN; also known a8)p3 a synaptic
vesicle glycoprotein, that is a specific marker ppEsynaptic terminals.
Quantitative analysis showed that in Cdkl5 KO ntice optical density of
SYN was significantly lower than in wild-type littreates in the outer (O),
middle (M) and inner (I) molecular layer (Fig. 283, suggesting that
CdkI5 mutant mice had fewer synaptic contacts in ta dentate gyrus

Figure 28Synaptic contacts in the dentate gyrus of Cdkl5 knockout mice.

(A) Images of sections processed for synaptophiysmunofluorescence
from the DG of wild-type (+/+) and homozygous (dfemale Cdkl5 KO
mice. Calibration: 5Qum.

(B) Optical density of synaptophysin immunoreatstivin the inner (1),

middle (M) and outer (O) third of the molecular éayof homozygous (-/-),
heterozygous (+/-) and wild-type (+/+) female CdkKO mice (left

histogram) and hemizygous (-/Y) male Cdkl5 KO raivg wild-type (+/Y)

littermates (right histogram).

Data are given as fold difference vs. inner molacidyer of wild-type mice.
Values represent as meanhSD. *p < 0.05; *p < 0.01; ***p < 0.001
(Duncan’s test after ANOVA).
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4.10. Loss of Cdkl5 increases proliferation rate ashdecreases

survival of precursor cells in the subventricular Dne

Neurogenesis persists in the postnatal and adail lon two distinct brain
regions, the subventricular zone (SVZ) and the twpmpal dentate gyrus (DG).

In order to establish if the increased prolifemataf precursor cells shown
in the DG of Cdkl5 KO mice (see Fig. 22) was alsespnt in the SVZ we
evaluated proliferation in this area by Ki-67 immoarstochemistry on P45 mice.
SVZ proliferating precursor cells are located ia tateral wall of the ventricle, at
the corner formed by the lateral wall and the daiwaf of the ventricle and at the
lower corner of the ventricle (Fig. 29A). Qualitagiobservation of images from
Cdkl5 KO and wild-type mice clearly showed that Cdkl5 emitmice had more
Ki-67 positive cells (Fig. 29A) compared to wildsty littermates. Quantification
of the number of Ki-67 positive cells in the SVZosled that homozygous female
(-/-) and hemizygous male (+/Y) Cdkl5 KO mice hadrenKi-67 positive cells
(+30% and +20%, respectively; Fig. 29A) vs. wilghay littermates. A less
pronounced but significant disparity in the pral#gon rate was also found in
heterozygous female (+/-) Cdkl5 KO mice (+14%; E29A).

In order to establish whether the greater proltferain the SVZ of CdkI5
KO mice was accompanied by a higher apoptotic delith, similar to those
observed in the DG (see Fig. 23B). we performed umohistochemistry for
cleaved caspase-3 also in this area. We found Gd&t5 KO mice had more
apoptotic cells in this area compared to wild-tyiiermates (Fig. 29B), similar as
those observed in the DG. More caspase-3 posiélle were present in the SVZ
of both homozygous female (-/-) and hemizygous nf{al&) Cdkl5 KO mice
(+21%; Fig. 29B) and in heterozygous female (+/dki5 KO mice (+15%; Fig.
29B).
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Figure 29Precursor proliferation and survival in the subventricular zone
of Cdkl5 knockout mice.

(A) Examples of sections processed for fluoresoemiinostaining for Ki-67
from the SVZ of wild-type (+/+) and homozygous fem@-) Cdkl5 KO
mice aged P45. Calibrations = 2Q@n.

Number of Ki-67 positive cells in the SVZ of horgomg (-/-), heterozygous
(+/-) and wild-type (+/+) female Cdkl5 KO mice (ehistogram) and
hemizygous (-/Y) and wild-type (+/Y) male Cdkl5#©@e (right histogram).

(B) Examples of sections processed for fluores@@miunostaining for
cleaved caspase-3 from the SVZ of wild-type (+/d Aaomozygous female
(-/-) CdklI5 KO mice aged P45. Calibrations = 20@.

