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INTRODUCTION

The cyclin-dependent kinase-like 5 (CDKLS5) gene is a mem-
ber of the serine/threonine protein kinase family and encodes
a protein with kinase activity (39, 49). Mutations in this
gene have been associated with X-linked neurodevelopmental
disorder, also known as CDKLS5 deficiency disorder (CDD;
OMIM #300203). To date, several different mutations have
been described in the CDKLS gene, mainly located within
the CDKLS5 catalytic domain (13, 20, 42). This strongly
suggests that impaired CDKLS5 kinase activity plays an
important role in the pathogenesis of this encephalopathy
(2, 60). Patients with CDD show early onset epileptic sei-
zures, severe intellectual disability, autistic-like features, and
gross motor impairments (2, 20, 39, 72), all clinical features
related to central nervous system dysfunctions. In fact, even
if CDKLS is ubiquitously expressed, it is highly expressed
in the brain (31), in particular in the forebrain structures
(ie, cortex and hippocampus) (56, 70), reaching a peak dur-
ing postnatal brain development (42, 56).

Existing mouse models of CDD, Cdkl5 knockout (KO)
mice (1, 52, 70), have helped to clarify the role of CDKL5
in brain development and function, and therefore in the
etiology of CDD. Using a Cdkl5 KO mouse model, we
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postnatal hippocampal development, affecting neural pre-
cursor proliferation as well as the survival of newborn
granule cells (27). In addition, Cdkl5 deficiency impairs
morphogenesis and dendritic arborization of hippocampal
neurons and their synaptic connectivity (25, 26, 64).
Spontaneous synaptic activity is impaired in hippocampal
slices of a forebrain excitatory neuron specific to Cdkl5
KO mice [Nex-cKO; (59)], and excitatory synaptic trans-
mission is reduced in mouse hippocampal cultures silenced
for Cdkl5 (55). Altered neuronal survival, dendritic devel-
opment and synaptic function may underlie the severe
hippocampus-dependent cognitive impairment that char-
acterizes Cdkl5 KO mice (24, 26, 64).

The way in which CDKLS5 deficiency affects neuronal
maturation is starting to be defined progressively with the
identification of some of the molecular mechanisms under-
lying CDKLS functions. CDKLS forms a complex with
PSD-95 and NGL-1 at the spine level (55, 78) to regulate
spine morphology and maintenance (14), and with IQ
domain-containing GTPase-activating protein 1 (IQGAPI)
and MAPIS to regulate microtubule dynamics and stability
(3, 4, 50). Although data clearly suggest that CDKLS5 is
important for correct neuronal maturation (14, 24, 27, 51,
56, 64, 66), the role of CDKLS5 in the maintenance of

recently showed that CDKLS5 plays a fundamental role in
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neuron survival has been poorly investigated. In addition,
the mechanisms by which CDKLS5 supports neuronal sur-
vival remain unknown. We thus aimed to identify CDKLS5
kinase substrates in order to elucidate the neuronal func-
tions of CDKLS and characterize the role of CDKLS in
the life/death decision of hippocampal neurons.

METHODS AND MATERIALS

Colony

Mice were handled according to protocols approved by
the Italian Ministry for Health (approval number DGSAF
114/2018). The mice used in this work derive from the
Cdkl5 KO strain in the C57BL/6N background developed
in (1) and backcrossed in C57BL/6J for three generations.
Mice for testing were produced as previously described
(64). Age-matched littermates were used for all experi-
ments. The day of birth was designated as postnatal day
(P) zero and animals with 24 h of age were considered
as l-day-old animals (P1). Mice were housed 3-5 per cage
on a 12 h light/dark cycle in a temperature-controlled
environment with food and water provided ad libitum.

Antibody microarray

Six phospho explorer antibody microarrays (PEX100; Full
Moon BioSystems, Inc., Sunnyvale, CA, USA) were labeled
according to the manufacturer’s protocol, starting from
cortex protein extracts from 3 Cdkl5 +/Y and 3 Cdkl5 —/Y
mice aged P20. Briefly, proteins were extracted with non-
denaturing lysis buffer, and biotinylation of protein samples
was performed with the antibody array assay kit (Full
Moon BioSystems). The antibody microarray slides were
first blocked in a blocking solution for 30 minutes at room
temperature, then rinsed 10 times with Milli-Q grade water
for 3-5 minutes. The slides were then incubated with the
biotin-labeled cell lysates (100 ug of protein) in coupling
solution at room temperature for 2 h. The array slides
were washed 4-5 times with 1x Wash Solution and rinsed
extensively with Milli-Q grade water before detection of
bound biotinylated proteins using Cy3-conjugated strepta-
vidin. Fluorescence intensity of each array spot was quan-
tified and the average signal intensity of replicate spots
was calculated. Raw data were normalized as follows:
(Average Signal Intensity — Average Background intensity)/
Median Signal. Median Signal is the median value of
Average Signal Intensity for all antibodies on the array.
For total protein, the fold change was calculated as a
ratio between the Cdkl5 —/Y and Cdkl5 +/Y mean signals.
Phospho site-specific signals were first normalized on the
corresponding site-specific signals of the same protein and
then the fold change was calculated based on the follow-
ing equation: Phosphorylation ratio = (phosphoA/unphos-
phoA)/(phosphoB/unphosphoB)  where  phosphoA  or
phosphoB and unphosphoA or unphosphoB referred to
signals of the phosphorylated and unphosphorylated pro-
teins, respectively, from the experimental samples: (i) Cdkl5
=/Y (ii)) CdklI5 +/Y samples.
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Plasmids

The following plasmids were used: pHA-hCDKLS5 (45) and
phCDKL5-3xFLAG (64), carrying the first characterized
CDKLS isoform that generates a protein of 1030 amino
acids [115 kDa; 45)]; pCS2-FLAG-SMAD2 (Addgene,
Watertown, MA, USA), pCS2-FLAG-SMAD3 (36), pCS2-
FLAG-SMAD3-MHI1, pCS2-FLAG-SMAD3-MH2, and
pCS2-FLAG-SMAD3-L-MH2. SMAD3 deletion mutant
plasmids were produced by whole around PCR using pCS2-
FLAG-SMAD3 plasmid as a template and the primers
indicated in Supporting Table 1. pCS2-FLAG-SMAD3
plasmid was provided by Prof. Stefano Piccolo (University
of Padova, Italy) (36), (CAGA),,-luc plasmid, reporter gene
for SMAD3 activity, was provided by Caroline Hill (Lincoln’s
Inn Fields Laboratories, London, UK) (44), and pTKRL
plasmid was obtained from Promega, Madison, WI, USA.

Co-immunoprecipitation assays

HEK293T cells were transfected with HA-CDKLS5 alone
or co-transfected with HA-CDKLS5 and SMAD3-FLAG or
SMAD3 mutants using Metafectene Easy Plus (Biontex
Laboratories GMBH, Munich, Germany). Twenty-four hours
after transfection, cell lysates were processed for co-immu-
noprecipitation as described in the Supporting Methods
section. For endogenous SMAD3 co-immunoprecipitation,
SH-SYSY cells were infected with CDKL5-FLAG adeno-
virus particles (Ad-CDKLS) or GFP adenovirus particles
as a control (Ad-GFP; Vector BioLabs, Malver, PA, USA)
at 100 multiplicities of infection (MOI) and cell lysates
were processed as described in the Supporting Methods.

