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Mutations in the X-linked cyclin-dependent kinase-like 5 (CDKL5)
gene have been identified in neurodevelopmental disorders in-
cluding atypical Rett syndrome (RTT), autism spectrum disorders
(ASDs), and early infantile epileptic encephalopathy. The biolog-
ical function of CDKL5 and its role in the etiology of these disor-
ders, however, remain unclear. Here we report the development
of a unique knockout mouse model of CDKL5-related disorders
and demonstrate that mice lacking CDKL5 show autistic-like def-
icits in social interaction, as well as impairments in motor control
and fear memory. Neurophysiological recordings reveal altera-
tions in event-related potentials (ERPs) similar to those observed
in RTT and ASDs. Moreover, kinome profiling uncovers disruption
of multiple signal transduction pathways, including the AKT-
mammalian target of rapamycin (mTOR) cascade, upon Cdk/5
loss-of-function. These data demonstrate that CDKL5 regulates
signal transduction pathways and mediates autistic-like pheno-
types and together establish a causal role for Cdkl5 loss-of-function
in neurodevelopmental disorders.

yclin-dependent kinase-like 5 (CDKLSY) is an X-linked gene

associated with early infantile epileptic encephalopathy 2
(EIEE2) (1), atypical Rett syndrome (RTT) (2), and autism
spectrum disorders (ASDs) (3, 4). Patients with CDKL5 muta-
tions display a heterogenous array of clinical phenotypes, the
most prominent of which include early-onset seizures, intellectual
disability, and autistic features (5).

CDKLS is a serine/threonine (S/T) kinase that is highly
expressed in the brain (6). In vitro studies have demonstrated
that CDKLS5 may mediate the phosphorylation of methyl-CpG
binding protein 2 (MeCP2) (7), DNA methyltransferase 1
(DNMT1) (8), and netrin-G1 ligand (NGL-1) (9). RNAi-medi-
ated knockdown studies show that CDKLS5 can regulate neuronal
outgrowth and synapse stability (9, 10). Despite these proposed
functions, the exact role of CDKLS in the phosphorylation of
MeCP2 (7, 11) and in dendritic outgrowth (9, 10) remains un-
clear, and thus requires further investigation. The limited un-
derstanding of CDKLS5 function and its associated signal
transduction pathways has hindered the development of thera-
peutics for CDKLS5-related disorders. Current treatments fo-
cus on managing symptoms and reducing seizure frequency,
but have limited effectiveness (12).

To investigate the function of CDKLS in a disease model and
identify potential avenues of therapeutic intervention, we developed
a Cdkl5 knockout mouse. We found that mice lacking CDKLS show
autistic-like behavioral abnormalities, deficits in neural circuit
communication, and alterations in multiple signal transduction
pathways. We establish a causal link between Cdkl5 loss-of-function
and disease-related phenotypes and identify the AKT-mammalian
target of rapamycin (mTOR) pathway as a unique candidate for
targeted therapeutic intervention of CDKLS-related disorders.
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Results

Generation of Cdkl/5 Knockout Mice. To investigate the patho-
physiology underlying CDKL5-related disorders, we generated
a Cdkl5 knockout mouse that models a splice site mutation
found in a CDKLS patient. This mutation results in the skipping
of human CDKL5 exon 7, generating a premature termination
codon and causing an early truncation of CDKLS5 in its N-ter-
minal kinase domain, thereby disrupting kinase activity (13). To
mimic the effects of this splice site mutation, we deleted mouse
Cdkl5 exon 6 through homologous-mediated recombination in
ES cells (Fig. 14). Deletion of Cdkl5 exon 6 leads to a similar
shift in the reading frame and premature truncation within the
N-terminal kinase domain (Fig. 1 A and B). The absence of
Cdkl5 exon 6 at the DNA and mRNA levels was verified by PCR
of genomic DNA and sequencing of cDNA prepared from Cdkl5
knockout mouse brains (Fig. 1 C and D). Loss of full-length
CDKLS protein was verified by Western blot (Fig. 1E). A trun-
cated CDKLS5 protein product in neurons isolated from Cdkl5
knockout mice has not been detected by antibodies raised
against CDKL5 N- or C-terminal domains, likely due to non-
sense stop codon mediated mRNA decay (Fig. S14). In addition,
female heterozygotes show decreased CDKLS protein expression
relative to WT female mice, as expected from X-linked mosaicism
(Fig. S1B). Thus, deletion of Cdkl5 exon 6 likely represents a loss-
of-function mutation. Experimental mice have been backcrossed
onto the C57BL/6 background for at least six generations. Male
mice lacking CDKL5 (Cdkl5™”) and female heterozygotes
(CdkI5~'*) are viable, fertile, and display normal appearance,
growth, and overall brain morphology (Fig. S1 C and D).