Number of cleaved caspase-3 positive cells in Y& @ animals as in A.

Values represent totals for one hemisphere (me&b). *p < 0.05; **p <
0.01 (Duncan'’s test after ANOVA). Abbreviationsddrsal; 1, lateral; LV,
lateral ventricle; m, medial; SVZ, subventriculanz.

Taken together, our findings of increased proliferéion and cell death in
the DG and SVZ of Cdkl5 KO mice suggest that theselevelopmental

alterations are generalized defects of neuronal poarsor cells in Cdkl5 KO
mice.
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4.11. Alterations in Akt/GSK3 pathway underlie developmental

defects in Cdkl5 knockout mice

Glycogen synthase kinase-3 (GSKB-is a ubiquitously active
serine/threonine kinase which is inhibited upon g@hwmrylation at Ser9 by
activated protein kinase B (PKB/Akt). Dephosphaigth GSK3 is a crucial
inhibitory regulator of many neuronal functionsgcliuding neurite outgrowth,
synapse formation, neurogenesis and survival ofyngenerated neurons (Cole
2012). The Akt/GSK33 pathway exerts its functions by modulating thevégtof
a wide range of substrates (Cole 2012). An outliekey elements of this

pathway is reported in Fig. 30.
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Figure 30Diagram of Akt/GSK3-# signaling cascade.

The proteins emphasized in red showed significattfyed phosphorylation
or expression whereas proteins emphasized in bliee bt show
significantly alteration in Cdkl5 KO mice in compson to wild-type
littermates. Lithium, an inhibitor of GSKB-is green colored.
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In the current study we were interested to establghether the
Akt/GSK3 pathway is deregulated in Cdkl5 KO mice. In ortteladdress this
issue we performed western blot analysis on hippped extracts from CdklI5
KO and wild-type mice aged P19. We found a deraguian several substrates
of this pathway (Fig 30A, 31A,B).

Evaluation of the phosphorylation levels of the /A$K3$ pathway
showed lower phosphorylation levels of: i) PDK1 @Dstands at the head of the
Akt/GSK-3  pathway by phosphorylating Akt), ii) Akt, at it&a critical residues
namely Thr308 and Ser473, iii) GSK3at Ser9 (its inhibitory site) and iv) CREB
at Serl33 in Cdkl5 KO mice compared to wild-typgelmates (Fig. 31A,B).
While CREB phosphorylation and consequent DNA bigdis inhibited by
activated (dephosphorylated) GSK3-(Grimes and Jope 2001), CRMP2
phosphorylation and activity are positively modathtry GSKB (Yoshimura et
al. 2005). In contrast, GSKB-controls the amount di-catenin by negatively
regulating p-catenin protein stability (Wada 2009). In line hvian increased
activity of GSK3$, we found higher phosphorylation levels of CRMPZ lar514
and lower levels of}-catenin (Fig. 31A,B) in Cdkl5 KO mice. No differes
were found the phosphorylation levels of ERK (RfA,B), suggesting a specific
alteration of the Akt/GSK3$-pathway in the absence of Cdki5.
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Figure 31Akt/GSK3- f# pathway immunoreactivity in the hippocampus of
Cdkl5 knockout mice.
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(A) Examples of western blots of hippocampal pro&sitracts of P-PDK1,
P-Akt (Ser437, Thr308), P-ERK, P-GSK3Ser9), P-CREB (Ser133), P-
CRMP2 (Thr514) ang -catenin levels in the hippocampal formation of
homozygous (-/-), heterozygous (+/-) and wild-t{p) female Cdkl5 KO
mice and hemizygous (-/Y) and wild-type (Y/+) n@ad&l5 KO mice.

(B) Histograms show phosphorylated protein levelsPePDK1, P-Akt
(Ser437, Thr308), P-ERK, P-GSKB{Ser9), P-CREB (Ser133), P-CRMP2
(Thr514) normalized to respective total proteindisvandp -catenin levels
normalized to GADPH of Cdkl5 KO mice. Data are gies fold difference
vs. wild-type mice.