In vitro phosphorylation assay

Two milligram of protein lysate from HEK293T cells
transfected with SMAD3-FLAG or SMAD3 mutants was
added to 20 puL of EZview™ Red ANTI-FLAG® M2
Affinity Gel (Sigma-Aldrich, St. Louis, MO, USA) and
incubated overnight at 4°C. 3xFLAG peptide was used
to elute purified protein according to the manufacturer’s
instructions (Sigma-Aldrich). For recombinant CDKLS5
kinase assay, CDKLSAN protein (rCDKLS5 1-498aa,
Aurogene s.r.l.; Rome, Italy) was incubated with 2 mM
cold ATP, 1x kinase buffer (20 mM HEPES, pH 74,
10 mM MgCl2, 10 mM NaCl), 10 pCi of [y- 32P]-ATP
(Perkin Elmer; Waltham, MA, USA), and SMAD3 puri-
fied proteins at 32°C for 60 minutes. The reaction was
terminated by the addition of 15 uL loading buffer and
boiled at 95°C for 10 minutes. For the wild-type CDKL5
kinase assay, 2 mg of protein lysate from HEK293T
cells transfected with hCDKL5-FLAG was immunopre-
cipitated on an EZview™ Red ANTI-FLAG® M2 Affinity
Gel (Sigma-Aldrich). The kinase assay was performed
with SMAD3 or SMAD?2 purified proteins as previously
described (64). Western blotting was performed as
described below and membrane was exposed to an auto-
radiographic film. After the decay of radioactivity, mem-
branes were stained with PonceauS or immunostained
with anti- SMAD3 and SMAD?2 antibodies.
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Primary hippocampal cultures

Primary hippocampal neuronal cultures were prepared
from P1 Cdkl5 +/Y and Cdkl5 —/Y mice as previously
described (64). Treatments were performed as described
in the Supporting Methods.

Immunocytochemistry

Hippocampal cultures were fixed in 4% paraformaldehyde
+ 4% sucrose in 100 mM phosphate buffer, pH 7.4.
Fluorescent images were acquired using a Nikon Eclipse
TE600 microscope equipped with a Nikon Digital Camera
DXM1200 ATI System (Nikon Instruments, Inc., Melville,
NY, USA).

SMAD3 and P-SMAD3 (Ser213) nuclear intensity

Primary hippocampal neurons were fixed after 10 days in
culture DIVI0 and immunostaining was performed using
a primary anti-SMAD?3 antibody (rabbit polyclonal anti-
SMAD3 Ab, 1:200, Cell Signaling Technology, Inc., Danvers,
MA, USA) or a primary anti-Phospho-SMAD3 antibody
(Ser213) (rabbit polyclonal anti-phospho-SMAD3 Ab, 1:200;
Full Moon BioSystems, Inc., Sunnyvale, CA, USA) and
a Cy3-conjugated anti-rabbit IgG (1:200, Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA)
secondary fluorescent antibody. Nuclei were counterstained
with Hoechst-33342 (Sigma-Aldrich), and fluorescence
images were acquired at the same intensity. To assess
SMAD3 or P-SMAD3 nuclear intensity Hoechst and
SMAD3 or P-SMAD3 images of the same cell were pro-
cessed. The perimeter of the nucleus was traced using
Hoechst counterstaining as a guide to define the nuclear
area of each cell, and the intensity of Cy3-staining cor-
responding to the SMAD3 or P-SMAD3 signal was quan-
tified by determining the number of positive (bright) pixels
of the cell and within the nucleus. A total of 200 cells
for each condition were quantified for SMAD3 signal
intensity. A total of 50 cells for each condition were quan-
tified for P-SMAD3 signal intensity.

Apoptotic cell death

To assess apoptotic cell death primary hippocampal cul-
tures were fixed on DIV4 or DIVI0-12 (after exposure
to different neurotoxic stimuli as above described) and
double-stained with the following primary antibodies:
anti-a-tubulin (mouse monoclonal anti-a-tubulin Ab,
1:500, Sigma-Aldrich) and anti-cleaved caspase-3 antibody
(rabbit polyclonal anti-cleaved caspase-3 Ab, 1:200, Cell
Signaling). Detection was performed with a FITC-
conjugated anti-mouse IgG (1:200, Jackson
Immunoresearch) and a Cy3-conjugated anti-rabbit IgG
(1:200, Jackson Immunoresearch) antibody. The number
of cleaved caspase-3 positive neurons (a-tubulin positive
cells with a neuronal phenotype) was counted manually
and expressed as a percentage of the total number of
neurons. A total of 100 cells for each condition were
counted.
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Neuronal maturation

In order to assess axon elongation and neuritic outgrowth
primary hippocampal neurons were fixed on DIV10 and
stained with the following primary antibodies: anti-TAUI
(mouse monoclonal anti-TAU1 Ab, 1:200, Merck Millipore,
Burlington, MA, USA) and anti-MAP2 (rabbit polyclonal
anti-MAP2 Ab, 1:100, Merck Millipore). Detection was
performed with a Cy3-conjugated anti-mouse IgG (1:200,
Jackson Immunoresearch) and a FITC-conjugated anti-rabbit
IgG (1:200, Jackson Immunoresearch) antibody. Neurites
with a significant intensity of TAUI staining increasing
along the proximal to distal axis were counted as axons.
Axon and dendritic length was analyzed using the image
analysis system Image Pro Plus as previously described (64).
A total of 50 neurons for each condition were evaluated
for axon elongation and neuritic outgrowth.

To assess the degree of synaptic innervation primary
hippocampal neurons were fixed on DIV10 and stained with
the following antibodies: anti-synaptophysin (mouse mono-
clonal anti-SYN Ab, 1:500, clone SY38, Merck Millipore)
and anti-MAP2 (rabbit polyclonal anti-MAP2 Ab, 1:100,
Merck Millipore). Detection was performed with a Cy3-
conjugated anti-mouse IgG (1:200, Jackson Immunoresearch)
and a FITC-conjugated anti-rabbit IgG (1:200, Jackson
Immunoresearch) antibody. The degree of synaptic innerva-
tion was evaluated by counting the number of synaptic
puncta (SYN-positive) along the proximal dendrites and
expressed as the number of SYN puncta per 10 pm of
dendritic length. In order to evaluate spine density fluo-
rescence images (M AP2-postitive protrusions) were acquired
using a Leica TCS confocal (Leica Microsystems, Wetzlar,
Germany) 63x oil immersion lens at a 0.6 mm intervals
at 1.024 x 1.024 pixels resolution with a 1X zoom. Spine
density was measured by counting the number of dendritic
protrusions (spines) on proximal dendrites and expressed
as the number of spines per 10 um of dendritic length. A
total of 50 neurons for each condition were evaluated for
the number of synaptic puncta and number of spines.

Luciferase assay

SMAD3 activity in SH-SYS5Y cells and primary hippocam-
pal cultures was monitored through luciferase assays using
a p(CAGA),-luc reporter plasmid as described in the
Supporting Methods.