Hyperactivity, Motor Impairments, and Decreased Anxiety in Cdkl5™Y
Mice. Given the clinical relevance of CDKLS5-related disorders in
males (14, 15) and the confounding effects of mosaic CDKLS5
expression in females from random X-chromosome inactivation,
we characterized the behavioral profile of Cdkl5 knockouts in
male (Cdkl5™) mice, compared with wild-type male littermates
(WT, CdkI5*"). We found that CdkI5™ mice exhibit motor and
anxiety impairments similar to those observed in other ASD
and RTT mouse models (2, 16-19). In a locomotor assay within
a home cage-like environment, Cdkl5™ mice demonstrated sig-
nificantly higher motor activity relative to WT littermate controls
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Fig. 1. Generation of Cdk/5 knockout mice. (A) Targeting strategy. Three loxP sites and a neomycin positive selection cassette (Neo) were inserted sur-
rounding the genomic locus of Cdk/5 exon 6 via homologous recombination. Upon Cre-directed recombination, both the Neo cassette and exon 6 were
excised. (B) Schematic of CDKL5 protein in WT and knockout. The excision of exon 6 causes a reading frame shift, resulting in a TAA stop codon in the 5’
end of exon 7, leading to truncation of CDKL5 in its kinase domain (red). (C) PCR of genomic DNA using primers flanking exon 6. A 300-bp PCR product in
CdkI5™ mice indicates the absence of Cdk/5 exon 6. (D) Sequencing of cDNA generated from Cdk/5 mRNA. Excision of exon 6 in Cdk/5™ mice causes the
reading frame, highlighted in black, to be shifted in Cdk/5™ mice, resulting in a premature stop codon (TAA, circled in red) at the 5’ end of exon 7. (E)
Western blot probed with an antibody directed against CDKL5. Full-length CDKL5 protein is absent in Cdk/5™ mice.

(Fig. 24). Similar hyperactivity was also observed in the zero  Autistic-Like Social Behavior in Cdk/5™ Mice. Given that deficits in
maze test and social approach test (Fig. S2 4 and B). social interaction are a hallmark feature of ASDs and are
On an accelerating rotarod assay, the latency to fall in Cdkl5™  prevalent in patients with CDKLS5 mutations (5, 24), we next
mice increased across trials similarly to that of WT mice, but was ~ examined sociability using a three-chambered social approach
consistently lower than that of WT (Fig. 2B), indicating that test and found that mice lacking CDKLS5 demonstrate profound
CdkI5™ mice have comparable motor learning but impaired mo- ~ IMpairment in social 1nteract1(/)n. During the initial habituation
tor coordination relative to their WT littermates. Cdkl5™ mice ~Phase, both WT and Cdki5 _y mice explored both chambers
also showed decreased anxiety-related behavior in a zero maze equally, demonstrating no initial chamber preference (Fig. S2D).
test similar to that of Mecp? mouse models of RTT. spendin However, upon introduction of a novel object into one chamber
. P S > Spencing (nonsocial chamber, NS) and a novel gonadectomized male A/J
more time in open areas and less time in the closed areas relative . . .
WT li Fio. 20). In additi h b d hi stimulus mouse into the other chamber (social chamber, S),
to fttermates (Fig. ] ) na 1t/1yon,.we ave observed i~ k5% mice showed reduced social preference relative to WT
dlimb and forelimb clasping in Cdkl5™ mice (Fig. S2C), a pheno-

Do mice, spending less time in the social chamber and more time in
type also exhibited in Mecp2 mouse models (19-22). These data  he nonsocial chamber relative to WT mice (Fig. 2D). In addition,

demonstrate that Cdkl5™ mice exhibit hyperactivity, impaired  Cgk/5" mice spent more time sniffing the novel object and
motor control, and decreased anxiety, phenotypes that have also  a trend toward less time sniffing the novel stimulus mouse rel-

been observed in ASD and RTT patients (2, 5, 23). ative to WT mice (Fig. 2E). Furthermore, when barriers were
Fig. 2. Behavioral phenotyping of Cdk/5™ A B C

mice. (A) Sixty-minute locomotor assay, 5001 - Caki5™ 0] Dav1 Day2 Day3 Day4  Days 50 —
measured by infrared beam breaks in a home Cdki5*

cage-like environment. Cdk/5™ mice (n = 19) ] 4061 Eg r‘}H I..'H,I/I N 60

display increased activity relative to wild type 8 3001 -;—’ ] . ¥ "

(WT, Cdki5*?) littermates (n = 15). Two-way & 5561 - z o I'H*I .E; 40{
repeated measures (RM) ANOVA, P < 0.0001 § g 3 =