Values represent meagt SD. *p < 0.05; **p < 0.01; ***p < 0.001
(Duncan'’s test after ANOVA).

This evidence suggests that alteration of the Akt/SK3-§ pathway may

underlie the developmental defects due to loss od&l5.

To clear this issue, we exploited cultures of neat@recursor cells (NPCs)
from Cdkl5 KO mice. We first sought to establishetier cultures of NPCs
exhibit the same defects observedsivo. Neurospheres derived from the SVZ of
homozygous (-/-) Cdkl5 KO females exhibited a higpeoliferation rate vs. the
wild-type counterparts (+15%; Fig. 32A). No difface in apoptotic cell death
was observed between wild-type and Cdkl5 knockeuraspheres, as estimated
by cleaved caspase-3 immunostaining (Fig. 32A) @rahotic appearance of the
nuclei of dying cells (data not shown). This comis that loss of Cdkl5 does not
induce an increase in cell death during the sthgeadiferation of NPCs.

To determine the effect of loss of Cdkl5 on celhitein post-mitotic NPCs,
we evaluated the number of cleaved caspase-3 \sitlls after 1 day in
differentiating culture conditions. We found thafetentiating NPCs from CdkI5
KO mice had a notably higher number of caspasesitipe cells (Fig. 32B),
confirming that loss of Cdkl5 is accompanied byirmrease in cell death during

the stage of differentiation.
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Evaluation of the number of new neurofistbulin lll-positive cells) and
new astrocytes (GFAP-positive cells) after 7 dalydifferentiation, showed that
in differentiated Cdkl5 knockout NPCs the numbemefirons was remarkably
smaller compared to wild-type NPCs (-82% Fig. 32@jile there was no
difference in the number of astrocytes (Fig. 3Zkjs confirms that loss of CdklI5
specifically decreases the survival of postmitoigurons. Assessment of neurite
outgrowth in B-tubulin IlI-positive cells revealed that neuronengrated from
Cdkl5 knockout NPCs were less differentiated coragdo wild-type neurons (-
40%; Fig. 32C). These results confirm that posttiitNPCs from CdkI5 KO
mice have an intrinsic defect, not only in cell\sual, but also in neuronal
maturation.

Evaluation of the Akt/GSK3$- pathway activation in cultures of Cdkl5 KO
NPCs showed lower levels of phosphorylated Akt @sK3f (Fig. 32D).
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Figure 32NPCs from Cdkl5 knockout mice show similar defects as those
observed in vivo.

(A) Cell proliferation and apoptotic cell death pmoliferating neurospheres
from wild-type and Cdkl5 KO mice. Images of Brdipee cells (red) in
neurospheres from female wild-type (+/+) and hongong (-/-) Cdkl5 KO
mice. Cell nuclei were stained using Hoechst diiee{bScale bar: 4pm.

Percentage of BrdU-positive cells (left histograamd cleaved caspase-3-
positive cells (right histogram) in neurospheresnirfemale wild-type (+/+)
and homozygous (-/-) CdkI5 KO mice.

(B) Apoptotic cell death in differentiating NPCrn wild-type and and
Cdkl5 KO mice. Images of cleaved-caspse-3-posaals (red) of NPCs
from female wild-type (+/+) and homozygous (-/-)ki&BdKO mice after 1
day of differentiation. Cell nuclei were stainedngsHoechst dye (blue).
Scale bar: 2Qum.
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Percentage of cleaved caspase-3-positive cellsifferentiate NPCs from
female wild-type (+/+) and homozygous (-/-) Cdki® Kice.

(C) Phenotype and neuronal morphology of diffeeeti NPCs from wild-
type and Cdkl5 KO mice. Representative double-dlsmence images of
NPCs from female wild-type (+/+) and homozygous) @dkl5 KO mice
after 6 days of differentiation. Cells with neurbnphenotype are
immunopositive fop-tubulin 11l (red) and cells with astrocytic pheype
are immunopositive for GFAP (green). Cell nucleirevestained using
Hoechst dye (blue).