Western blot analysis

Total proteins from SKNBE cells transfected with wild-type
CDKLS or CDKL5AN, SH-SYSY cells infected with CDKLS-
FLAG (Ad-CDKLY) or GFP (Ad-GFP) adenovirus particles,
and primary hippocampal cultures at DIV10 were lysed in
ice-cold RIPA buffer (50 mM Tris—HCI, pH 74, 150 mM
NaCl, 1% Triton-X100, 0.5% sodium deoxycholate, 0.1% SDS)
supplemented with ImM PMSF, and with 1% protease and
phosphatase inhibitor cocktail (Sigma-Aldrich). Total proteins
from the hippocampus and cortex of 9-12-week-old Cdkl5
—=/Y and Cdkl5 +/Y male mice were homogenized in ice-cold
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RIPA buffer. Protein concentration for both cell and tissue
extracts was determined using the Lowry method (46) and
equivalent amounts (50 pg) of protein were subjected to
electrophoresis on a 4%-12% Mini-PROTEAN® TGX™ Gel
(Bio-Rad, Hercules, CA, USA) and transferred to a Hybond-
ECL nitrocellulose membrane (GE Healthcare Life Sciences,
Amersham, UK). The following primary antibodies were
used: anti-HA antibody (rabbit polyclonal anti-HA Ab, 1:1000,
Cell Signaling Technology), anti-FLAG M2 antibody (mouse
monoclonal anti-FLAG M2 Ab, 1:1000, Sigma-Aldrich), anti-
SMAD?3 antibody (rabbit polyclonal anti-SMAD3 Ab, 1:1000;
Cell Signaling Technology), anti-SMAD?2 antibody (rabbit
polyclonal anti-SMAD2 Ab, 1:1000; Cell Signaling
Technology), anti-Phospho-SMAD3 antibody (Serd423/425)
(rabbit polyclonal anti-phospho-SMAD3 Ab, 1:1000; Cell
Signaling  Technology), anti-Phospho-SMAD3 antibody
(Serd25) (rabbit polyclonal anti-phospho-SMAD3 Ab, 1:1000;
Full Moon Biosystem Inc), anti-Phospho-SMAD?3 antibody
(Ser213) (rabbit polyclonal anti-phospho-SMAD3 Ab, 1:1000;
Full Moon Biosystem Inc), anti-GFP antibody (rabbit poly-
clonal anti-green fluorescent protein Ab, 1:1000; Thermo Fisher
Scientific, Waltham, MA, USA), anti-CDK LS5 antibody (rabbit
polyclonal anti-green fluorescent protein Ab, 1:500, Sigma-
Aldrich), and anti-GAPDH antibody (rabbit polyclonal anti-
GAPDH Ab, 1:5000; Sigma-Aldrich). Densitometric analysis
of digitized images was performed using Chemidoc XRS
Imaging Systems and Image Lab™ Software (Bio-Rad).

In vivo experiments

Experiments were carried out on a total of 38 Cdkl5 —/Y
and 30 Cdkl5 +/Y mice. Seizures were induced in
10-12-week-old mice by intraperitoneal administration of
60 mg/kg NMDA (Sigma-Aldrich) in phosphate-buffered

TGF-p1 Rescues Impairments in Cdk/5 KO Neurons

saline (PBS). Seizure grades were scored according to (74)
and recorded in a 35-minutes observation period. Rescue
experiments with TGF-p1 (Relia Tech GMBH, Wolfenbiittel,
Germany) were performed 60 minutes after NMDA injec-
tion as described in the Supporting Methods. Animals
were preceded for immunohistochemical and histological
procedures as described in the Supporting Methods.

Statistical analysis

Values are expressed as means * standard error (SE). The
significance of results was obtained using Student’s t test
and one-way or two-way ANOVA followed by Fisher’s
LSD post hoc test. A probability level of P < 0.05 was
considered to be statistically significant.

RESULTS

Reduced SMIAD3 protein levels in the brains of
Cdkl5 KO mice

To search for CDKLS5 target proteins, brain protein extracts
from Cdkl5 —/Y and wild-type (+/Y) mice were applied
onto Phospho Explorer antibody microarrays (30, 64). These
microarrays consist of 1318 site-specific and phospho site-
specific antibodies against proteins related to multiple
signaling pathways and biological processes. Among the
antibodies against the SMAD family proteins, array data
obtained with the site-specific antibody against SMAD2
(Smad2 Ab-245) and that against SMAD3 (Smad3 Ab-204)
suggested reduced SMAD2 and SMAD?3 protein levels in
the absence of Cdkl5 (Table 1). No difference in SMAD
protein phosphorylation levels between Cdkl5 —/Y and +/Y

Table 1. A summary of phospho explorer antibody microarray results for the SMAD family of proteins is presented with corresponding antibodies.
Cdkl5 —/Y (KO) vs. Cdkl5 +/Y (WT) ratio of total SMAD proteins and their phospho-isoforms are indicated with fold change, error, and P-value.

PhosphoExplorer Antibody Microarray—SMAD family signals

KO/WT ratio P-value KO/WT ratio P-value

Smad1 (Ab-187) 0.94 +0.10 0.560 Smad1
Smad1 (Ab-465) 1.17 £ 0.11 0.202 P-Ser187/Smad1 (Ab-187) 1.16 £0.13 0.238
Smad1-mean 1.056+0.12 P-Ser465/Smad1 (Ab-465) 0.70 £ 0.15 0.183
Smad2 (Ab-220) 1.13+£0.22 0.555 Smad2
Smad2 (Ab-245) 0.86 + 0.05 0.047** P-Ser250/Smad2 (Ab-250) 0.94 + 0.09 0.619
Smad?2 (Ab-250) 0.89 + 0.05 0.173 P-Ser467/Smad2 (Ab-467) 1.33+£0.29 0.286
Smad2 (Ab-255) 0.96 + 0.11 0.732 P-Thr220/Smad2 (Ab-220) 0.91 +£0.13 0.544
Smad?2 (Ab-467) 0.83 +0.08 0.120
Smad2-mean 0.93 + 0.05 Smad?2/3

P-Thr8/Smad2/3 (Ab-8) 1.13£0.15 0.385
Smad2/3 (Ab-8) 0.83+0.13 0.320
Smad3 (Ab-179) 0.96 + 0.02 0.117 Smad3
Smad3 (Ab-204) 0.75 + 0.07 0.054* P-Ser204/Smad3 (Ab-204) 1.08 + 0.08 0.309
Smad3 (Ab-213) 0.88 +0.13 0.480 P-Thr213/Smad3 (Ab-213) 1.00 £0.17 0.972
Smad3 (Ab-425) 1.02 £ 0.08 0.819 P-Ser425/Smad3 (Ab-425) 0.93+0.12 0.645
Smad3-mean 0.90 + 0.06 P-Thr179/Smad3 (Ab-179) 0.92 + 0.06 0.315

Values are represented as means + SE.
* P=0.054.
** P < 0.05 (Unpaired t-test).
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mice was highlighted by the SMAD phospho site-specific
antibodies on the array (Table 1).

Western blot and immunohistochemistry analyses were
used to confirm array data. While we did not find reduced
SMAD?2 levels in the cortex of Cdkl5 —/Y mice in com-
parison with +/Y mice (Supporting Figure 1A), we con-
firmed that SMAD?3 levels are reduced both in the cortex
(Figure 1A-D) and hippocampus (Figure 1E-F, Supporting
Figure 1B) of Cdkl5 —/Y mice. In particular, we observed
that Cdkl5 —/Y mice showed, in all cortical layers, a
reduced number of SMAD3 positive cells compared to
wild-type (+/Y) mice (Figure 1B,D). These latter mice
exhibited a strong SMAD3 immunopositivity, whereas
Cdkl5 —/Y mice showed a moderate SMAD3 immunopo-
sitivity (Figure 1C). Similarly, hippocampal CAl pyramidal
neurons showed a reduced SMAD3 immunopositivity in
Cdkl5 —/Y mice in comparison with wild-type (+/Y) mice
(Figure 1F, Supporting Figure 1B).

As suggested by the array data (Table 1), we did not
observe a difference in SMAD?3 phosphorylation levels at
Ser213 and Serd425 in the cortex of Cdkl5 —/Y mice in
comparison with +/Y mice (Supporting Figure 1C).

SMAD3 is regulated at the mRNA level and at the
level of protein stability (12, 53). No differences in SMAD3
mRNA levels were observed between Cdkl5 —/Y and +/Y
mice in either the hippocampus (Figure 1G) or cortex
(Supporting Figure 1D), suggesting a CDKLS5-dependent
post-transcriptional regulation of SMAD?3.

SMAD3 is a phosphorylation target of CDKL5

SMAD3, together with SMAD?2, is one of the primary
mediators of TGF-p action (21, 32, 47). Upon phospho-
rylation by the TGF-f receptors, the SMAD proteins
translocate into the nucleus, where they regulate transcrip-
tion (34).

To establish whether SMAD3 and CDKLS physically
interact in vivo, we performed co-immunoprecipitation
assays from cell lysates of HEK293T cells transfected with
both HA-CDKLS5 and SMAD3-FLAG. Using an anti-FLAG
antibody we found co-immunoprecipitation of SMAD3 and
CDKLYS, indicating their interaction (Figure 2B; lane 4
arrow). SMAD?3 consists of two highly-conserved MAD
homology domains, in the amino (MHI1) and carboxyl
(MH2) termini that are connected by a proline-rich non-
conserved linker region (Figure 2A). To identify the SMAD3
domain that interacts with CDKLS5, FLAG-tagged SMAD3
deletion constructs (Figure 2A), FLAG-MHI (amino acids
1-136) and FLAG-L-MH2 (amino acids 136-425), were
co-transfected with HA-CDKLS into HEK293T cells. As
shown in Figure 2B, CDKLS interacted with the SMAD3
deletion construct MHI1 (Figure 2B; lane 6 arrow), but
not with the L-MH2 construct (Figure 2B; lane 8), indi-
cating that the association of CDKL5 and SMADS3 in
cells is mediated via the N-terminal MHI domain of
SMAD?3. To confirm the interaction of CDKLS5 with SMAD3
in cells, we also performed co-immunoprecipitation experi-
ments with endogenous SMAD?3 protein in SH-SYSY cells,
a neuroblastoma cell line that exhibits relatively high basal
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levels of SMAD?3 (Figure 2C, lane 1). We infected SH-SYSY
cells with CDKLS5-FLAG adenovirus particles and pre-
cipitated the overexpressed protein from the cell extracts
with anti-FLAG antibodies (Figure 2C). Subsequent immu-
noblotting with an anti-SMAD3 antibody revealed that
endogenous SMAD3 co-precipitated with overexpressed
CDKL5-FLAG (Figure 2C).

To determine whether SMAD?3 is a direct phosphoryla-
tion substrate for CDKLS5, we immunoprecipitated over-
expressed SMAD3 from transfected HEK293T cells and
incorporated it into a reaction mixture containing [y- 32P]
ATP, in the presence of increasing concentrations of the
CDKLS5 kinase domain (amino acids 1-498; CDKL5AC).
We observed a CDKLS5AC dose-dependent increase in
SMAD3 phosphorylation (Figure 2D), indicating that
SMAD3 is a direct CDKLS5 phosphorylation target. To
determine the critical domain in SMAD3 phosphorylated
by CDKLS5, the SMAD3 deletion constructs MH1, L-MH2,
and MH2 were incubated with CDKL5SAC. While L-MH2
and MH2 were not phosphorylated in the presence of
CDKLS, MHI1 was highly phosphorylated (Figure 2D).
Confirming previous evidence (5, 45), we found that
CDKLSAC exhibits autophosphorylation activity, which
increased in the presence of a target protein (Figure 2D).

SMAD3 and SMAD?2 are closely related TGF-f down-
stream effectors with 92% amino acid sequence similarity
(7). To investigate whether CDKLS specifically phosphoryl-
ates SMAD3 and not SMAD2, we compared the effect
of wild-type CDKLS5 kinase activity on SMAD3 and
SMAD2. Full-length CDKLS5 phosphorylated SMAD3,
similarly to CDKLSAC, but did not phosphorylate SMAD2
(Figure 2E), indicating a specific CDKLS5/SMAD3
interaction.

CDKL5-mediated phosphorylation of SMAD3 is
required for SMAD3 protein stability

Various types of phosphorylation of SMAD3, mediated
by protein kinases and phosphatases, have been reported
to affect its activity, stability, and localization in cells (63,
73, 75). SMAD?3 regulates transcription of genes by bind-
ing to specific sequences within the promoter of target
genes and by interacting with other proteins (57). To explore
whether CDKL5-dependent phosphorylation affects the
transcriptional activity of SMAD3, we performed assays
with a luciferase reporter that is sensitive to SMAD3
(Figure 3A). CAGA(12)-luc reporter, containing CAGA
elements in the promoter which bind activated SMAD3
(16), was transfected into SH-SYSY cells. Expression of
CDKLS5 did not modify luciferase activity in SH-SY5Y
cells (Figure 3A), indicating that CDKLS5 does not directly
affect SMAD3 transcriptional activity. Treatment with
TGF-pl strongly increased SMAD3 transcriptional activity
(Figure 3A), while treatment with SB431542 (SB), a potent
and specific inhibitor of TGF-p receptor, decreased SMAD3
transcriptional activity (Figure 3A), indicating the presence
of a functional TGF-p/SMAD?3 signaling in SH-SYS5Y cells.

Since phosphorylation levels could affect SMAD3 basal
turnover and protein stability (29, 35, 43, 68) we
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Figure 1. Reduced SMADS3 levels in the cortex and hippocampus of
Cdkl5 KO mice. A. Western blot analysis of SMAD3 levels normalized to
GAPDH levels in the somatosensory cortex of wild-type (+/Y; n = 3) and
Cdkl5 =/Y (n = 4) adult mice. Immunoblots are examples from two
animals of each experimental group. B, C. Number of SMADS3 positive
cells (B) and SMAD3 nuclear signal intensity (C) in the somatosensory
cortex of wild-type (+/Y; n = 10, n = 4, respectively) and Cdkl5 —/Y
(n =7, n =4, respectively) adult mice. D. Representative images of
cortical sections processed for fluorescent SMAD3 immunostaining of
wild-type (+/Y) and Cdkl/5 -/Y mice. The dotted boxes indicate the
regions shown at a higher magnification. Scale bar = 50 pm lower

hypothesized that CDKL5-dependent phosphorylation of
SMAD3 might affect SMAD3 protein levels. To support
this hypothesis we over-expressed CDKLS or GFP as a
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magnification, 15 um higher magnification. E. Western blot analysis of
SMAD3 levels normalized to GAPDH levels in the hippocampus of wild-
type (+/Y; n = 7) and Cdkl/5 —=/Y (n = 8) adult mice. Immunoblots are
examples from two animals of each experimental group. F. SMAD3
nuclear signal intensity in the hippocampus of wild-type (+/Y; n = 8) and
Cdkl5 -=/Y (n = 8) mice. G. Quantification by RT-gPCR of SMAD3
expression in the hippocampus of wild-type (+/Y; n = 8) and Cdk/5 —/Y
(n = 8) mice. Data are expressed as a percentage of the values of Cdk/5
+/Y mice. Values are represented as means + SE. *P < 0.05; **P < 0.01;
¥**P < 0.001 (Unpaired t-test).

control in SH-SY5Y neuroblastoma cells. We found higher
SMAD3 protein levels in cells expressing CDKLS5, com-
pared to SH-SYSY cells that were not infected or expressing
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Figure 2. CDKL5 interacts with, and phosphorylates, SMADS3 protein.
A. Schematic representation of SMAD3 and mutant SMAD3 domains.
The locations of MH1 domain (light gray), linker region, and MH2
domain (dark gray) are shown. B. Interaction between CDKL5 and
SMAD3. HEK293T cells were co-transfected with HA-CDKL5 and
wild-type SMAD3-FLAG or the indicated SMAD3 mutant-FLAG
plasmids, and cell lysates (Input) were immunoprecipitated with anti-
FLAG antibodies (IP). GAPDH was used as an internal control for Input.
Immunoprecipitated proteins were detected by anti-HA (CDKL5) and
anti-FLAG antibodies (SMAD3 and SMAD3 mutants). Arrows indicate
co-immunoprecipitated CDKL5. Lysates of cells overexpressing only
HA-CDKL5 (Input; lane 1) were immunoprecipitated with anti-FLAG
antibodies as a control (IP; lane 2). Irrelevant lanes were spliced out
with a white space. C. SH-SYBY cells, infected with CDKL5-FLAG
adenoviral particles or GFP adenoviral particles as control, were lysed
(Input) and immunoprecipitated with anti-FLAG antibodies (IP).