Stacked column charts represent the percentaggstatbulin 1ll-positive
cells, GFAP-positive cells and cells with undeteradi phenotype (Neither)
of the total cell population after 6 days of inreitlifferentiation.

Quantification of neurite outgrowth of differentéat neurons in female wild-
type (+/+) and homozygous (-/-) Cdkl5 KO mice.

(D) Western blot quantification of P-Akt (Ser437) andsBK34 (Ser9)

expression, normalized to respective total proteivels in differentiated
NPCs from wild-type and Cdkl5 KO mice. Data areegiwas fold difference
vs. wild-type mice.

Values in (A-D) represent in meanSD. *p < 0.05; *p < 0.01; ***p <
0.001 (two-tailed t-test).

In order to obtain evidence that the neurodevelopalalefects observed
in Cdkl5 KO mice and CdklI5 knockout NPCs were doidoss of Cdkl5, we re-
expressed Cdkl5 in cultures of NPCs. We found thdenvirus-mediated
expression of Cdkl5 in NPCs from Cdkl5 KO mice (FRBBB) restored cell
proliferation (Fig. 33A), neuronal survival and mmattion (Fig. 33C,D).
Importantly, we also found a parallel restoratidrthee phosphorylation levels of
Akt and GSK3B (Fig. 33E), confirming the hypothesized link bebéneCDKL5
and the Akt/GSK3 pathway.

We next treated Cdkl&knockout NPCs with lithium, a well-known
inhibitor of GSK3§ activity (Fig. 30). We found that, in NPCs from K3l KO
mice, the lithium-induced increase in the GSKBhosphorylation (Fig. 33E) was
accompanied by complete restoration of neuronaViwly number of new

neurons and neuronal maturation (Fig. 33C,D).
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Figure 33 Akt/GSK3- g pathway immunoreactivity in NPCs from Cdkl5
knockout mice.

(A) Percentage of BrdU-positive cells (left histagy) and cleaved caspase-3
positive cells (right histogramfyom untreated female wild-type (+/+) and
homozygous (-/-) Cdkl5 KO mice and in nheurosphioes homozygous (-/-)
CdkI5 KO mice infected with CDKL5 adenovirus paesc(MOI: 100) for 72

h starting from DIV1.

(B) Representative example of a western blot slppW@idkl5 expression in
neurospheres as in (A).

(C) Percentage of cleaved caspase-3 positive frelts differentiating NPCs
from female wild-type (+/+) and homozygous (-/-)k&dKO mice. Cdkl5
knockout NPCs (-/-) were infected with CDKL5 adénsvparticles (MOI:

100) or treated with Lithium (4 mM) throughout teatire differentiation
period.

(D) Representative double-fluorescence images acZN&s in (C) after 6
days of differentiation. Cells with neuronal phempe are immunopositive
for p-tubulin 1l (red) and cells with astrocytic phepe are

immunopositive for GFAP (green). Cell nuclei wetaireed using Hoechst
dye (blue). NPC cultures were treated as in (C).

Stacked column charts represent the percentaggstatbulin 1ll-positive
cells, GFAP-positive cells and cells with undeteraai phenotype (Neither)
of the total cell population after 6 days of inreitifferentiation.

Quantification of neurite outgrowth of differentéat neurons in female wild-
type (+/+) and homozygous (-/-) Cdkl5 KO mice tezhés in (C).