GFP (Figure 3B). Similarly, in a neuroblastoma cell line,
SKNBE, that does not express endogenous CDKLS5 (66),
we found that the stability of co-expressed SMAD?3 protein
was affected by whether it was CDKL5 or CDKLS5 lack-
ing the kinase domain (CDKLS5AN) that was expressed
(Supporting Figure 2A). We found higher SMAD3 protein
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Immunoprecipitated CDKL5, SMAD3 and GFP were detected by anti-
CDKL5, anti-SMAD3 and anti-GFP antibodies, respectively. D. CDKL5
phosphorylates SMAD3 at the MH1 domain. Kinase assays were
conducted with purified CDKL5DC (1-498aa) and SMAD3 or SMAD3
mutants. Samples were resolved by SDS-PAGE, transferred onto
nitrocellulose membrane and exposed to film by autoradiography.
CDKL5DC was detected with PonceauS staining (lower panel). E.
Immunoprecipitated FLAG-tagged wild-type CDKL5 was subjected to
an in vitro kinase assay to test its ability to phosphorylate purified
SMAD3 and SMAD2. Samples were resolved by SDS-PAGE,
transferred onto nitrocellulose membrane and exposed to film by
autoradiography. The same membrane was subjected to immunoblot
analyses using anti- SMAD3 and SMAD2 antibodies. [Corrections
added on 10 February 2020, after first online publication: Figure 2 and
the legend have been corrected in this version.]

levels in SKNBE cells expressing CDKLS5, compared to
cells expressing CDKLSAN (Supporting Figure 2A).
Moreover, as observed in vivo in Cdkl5 —/Y mice (Figure
1E), we found reduced SMAD3 levels in hippocampal
cultures from Cdkl5 —/Y mice compared to wild-type mice
(Figure 3C,D), which were paralleled by a reduced SMAD3
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nuclear intensity (Figure 3F-G). Re-expression of CDKLS5
in Cdkl5 —/Y neurons restored SMAD?3 protein levels
(Figure 3D,E) and, consequently, its nuclear intensity
(Figure 3D,F), suggesting a CDKL5-dependent regulation
of SMAD3 protein levels. In a similar way, treatment with
TGF-pl was able to restore SMAD3 nuclear intensity in
Cdkl5 —/Y hippocampal neurons (Figure 3D,G).

In agreement with reduced SMAD?3 nuclear levels, we
found a decreased SMAD3-dependent transcriptional activ-
ity in hippocampal cultures from Cdkl5 —/Y mice compared

A B
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to wild-type mice (Figure 3H). Treatment with TGF-f1
in Cdkl5 —/Y neurons restored SMAD3 activity to control
levels (Figure 3H).

Increased TGF-pl-induced SMAD?3 transcriptional activ-
ity is mediated by TGF-p type I receptor-induced SMAD3
phosphorylation at the Ser213 site in the linker region (8).
As expected we found increased SMAD3 phosphorylation
at Ser213 in hippocampal cultures from both Cdkl5 KO
and wild-type mice treated with TGF-p1 (Supporting Figure
2B,C). Differently, as observed in vivo in Cdkl5 —/Y mice
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Figure 3. CDKL5 phosphorylation regulates SMAD3 protein levels. A.
Luciferase reporter analysis of SMAD3-dependent promoter (CAGA,,-
luc reporter; schematic representation in the upper panel) in SH-SY5Y
cells transfected with CDKL5 or treated with TGF-p1 (5 ng/ml) or
SB431542 (SB; 10 uM). B. Western blot analysis of SMADS levels
normalized to GAPDH levels in SH-SYBY cells infected with CDKL5
adenoviral particles (Ad-CDKL5; n = 3), with GFP adenoviral particles
(Ad-GFP; n = 3), or not infected (n = 3). Immunoblots (upper panel) are
examples from each experimental group. C. Western blot analysis of
SMADS levels in 10-day (DIV10) differentiated hippocampal neurons
from wild-type (+/Y, n = 5) and Cdk/5 —/Y (n = 6) mice. Immunoblots
(upper panel) are two examples from each experimental group. D.
Representative fluorescent images of 10-day (DIV10) differentiated
hippocampal neurons from wild-type (+/Y) and Cdk/5 -/Y mice
immunopositive for SMAD3 and counterstained with Hoechst. SMAD3
localizes both in the nucleus and in the cytoplasm. Cdkl5 —-/Y
hippocampal cultures were infected with adenoviral particle for CDKL5

Fuchs et al

(Ad-CDKL5) or GFP as a control (Ad-GFP) on DIV3, or treated with
TGF-p1 (1 ng/ml) administered on alternate days starting from DIV2.
Scale bar = 1.5 um higher magnification, 6 pm lower magnification. E.
Quantification of SMADS3 signal intensity in hippocampal neurons
infected with adenoviral particle for GFP (Ad-GFP; +/Y n =5, —/Y n = 4)
or CDKL5 (Ad-CDKL5; +/Y n =5, =/Y n = 4). F, G. Quantification of
SMADS3 nuclear signal intensity in hippocampal neurons infected with
adenoviral particles for GFP (Ad-GFP ; +/Y n =5, =/Y n = 4) or CDKL5
(Ad-CDKL5; +/Y n =5, =/Y n = 4) in F and untreated (+/Y n = 5, -/Y
n = 5) or treated with TGF-B1 (+/Y n =4, —=/Y n = 5) in G. H. Luciferase
reporter analysis of SMAD3-dependent promoter in primary hippocampal
neurons from wild-type (+/Y, n = 5) and Cdk/5 -/Y (n = 5) mice and in
Cdkl5 —/Y cultures treated with TGF-B1 (5 ng/ml; n = b). Data are
expressed as a percentage of the values of control samples. Values are
represented as means = SE. *P < 0.05; **P < 0.01; ***P < 0.001
(Unpaired t-test in B, C; Fisher's LSD after ANOVA in A, E-H).

(Supporting Figure 1C), a lack of Cdkl5 did not affect
SMAD?3 phosphorylation at Ser213 in hippocampal cultures
(Supporting Figure 2B), suggesting that TGF-f1 furthers
SMAD3 activity through a CDKLS5-independent
pathway.

Restoration of TGF-p/SMADS3 signaling in
primary hippocampal neurons from Cdkl5 KO
mice recovers neuronal survival and maturation

Based on evidence that TGF-p/SMAD signaling regulates
many physiological processes in the brain, including neu-
ronal survival, development, and activity (17), we sought
to investigate whether restoration of TGF-p/SMAD3 sign-
aling improves the neurodevelopmental alterations that
characterize Cdkl5 —/Y hippocampal neurons (25, 26,
64).

The assessment of apoptotic cell death revealed that
differentiating hippocampal neurons generated from Cdkl5
—/Y mice had more apoptotic (cleaved caspase-3 positive)
cells compared to control cultures (Figure 4A). We found
that treatment with TGF-f1 restored the number of cleaved
caspase-3 positive cells in hippocampal cultures from Cdkl5
—/Y mice (Figure 4A), suggesting that TGF-/SMAD3
signaling plays a role in CDKLS5-dependent neuronal sur-
vival. As expected, the re-expression of CDKLS5 restored
the number of apoptotic cells in hippocampal cultures
from Cdkl5 —/Y mice (Supporting Figure 3A).

Hippocampal neurons from Cdkl5 —/Y mice are char-
acterized by reduced axon [Figure 4B,C; (51)] and neurite
[Figure 4B,D; (64)] outgrowth. We found that treatment
with TGF-f1 restored primary axon length in hippocampal
neurons from Cdkl5 —/Y mice (Figure 4B,C), but did not
improve the reduced neurite outgrowth (Figure 4B,D), sug-
gesting that the TGF-B signal has a specific involvement
in axonal development. The re-expression of CDKLS5
restored both primary axon length and neurite outgrowth
(Supporting Figure 3B,C).