(E) Western blot quantification of P-Akt (Ser437) ands8BK3#8 (Ser9)
expression normalized to respective total protemels in differentiated
NPCs from wild-type and Cdkl5 KO mice treated agdh Data are given
as fold difference vs. wild-type mice.
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Values represent mean + SEp < 0.05; **p < 0.01; ***p<0.001 as
compared to the wild-type condition; #P<0.05, ##P3D as compared to
untreated Cdkl5 KO samples (Duncan'’s test after XKD

These data suggest that alteration of the Akt/GSK$-signaling, due to loss of
CDKL5 expression, may be responsible for the devgdmental alterations
observed in Cdkl5 KO mice.
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5. DISCUSSION

In the last few years CDKL5 has been associateld eatly-onset epileptic
encephalopathies characterized by the manifestabibrintractable epileptic
seizures within the first weeks of life, severe elepmental delay and RTT-like
features. The association of CDKL5 and neurodevetogal disorders and its
high expression levels in the maturing brain (Rusai al. 2008; Chen et al.
2010) underscore the important of this kinase f@ppr brain development. In
spite of the clear importance of CDKL5 for the cahtnervous system, the

biological functions of this kinase were largelyknown.

Here we show for the first time that CDKLS5 affebisth proliferation and
differentiation of neural cells. In particular inig study, using of a newly created
Cdkl5 KO mouse model, we report the role of Cdklaring postnatal
neurogenesis. Precursor cell proliferation andigsahare two forces that control
the generation of the correct neuron number. LadcKdakl5 leads to increased
proliferation of neuronal precursor cells. The finauronal output, however, was
reduced due to the greater apoptosis of post-mitelis. Moreover, lack of Cdkl5

led to decreased neuronal maturation.

Our hypothesis from these results is that CDKL5aisritical factor
controlling the balance between progenitor seleveal, survival and maturation

during postnatal neurogenesis.
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5.1. CDKL5 induces differentiation and inhibits prdiferation of
the SH-SY5Y neuroblastoma cell line

To establish the role of CDKL5 on neuronal matamatiwve used human
neuroblastoma cell lines as a neuronal model sysféenfirst provide evidence
that in the SH-SY5Y neuroblastoma cell line thera idirect correlation between
neurite elongation and CDKL5 expression. This eviageis consistent with recent
studies showing that Cdkl5 regulates neurite graaviti dendritic arborization of
cortical rat neurons (Chen et al. 20Hd)d strengthen the role of CDKL5 during
development as a pro-differentiating gene.

Neuronal differentiation and proliferation are telosely linked processes
during brain development. Neuronal differentiatrequires the progenitor cells to
exit the cell cycle and the processes of proliferaind differentiation intersect at
the regulation of cell cycle regulatory proteingolferation promotes positive
regulation of cell cycle proteins (e.g. cyclins ayglin-dependent kinases (Cdk)),
whereas differentiation results in inhibition oe#e cell cycle proteins (Ohnuma
et al. 2001). We found that in the SH-SY5Y cellelimduction of CDKL5
expression caused a strong inhibition of cell pecdition with no increase in
apoptotic cell death. Inhibition of cell proliferat was due to a block of cell
cycle progression in thedz phase, supporting the view that CDKL5 can function

as an anti-proliferative gene.

Our findings show that CDKL5 affects both neurite gowth and cell
proliferation, suggesting that CDKL5 may not only modulate derdrit
maturation, as shown by Chen et al. (Chen et dl0R®ut also cell proliferation
in the developing brain and underline the importai¢ of CDKL5 during correct
brain development. The fact that CDKL5 plays a rilethe control both of
neuronal proliferation and differentiation is catent with the appearance of
neurological symptoms during the early period adifbrmaturation in patients
with mutations ofCDKLS5.
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5.2. Cdkl5 knockout mice recapitulate several coréatures of the
CDKLS5 disorder

Behavioral characterizations of constituti@ekl5 KO mice show that
they recapitulate several features that mimic thaical features described in
CDKLS5 patients andcre a useful tool to investigate phenotypic and fustional
aspects of Cdkl5 lossIn particular Cdkl5 KO mice showed hind-limb clagp
and hypoactivity, features that may model the stgpmc hand movements and

hypotonia, respectively, reported in the human dam

Although early-onset seizures are a key featur€DKL5 disorder, we
failed to detect any spontaneous seizure or efibept EEG activity under
baseline conditions in Cdkl5 mutant mice. Moreoyellpwing pharmacological
induction of seizures with kainic acid no evidenemerged for increased
susceptibility for seizures or epileptiform actwit Cdkl5 KO mice, although we
found an increased duration and reduced frequehepiteptiform events as well
as reduced EEG power in response to the high dokairtc acid. These results
are in line with those observed by Wang and colieagn a different Cdkl5 KO
mouse model recently created (Wang et al. 20ng et al. describe several
behavioral abnormalities including autistic-like hlagior deficits, such as
impaired motor control and decreased anxiety inr l8ekl5 KO mouse model,
but also in this mouse model spontaneous seizurepibeptiform activity are
absent (Wang et al. 2012). At the moment it remamdear whether the lack of
spontaneous seizures observed in both CKHK)Smice is the result of differences
in the function of the mouse and human proteintsimnteractors, or the presence

of genetic modifiers.

We found thatloss of Cdkl5 results in impaired hippocampus-
dependent learning and memory consistently with the cognitive deficits that
characterize CDKL5 patients. Memory loss and subsejcognitive impairment

might occur through diminished neurogenic capawitthin the principal brain
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areas involved in memory and learning, such ashthpocampus. Results from
several laboratories suggest that postnatal hipppahneurogenesis is functional
and participates in learning and memory consoliavan Praag et al. 2002). In
mammals, increased neurogenesis is mediated byoenwental factors such as
exercise (van Praag et al. 2005) or stimuli-endcbrvironments (Tashiro et al.
2007) that concomitantly improve learning and memoaipacities. In the adult
human hippocampus, both structural and functionabnges have been
demonstrated in individuals exposed to intensiwaiaplearning (Maguire et al.
1997). Inhibition of neurogenesis is known to inmgaarning and memory (Shors
et al. 2001) and increased neurogenesis improvés dfTsynaptic transmission

(van Praag et al. 1999).

Our finding that loss of Cdkl5 impaired hippocampalurogenesis could
underlie  hippocampal-dependent memory performancieradons that

characterized Cdkl5 mutant mice.

5.3. CdkI5 has an important role in postnatal develpment of the

hippocampal dentate gyrus

In rodents, the hippocampal dentate gyrus proditseseurons mainly
postnatally (Altman and Bayer 1990) and this matkes hippocampus an ideal
structure in order to examine the role of CDKL5 dandamental
neurodevelopmental processes such as neurogemesideadritic development.
Adult hippocampal neurogenesis is a constitutiviehighly regulated process that
occurs in a neurogenic niche, the subgranular £818%) of the dentate gyrus
(DG). Type 1 neural stem cells (NSCs), charactdrizg nestin and Sox2/BLBP
expression, exhibit morphology typical of radiabghnd divide asymmetrically to
self-renew and give rise to daughter cells, ternméermediate progenitor cells
(IPCs), a type of transit amplifying cell (Kempemna et al. 2004).
Undifferentiated IPCs (type 2a and type 2b) dividpidly to produce neuronal
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committed IPCs (type 3) and are responsive to dtirthat affect neuron
production in the DG (Encinas et al. 2006). TypdP&s generate immature
neurons that within 1 month during which networkwections are established
and the selection for long-term survival occurdegnate into the granule layer
(GR) as mature granule cells (Kempermann et al4P(ee Fig.14 introduction,
see Fig 25A results). The majority of these immatoeurons are subject to a
selection process, during which they are eitherursssd into function or
eliminated (Biebl et al. 2000)

We demonstrated here that Cdkl5 knockdown leadsntancrease in
proliferation of IPCs of the DG. This result is line with the anti-proliferative
role observed also in human neuroblastoma cell diné support the view that

CDKLS5 can function as an inhibitor of progenitotl geoliferation.

Interestingly we report an increased number of deglts in the Cdkl5
deleted DG. Using double-labeling with apoptoticrkea and immature neuronal
marker we found that CdkI5 expression specificalfjuence immature granule
cells survival. These findings suggest that CDKLZ:aymbe required for
postmitotic neuron survival, and may elucidatertiie of the higher expression of

CDKLS5 in postmitotic/differentiating neurons seiarvitro.