As previously reported (64), the assessment of synap-
tophysin (SYN) puncta in neurites revealed that hip-
pocampal neurons from Cdkl5 —/Y mice had a reduction
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in the number of presynaptic connections (Figure 4B.E).
Treatment with TGF-p1 restored the number of SYN
puncta in hippocampal neurons from Cdkl5 —/Y mice
(Figure 4B,E). Confirming the reduced number of synaptic
connections, we found a reduced spine density in hip-
pocampal neurons from Cdkl5 —/Y mice compared to
those of control cultures (Figure 4F, Supporting Figure
3F). Treatment with TGF-p1 restored the density of den-
dritic spines in hippocampal neurons from Cdkl5 —/Y
mice (Figure 4F, Supporting Figure 3F). As expected,
the re-expression of CDKLS restored synaptic connections
(Supporting Figure 3D,E). In control neurons treatment
with TGF-p1 or increased CDKLS5 levels had no effect
on neuronal survival (Figure 4A; Supporting Figure 3A),
axon and neurite growth (Figure 4D; Supporting Figure
3B,C), or connectivity (Figure 4E,F; Supporting
Figure 3D-F).

Increased susceptibility to neurotoxic stress in
primary hippocampal neurons from Cdkl5 KO
mice is rescued by treatment with TGF-$1

Primary hippocampal neurons are known to be susceptible
to excitotoxicity and oxidative stress, which lead to the
induction of apoptotic cell death (9, 10, 33, 71). Numerous
studies have shown a protective effect of TGF-f signaling
against various toxins and injurious agents in cultured
neurons (6, 22, 65). To test the hypothesis that CDKLS,
with its function on TGF-p/SMAD?3 signaling regulation,
is required for neuronal apoptotic resistance, we exposed
hippocampal neuronal cultures from Cdkl5 —/Y mice to
an oxidative stress (100 pM H,0,) or an excitotoxic stimulus
(100 uM NMDA). Apoptotic cell death was evaluated using
cleaved caspase-3 immunocytochemistry or Hoechst stain-
ing to visualize pyknotic nuclei. Interestingly, neuronal
vulnerability to H,O,- or NMDA-induced apoptosis was
higher in hippocampal neurons from Cdkl5 —/Y mice in
comparison with control neurons (Figure SA-D). Treatment
with TGF-pl after H,O, or NMDA exposure prevented
apoptosis in hippocampal neuronal cultures from Cdkl5
—/Y mice (Figure 5A-D).
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Figure 4. Effect of treatment with TGF-31 on survival and maturation of
hippocampal neurons from Cdkl5 KO mice. A. Percentage of cleaved
caspase-3 positive neurons in 4-day differentiated (DIV4) hippocampal
neurons from wild-type (+/Y n = 5) and Cdk/5 —/Y (n = 5) mice.
Hippocampal cultures were treated with TGF-p1 (1 ng/ml) on day 2
postplating (DIV2). B. Representative images of 10-day (DIV10)
differentiated +/Y and —/Y hippocampal neurons and —/Y hippocampal
neurons treated with TGF-B1 (1 ng/ml), administered on alternate days
starting from DIV2, immunopositive for the axon marker TAU1 (upper
panel; scale bar = 50 pm, arrows indicate the primary axon), microtubule-
associated protein 2 (MAP2; scale bar = 30 um), or MAP2 (green) plus
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synaptophysin (SYN, red). The dotted boxes indicate the regions shown
at a higher magnification. Scale bar = 30 pym lower magnification,
2.5 um higher magnification. C-F. Quantification of the length of the
primary axon (C, TAU1-positive; +/Y = 4, —/Y = 4), the total length of
MAP2-positive neurites (D, +/Y = 6, —/Y = 6), the number of SYN-
immunoreactive puncta per 10 ym in proximal dendrites (E, +/Y = 6,
—/Y = 6), and the number of MAP2-positive spines (F, +/Y =6, /Y = 6)
from differentiated hippocampal cultures from Cdk/5 +/Y and Cdkl5 —/Y
mice treated as in (B). Values are represented as means + SE. *P < 0.05;
**P < 0.01; ***P < 0.001 (Fisher's LSD after ANOVA).
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Figure 5. TGFB1 treatment rescues the increased susceptibility to
neurotoxic stress of hippocampal neurons from Cdkl5 KO mice. A, B.
Percentage of cleaved caspase-3 positive neurons in primary hippocampal
neurons from wild-type and Cadk/5 —/Y mice. Hippocampal cultures were
treated on DIV10 with H,0, (100 pM; +/Y n = 4, =/Y n = 4) or H,0, +
TGF-1 (1 ng/ml; +/Y n =4, =/Y n = 4) in A, and NMDA (100 uM; +/Y
n=4,-/Y n=4)or NMDA + TGF-1 (1 ng/ml; +/Y n =3, /Y n=4)in B,
and fixed after 24 h. C. Representative fluorescent images of
differentiated hippocampal neurons from wild-type (+/Y) and Cdk/5 —/Y
mice immunopositive for MAP2 (green) and stained with Hoechst (blue).
Cultures were treated as in (A, B). White arrows indicate pyknotic nuclei.
Scale bar =30 um. D. Representative fluorescentimages of differentiated
hippocampal neurons from wild-type (+/Y) and Cdk/5 -/Y mice
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immunopositive for MAP2 (green) and cleaved caspase 3 (red), and
stained with Hoechst (blue). Cultures were treated as in (A, B). White
arrows indicate apoptotic cells positive for cleaved caspase 3. Scale
bar = 40 um. E. Percentage of cleaved caspase-3 positive neurons over
total neuron number from wild-type and Cdk/5 —/Y mice. Hippocampal
cultures were treated with VPA (1 mM; +/Y n =4, =/Y n = 4) or VPA +
TGF-B1 (1 ng/ml; +/Y n =4, —/Y n = 4). F. Quantification of SMADS signal
intensity in untreated (+/Y n = 3, =/Y n = 3), NMDA-treated (+/Y n = 4,
—/Y n=3),and NMDA + TGF-p1-treated (+/Y n = 3, =/Y n = 3) hippocampal
neurons immunostained for SMAD3. Data in E are expressed as a
percentage of the values of untreated +/Y. Values are represented as
means + SE. ¥*P < 0.05; **P < 0.01; ***P < 0.001 (Fisher's LSD after
ANOVA).
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The developmental neurotoxicity of the commonly used
antiepileptic drug valproic acid (VPA) on differentiating
hippocampal neurons is well recognized (69). After exposing
differentiating hippocampal neurons to VPA (I mM) for
4 days, we found a higher neuronal vulnerability to VPA
in hippocampal neurons from Cdkl5 —/Y mice in comparison

TGF-p1 Rescues Impairments in Cdk/5 KO Neurons

with control neurons (Figure SE); this increased susceptibil-
ity was prevented by treatment with TGF-f1 (Figure 5E).

In order to elucidate the mechanism underlying the
higher neuronal vulnerability associated with Cdkl5 loss
of function, we investigated the effect of NMDA on TGF-$/
SMAD?3 signaling activation by evaluating SMAD3 nuclear-
immunopositivity. NMDA-induced excitatory stimulation
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Figure 6. Effect of treatment with TGF1 on NMDA-induced
hippocampal neuron cell death in Cdkl5 KO mice. A. Schematic view of
in vivo treatments and analysis schedule. B. Graph represents NMDA-
induced seizure score for wild-type (+/Y, n = 13) and Cdk/5 /Y (n = 17)
mice at indicated time points after NMDA injection. C: Left panel:
representative fluorescence image of a hippocampal section processed
for Hoechst staining. Abbreviations: GL, granule cell layer; Mol,
molecular layer. Scale bar = 150 uM. The dotted box in the panel
indicates the analyzed region (CA1). Magnifications in the right-hand
side panels show examples of the pyramidal neuron layer in CA1 of a
Cdkl5 +/Y and a Cdkl5 —/Y mouse treated with NMDA (60 mg/kg), and
of a Cdkl5 —/Y mouse treated with NMDA and TGF-1 (50 ng). Arrows
indicate the neuronal damage sites. Scale bar = 100 pM. D-F.

Fuchs et al

Quantification of Hoechst-positive cells (D), number of pyknotic nuclei
(E), and number of cleaved caspase-3 positive cells (F) in CA1 of
hippocampal sections from untreated (+/Y n = 5, —/Y n = 5), NMDA-
treated (+/Y n =8, =/Y n = 9), and NMDA + TGF-B1 treated (-/Y n = 5)
mice. G: Quantification of SMADS signal intensity in the CA1 pyramidal
neuron layer of Cdkl5 +/Y and Cdkl5 —/Y mice treated as in D. H.
Representative fluorescent images of the pyramidal neuron layer in CA1
of a Cdkl5 +/Y and a Cdkl5 —/Y mouse treated with NMDA (60 mg/kg),
and of a Cdkl5 —/Y mouse treated with NMDA and TGF-p1 (50 ng)
immunostained for SMAD3 and counterstained with Hoechst. Scale
bar = 50 uM. Values are represented as means = SE. *P < 0.05;
**P < 0.01; ***P < 0.001 (Fisher's LSD after ANOVA).

resulted in an increase in SMAD3 nuclear levels in control
cultures (Figure SF). However, Cdkl5 —/Y neurons did
not show a significant increase in SMAD3 levels after
NMDA exposure (Figure 5F), suggesting an impaired
NMDA-induced SMAD3 activation in the absence of
CDKLS5. On the contrary, after TGF-p1 treatment, similarly
increased SMAD?3 levels were detected in hippocampal
neurons from Cdkl5 —/Y and control mice (Figure SF).

Treatment with TGF-$1 protects CA1 pyramidal
neurons from CdkI5 KO mice against NMDA-
induced cell death

To determine whether Cdkl5 KO neurons are also more
susceptible to excitotoxic stimuli in vivo, we injected Cdkl5
—=/Y and wild-type (+/Y) mice intraperitoneally with NMDA
(60 mg/kg; Figure 6A). No difference in seizure intensity
was observed between Cdkl5 —/Y and wild-type (+/Y) mice
in the 35 minutes following NMDA administration. Seizure
intensity reached a maximum of stage 3 on a 0-5 seizure
scale, between 10 and 20 minutes following NMDA admin-
istration (Figure 6B). Similarly, a low mortality rate was
observed in treated Cdkl5 —/Y (two out of 17 treated
mice) and wild-type (1 out of 13 treated mice) mice.

Neuronal damage was assessed 24 h after NMDA injec-
tion using Hoechst staining and immunohistochemistry
for cleaved caspase-3. In the CAl layer of the hippocampus,
treated Cdkl5 —/'Y mice showed a lower cell density (Figure
6C,D) and a higher number of pyknotic (Figure 6E) and
cleaved caspase-3 positive cells (Figure 6F) in comparison
with treated wild-type mice, indicating that Cdkl5 —/Y
mice are more vulnerable to neurotoxicity/neurodegenera-
tion induced by treatment with NMDA. To test whether
TGF-pl is sufficient to protect Cdkl5 KO neurons against
NMDA-induced cell death, we administered TGF-f1 to
Cdkl5 —/Y mice via intracerebroventricular infusion 1-h
after NMDA treatment (Figure 6A). Treatment with TGF-
B1 prevented neurodegeneration of CAl pyramidal neurons
in Cdkl5 —/Y mice (Figure 6C-F).

To determine whether SMAD3 is involved in TGF-fI-
induced neuroprotection against NMDA-induced cell death,
we quantified SMAD3 expression in the CAl layer of the
hippocampus of Cdkl5 —/Y mice 1 h after TGF-p1 treatment
(Figure 6A). NMDA-treated Cdkl5 —/Y mice showed lower
SMAD3 levels in comparison with NMDA-treated Cdkl5 +/'Y
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mice, with a difference of the same amplitude as that found
between vehicle-treated Cdkl5 +/Y and Cdkl5 —/Y mice
(Figure 6G-H). Treatment with TGF-pl strongly increased
SMAD3 levels in CAl pyramidal neurons of NMDA-treated
Cdkl5 —/Y mice (Figure 6G-H), suggesting that SMAD3
plays a functional role in TGF-pl-induced neuroprotection.

DISCUSSION

Reduced SMAD3 levels caused by Cdkl5 loss of
function impair neuron survival and maturation

SMADs play a central role in neuronal survival, matura-
tion, and specification of cell types, by integrating trans-
forming growth factor (TGF)-f signaling with other
essential pathways (21, 32, 47). In the current study, we
provide novel evidence that SMAD?3 is a direct phospho-
rylation target of CDKLS. Despite the extensive sequence
similarity between SMAD2 and SMAD3, we found that
CDKLS specifically phosphorylates SMAD3 at the MHI1
domain. While the MH2 domain is highly conserved
among all SMADs, the different structure of the MHI
domain of SMAD3, which does not contain the 30-amino-
acid insert that is present in SMAD?2 (15), could explain
the specificity of the CDKL5-dependent phosphorylation
of SMAD3. Though recent observation has raised the
possibility that the RPXSA motif might represent a con-
sensus sequence for phosphorylation by CDKLS (3, 41,
50), other studies have identified CDKLS5 phosphorylation
targets that do not contain this consensus motif (40, 48,
55, 64), suggesting the presence of a different consensus
sequence for CDKLS5 phosphorylation or of a protein
folding that creates a noncontiguous CDKLS5 phospho-
rylation motif (19). SMAD3 seems to belong to this latter
group because the MH1 domain does not present a RPXSA
motif. Further studies will be needed to identify the
CDKLS5 phosphorylation site on SMAD?3.

We additionally found that CDKL5-dependent phospho-
rylation of SMAD?3 does not directly affect SMAD3 activity,
but that CDKLS5 deficiency causes a reduction in SMAD3
protein levels and, consequently, in activity in Cdkl5 KO
neurons. Phosphorylation at different sites of SMADS3
contributes to its stability (28, 29). Most SMAD proteins
can be polyubiquitinated and degraded in either a
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ligand-dependent or a ligand-independent manner (38).
Although it still remains to be established how CDKLS5-
dependent phosphorylation affects SMAD3 protein stability,
we found that treatment with TGF-pl, similarly to CDKLS
re-expression, normalized SMAD?3 levels, indicating a
reversible SMAD?3 stability/activity in Cdkl5 KO neurons.
We found that CDKLS does not phosphorylate SMAD3
at the C-terminal residues Ser425 in the MH2 domain or
at the Ser2l13 site in the linker region, phosphorylation
sites that drive TGF-B type I receptor-induced SMAD3
nuclear localization and stability (8). On the other hand,
there is no evidence that TGF-p has a direct action on
the SMAD3 MHI1 domain (8). The finding that TGF-pl
can rescue SMAD3 levels and transcriptional activity in
the absence of CDKLS5 suggests that TGF-pl modulates
SMAD3 stability through a CDKLS5-independent
pathway.

Importantly, we provide novel evidence that loss of Cdkl5
increases cell death of differentiating hippocampal neurons.
The restoration of SMAD3 activity through TGF-p1 treat-
ment fully rescued survival of Cdkl5 KO neurons, suggesting
that SMAD?3 signaling dysregulation is involved in the reduced
survival of Cdkl5 KO neurons. Consistent with our findings,
primary neurons lacking TGF-p1 showed a reduced survival
rate compared with wild-type controls (6). Moreover, studies
on SMAD3-deficient mice have revealed that SMAD?3 plays
a role in trophic support for nigral dopaminergic neurons
(61) in addition to the maintenance of survival of newborn
granule cells in the hippocampal dentate gyrus (62).