Based on these results, we assume GiAL5 might influence exit of
the cell cycle of IPCs and survival of post-mitoticneurons by prompting
immature neurons to differentiate and recruiting into function neurons
Consistently with increased cell death of post-tratgranular neurons, CdkikO

mice were characterized by hypocellularity in tie@téte gyrus.
Phenotypic analysis of the BrdU-labeled cell popatain the dentate

gyrus at 4 weeks after labeling revealed that I&ikI5 did not affect

astogliogenesis. It is reasonable to suppthes loss of Cdkl5 suppresses
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neuronal but not glial survival/differentiation. This is in agreement with the
predominant expression of CDKLS5 in neurons (Rusebmil. 2008).

Dendritic arborization is significantly reduced icortical pyramidal
neurons from both RTT patients (Armstrong et aRIBelichenko et al. 2008;
Belichenko et al. 2009) as well as Mecp2 KO micésliKkand Macklis 2005;
Stuss et al. 2012). Actually it is not known if dan deficits exist also in the
brains of subjects carryinGDKL5 mutations. In order to establish the effect of
loss of Cdkl5 on dendritic development of newborangle cells, we examined
the dendritic morphology of immunohistochemistryr i0CX and found that
Cdkl5 KO mice show a significant reduces in dendriticgtn Our detailed
analysis of the dendritic arborization of new geed granule neurons of Cdkl5
KO mice clearly shows that dendritic complexity wsignificantly reduced,
mainly due to absence of dendritic arbors of higheer. Dendritic pathology is
also a possible substrate for cognitive disabilitydifferent conditions. In RTT,
the pathogenesis of dendritic abnormalities isirtisve and appears to correlate
with the cognitive profile. Likewise individuals thi CDKL5 disorder show
impairment in long-term memory, a function thatuiegs the participation of the
hippocampal region. It would be reasonable to Hypsize that the
hypocellularity and the dendritic hypotrophy obserned in hippocampal
dentate gyrus of the Cdkl5 KO mice could lead to nmaory loss and thereby

to cognitive impairment, in CDKL5-related disease gtients.

Most CDKL5 patients are females who are heterozggfor CDKL5
deficiency due to random X-chromosome inactiva(®@l). Mammalian female
cells randomly inactivate one of the two X chronmass in somatic cells, and the
genes on the inactive X chromosome (with a few ptors) are not expressed.
XCI occurs before the completion of gastrulationrioiy early embryonic
development and is believed to be irreversibletfPé& al. 2002). Skewed XCI
can occur when there is preferential inactivatiérthe maternal or paternal X
chromosome and has been linked to both autism jizaldeh et al. 2005) and X-
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chromosome-linked mental retardation (Plenge e2@02). Thus, to understand
the etiology of CDKL5-linked disease, determinirtig tcharacteristics of the
heterozygous female Cdkl5 KO mice that reproduce tuman CDKL5

deficiency is critical. We found that loss of Cdkib heterozygous female mice
elicited decreased survival and aberrant dendpitienotype of newly generated
granule cells rather similar to homozygous femaieemsuggesting that even
mosaic depletion of Cdkl5 in 50% of the cells i tbrain is sufficient to affect

neuronal survival/differentiation in a more globa@nner.

N
GR Mature
Wild type / Granule cells
Sez = ~a ¥ Apoptotic cells
A Immature
Hilus O O Neuron
Type1 Type
2a/band3
Mature
Cdkl5 KO GR Granule cells
SGZ == \ * Apoptotic cells I
Immature
Hilus 0 0 Neuron
Type1 Type
2a/band 3

Figure 34 Hypotheticalk model of CDKL5 function in postnatal
hippocampus development.

Top: In normal dentate gyrus (DG) primary progenitells (type 1) and
intermediate progenitor cells (IPCs, type 2a/b atyppe 3 cells) keep
proliferating, maintaining normal progenitor podDuring postmitotic and
neuronal differentiation stage, some immature nesrare destined to die,
while neurons mature to integrate into a functionaural circuit survived.