In addition to its role in neuronal survival we found
that restoration of SMAD?3 signaling recovered the primary
axon outgrowth and reduced connectivity caused by Cdkl5
loss of function. Contrariwise, treatment with TGF-p1 did
not improve the dendritic hypotrophy that characterizes
Cdkl5 KO neurons. This is in agreement with previous
evidence that indicates that TGF-f1 signaling is required
for axon specification in the developing brain (77), and
for synaptic growth and function (11, 58), while it does
not affect the process of branching and the number of
dendrite-like processes in hippocampal neurons (37).

Increased vulnerability of Cdkl5 KO
hippocampal neurons to neurotoxic stress is
rescued by treatment with TGF-31

Our data provide the first evidence that CDKLS5 has a key
role in neuronal survival, and indicate that CDKL5 defi-
ciency increases the vulnerability of neural cells to apoptosis
induced by different types of neurotoxic stress. It is becom-
ing increasingly clear that various types of cell death cascades
can share pathways in death execution (76). Our finding
that the increased neuronal vulnerability to oxidative stress,
VPA, and excitotoxic injury shown by Cdkl5 KO hippocam-
pal neurons is fully recovered by TGF-f1 treatment, suggests
that SMAD3 signaling deregulation might be the common
mechanism responsible for the enhanced vulnerability of
Cdkl5 KO neurons. The neuroprotective role of TGF-p/
SMADS?3 signaling in the injured CNS is increasingly being
recognized (17). TGF-B1 deficiency in adult TGF-B1™* mice
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does not result in overt neurodegeneration but does increase
neuronal cell loss after excitotoxic injury (6). Moreover,
SMAD?3 deficiency increases cortical and hippocampal neu-
ronal loss following traumatic brain injury (67). Therefore,
the reduced SMAD3 activation in NMDA-treated Cdkl5
KO mice might underlie the increased neurodegeneration
observed in the absence of Cdkl5. Moreover, our observa-
tions that the increased NMDA-induced cell death of hip-
pocampal neurons of Cdkl5 KO mice was fully rescued by
TGF-pl treatment correlates well with previous studies that
show that activation of TGF-p/SMAD3 dependent signaling
protects neurons against NMDA-induced cell death (18, 54).

A recent study in a Cdkl5 KO mouse model [Cdkl5
exon 2 deletion; (52)] showed increased seizure susceptibil-
ity in response to NMDA that was correlated with an
upregulation of the NMDA receptor subunits GluN2B at
the CA1 hippocampal glutamatergic synapses (52). We did
not observe an increase in NMDA-induced tonic-clonic
seizure episodes in the Cdkl5 KO mouse model used in
this study [deletion of Cdkl5 exon 4; (1)]. Therefore, the
increased hippocampal neuron vulnerability that we
observed in Cdkl5 KO mice in response to NMDA treat-
ment is unlikely to be caused by a higher NMDA-induced
neuronal hyper-excitability, and is, rather, ascribable to a
generalized increased susceptibility to neurotoxic stress
because of the impairment of SMAD3 signaling.

Several neurodegenerative diseases, including Alzheimer’s
disease, Parkinson’s disease, and motor neuron diseases have
been associated with disturbed cellular or subcellular SMAD
localization and disruption of SMAD-controlled transcrip-
tional machinery (17). Our findings suggest that, through
the deregulation of SMAD3 signaling, CDKLS5 loss of func-
tion predisposes neurons to multiple forms of cell death.
The endangering action of CDKLS mutations is likely to
sensitize neurons in the brain to neurotoxic conditions known
to promote neuronal death. Seizures are prominent in CDD
patients, and are usually severe and untreatable. Conceivably,
individuals with CDKLS5 deficiency may be more susceptible
to oxidative stress as a direct consequence of seizures (23).
Therefore, preventive and therapeutic strategies that target
both excitotoxic and apoptotic pathways might be recom-
mended to forestall neurodegenerative processes in CDD.
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SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article at the publisher’s web site:

Figure S1. A. Western blot analysis of SMAD?2 levels nor-
malized to GAPDH levels in the somatosensory cortex of
wild-type (+/Y; n=4) and Cdkl5 —/Y (n=4) adult mice.
Immunoblots are examples from two animals of each experi-
mental group. B. Representative images of hippocampal sec-
tions at the CA1 field level processed for fluorescent SMAD3
immunostaining of wild-type (+/Y) and Cdkl5 —/Y mice.
Scale bar =40 pm. C. Western blot analysis of P-SMAD3
(Ser213 and Ser425) levels normalized to SMAD3 levels in
the somatosensory cortex of wild-type (+/Y; n = 4) and Cdkl5
—=/Y (n = 4) adult mice. Immunoblots are examples from one
animal of each experimental group. D. Quantification by
RT-qPCR of SMAD3 expression in the somatosensory cor-
tex of wild-type (+/Y; n=15) and Cdkl5 —/Y (n = 6) mice.
Data are expressed as a percentage of the values of Cdkl5
+/Y mice. Values are represented as means *+ SE.

Figure S2. A. Western blot analysis of SMAD3 levels normal-
ized to GAPDH levels in SKNBE cells co-transfected with
CDKL5AN (n =4) or wild-type CDKLS5 (n = 4) and SMAD3.
Immunoblots (upper panel) are three examples from each
experimental group. B. Western blot analysis of P-SMAD?3
(Ser213) levels normalized to SMAD?3 levels in untreated
hippocampal cultures (+/Y =9; —/Y = 14) or treated for 1h
with TGF-p1 (/Y = 8). C. Representative fluorescent images
of 10-day (DIVI10) differentiated hippocampal neurons
from wild-type (+/Y) mice immunopositive for P-SMAD3
(Ser213) and counterstained with Hoechst. Cdkl5 +/Y hip-
pocampal cultures were treated with TGF-pl (1 ng/ml) for
1h. Scale bar = 2.5 um. Quantification of P-SMAD?3 (Ser213)
signal intensity in untreated (+Y n =2) or TGF-pl treated
(+Y n = 2) hippocampal neurons. Values are represented as
means *+ SE. *P < 0.05; ***P < 0.001 (Unpaired ¢-test in A;
Fisher’s LSD after ANOVA in B).

Figure S3. Primary hippocampal cultures were infected
with adenoviral particle for GFP (Ad-GFP) or CDKLS5
(Ad-CDKLS5) on the third day (DIV3) in culture, and immu-
nostained for cleaved caspase-3 on day 4 or for TAUI,
MAP2 or MAP2 + SYN on day 10. A. Percentage of cleaved
caspase-3 positive neurons in 4-day differentiated hippo-
campal neurons from wild-type (+/Y n =15) and Cdkl5 —/Y
(n = 5) mice. B-E. Quantification of the length of the pri-
mary axon (B, TAUl-positive; +/Y =4, —/Y =4), the total
length of MAP2-positive neurites (C, +/'Y =6, —/Y =0),
the number of SYN-immunoreactive puncta per 10 pm in
proximal dendrites (D, +/Y =6, —=/Y = 6), and the number
of MAP2-positive spines (E, +/Y =6, =/Y = 6) from differ-
entiated hippocampal cultures from Cdkl5 +/Y and Cdkl5
—/Y mice infected with GFP or CDKLS5 adenoviral particles.
F. Representative fluorescence images of proximal dendrite
segments of hippocampal neurons that were immunopositive
for MAP2 showing spine protrusions. Scale bar = 2.5 pm.
Values are represented as means * SE. *P < 0.05; **P < 0.01;
*kxP < 0.001 (Fisher’s LSD after ANOVA).
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