Bottom: Inactivation of Cdkl5 leads to a hypocalhtly and dendritic
hypotrophy of granule cells in hippocampal dentafgrus (DG). The
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numbers of Type 1 and IPCs in theDG were increaded,to the increased
proliferation rate of these cells. The final neuabroutput, however, was
reduced, due to increase apoptosis of immaturearejrprobably due to a
reduce dendrite development and complexity.

5.4. CdkI5 acts as a pro-survival and pro—differenative gene by
modulating Akt/GSK3-p signaling

In order to identify a molecular pathway that couliderlie the defective
neurogenesis in Cdkl5 KO mice, we analyzed the @G8K3{3 signaling.
Glycogen synthase kinase-3 (GSRKBis a ubiquitously active serine/threonine
kinase which is inhibited upon phosphorylation etSby activated protein kinase
B (PKBJ/Akt). Dephosphorylated GSK3is a crucial inhibitory regulator of many
neuronal functions, including neurite outgrowthnagse formation, neurogenesis
and survival of newly generated neurons (Cole 200& found a deregulation in
several substrates of the Akt/GSR3athway in Cdkl5 KO mice, suggesting a
specific alteration of the Akt/GSKB-pathway in the absence of CdklI5 that may
underlie the developmental defects observed.

Akt/GSK3{3 signaling regulates diverse developmental eventke brain,
including neurogenesis, survival and differentiati®everal studies suggest that
Akt/GSK3{3 signalling plays a role in the death/survival elural precursors or
immature neurons. For example, the activation oK&8 promotes apoptotic
signaling in cultured neural precursor cells (NP@sgyived from embryonic
mouse brains (Eom et al. 2007). GSK&lso regulates the maturation and neurite
outgrowth in neurons. Neuronal overexpression cdrstitutively active GSKB-
causes a delayed postnatal maturation and diffatem of neurons in the mouse
brain (Spittaels et al. 2000; Spittaels et al. 3002

The results presented in this study suggest treg @@ Cdkl5 impairs

neural precursor survival and maturation within D& of the hippocampus,
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probably by disrupting the Akt/GSKB-signaling pathway of neuroblasts. Given
that Akt/GSK3B signaling is a known regulator of cell prolifeti survival, and
neural differentiation (Luo 2012), one consequentereduced Akt/GSK3P
activity in the absence of Cdkl5 is the disruptminneuronal development. We
found that re-expression of CDKL5 in NPCs from GJK{O mice recovers
Akt/GSK3{3 signaling in parallel to NPCs proliferation/suraiv and
differentiation. Similarly, lithium treatments thaincrease the inhibitory
phosphorylation of GSKB; leading to GSK3$ suppression, result in a fully
recover of neuronal precursor survival and matamafihese results support the
view that CDKL5 can function as a pro-survival and-differentiative gene by

modulating the Akt/GSK3-f signaling.

Although these signaling changes may be indirdetces of Cdkl5 loss-of-
function, these data suggest that CDKL5 plays #&catirole in coordinating
multiple signaling cascades downstream to Akt. Tlogle these data suggest a
mechanism by which CDKL5 regulates Akt mediatedutal development, thus
implicating the Akt pathways as a potential thetdjgetarget for treatment of

patients with CDKL5-related disorders.
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6.CONCLUSIONS

Taken together, our data suggest that CDKL5 moedsildhe intricate
balance between precursor proliferation, survivald adifferentiation by
contributing to the proper execution of differetiba program. A possible
mechanism of action of CDKLS5 on postnatal developime the DG is illustrated
(Fig. 34). We suggest that loss of Cdkl5 impairarngenic capacity within the
hippocampal DG, disrupting the Akt/GSKZBsignaling pathway of neuroblasts.
Since it has been proposed that these regionsnaotved in memory retrieval
(Moser and Moser 1998; Greicius et al. 2003), ituldobe reasonable to
hypothesize that the mechanisms described coutditeaemory loss and thereby

to cognitive impairment, in CDKL5-related diseasgignts.
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