(interaction). (B) Rotarod assay, measuring 100 | o

latency to fall from an accelerating rotating odr—— ’ 5

rod. Testing was performed five trials per day B 10415,20.85 90 5 9045 A0 90 12345 12345 12345 12345 12345 *“open closed
for 5 consecutive days. Latency to fall is de- Tkng (mi) Trials

creased in Cdk/5™ mice (n = 18) relative to D F G H

WT littermates (n = 15), indicating impaired HSBO- 160 3100 4 50

motor coordination in Cdk/5™” mice. Two-  £400{ 5 == - = § o 2 4o

way ANOVA, P < 0.01 (main effect of geno- 2 Emo g g ... §

type). (C) CdkI5™ mice (n = 14) spend more § a0 £ . £ 0., 2 g%

time in the open arms and less time in the £ 2001 @ g a0 g g »

closed arms of a zeromaze assay relative to 2 .E - S ;

WT littermates (n = 12), showing decreased = %] @ 20 1 ik

anxiety. *P < 0.05, unpaired two-tailed Stu- o4 0 E 0

dent t test. (D) Three-chambered social ap- 5 c i 8 Ne 9 ,{,":,;k ;f::; p Somes Cue

proach assay. Cdk/5® mice (n = 17) spend

less time in a social chamber containing a stimulus mouse (S) and more time in a nonsocial chamber containing a novel object (NS) relative to WT mice (n = 15).
C, center. Two-way ANOVA with Bonferroni correction, P < 0.0001 (interaction); **P < 0.01, ***P < 0.001. (E) Cdk/5™ mice (n = 17) spend significantly more
time sniffing a novel object (NS) and trend toward less time sniffing a stimulus mouse (S) relative to WT mice (n = 15). Two-way ANOVA with Bonferroni
correction, P < 0.01 (interaction); *P < 0.05. (F) Cdk/5™ mice (n = 17) spend less time directly interacting with a freely moving stimulus mouse compared with
WT littermates (n = 15). ***P < 0.001, unpaired two-tailed Student t test. (G) Cdk/5 mice (n = 12) show impaired nesting behavior relative to WT littermates
(n = 11) at 4-5 postnatal weeks. ***P < 0.001, unpaired two-tailed Student t test. (H) Fear conditioning paradigm, measuring time spent immobile. While
CdkI5™ mice (n = 14) freeze in response to a mild footshock similarly to WT littermates (postshock), they show decreased freezing upon return to the testing
chamber (context) and upon hearing the testing tone (cue) relative to WT littermates (n = 14), demonstrating impaired learning and memory in Cdk/5™ mice.
Two-way ANOVA with Bonferroni correction, P < 0.01 (interaction); *P < 0.05. All data are presented as mean + SEM.
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removed to allow freely mobile direct interaction, Cdkl5™"
mice spent significantly less time interacting (sniffing, allog-
rooming) with the stimulus mouse compared with WT litter-
mates (Fig. 2F).

Cdkl5™ mice also displayed impaired nesting, a phenotype
related to home-cage social behavior that has been observed in
ASD and RTT mouse models (17, 25, 26) (Fig. 2G). Importantly,
we found no olfaction impairments in either genotype (Fig. S2E),
suggesting that the social deficits in Cdkl5™ mice are not the
secondary consequence of an inability to discriminate between
social and neutral odors. Together, these data demonstrate that
Cdkl5™ mice have ASD-like deficits in social behavior.

Impaired Learning and Memory in Cdk/5™¥ Mice. Because intellec-
tual disability is a common clinical phenotype among CDKLS5
patients (12), we also assessed learning and memory in Cdkl5
knockout mice using context- and cue-dependent fear condi-
tioning. During the acquisition phase, both WT and Cdki5™
mice showed similar exploratory behavior before the foot shock
and similar freezing behavior immediately following the foot
shock (Fig. 2H). When reexposed to the shock box or paired tone
24 h later, Cdkl5™ mice froze significantly less than WT litter-
mates, indicating impaired contextual and cued fear memory
(Fig. 2H). Taken together, these behavioral studies demonstrate
that mice lacking CDKLS5 have deficits in motor function, social
behavior, and learning and memory.

Normal EEG Patterns and Absence of Spontaneous Seizures in Cdkl5 ™Y
Mice. Given the prevalence of intractable seizures in patients with
CDKL5 mutations (12), we next examined the occurrence of
spontaneous seizures in Cdkl5 knockout mice through video-
EEG recordings. We did not, however, observe any spontaneous
seizures in Cdkl5™ mice recorded for at least 72 h, with some
mice recorded for as long as 240 h. Consistent with this finding,
the basal EEG patterns and power distribution across different
oscillation frequencies in Cdkl5™ mice were similar to that of
WT littermates (Fig. S3 A and B). Despite the large degree of
homology between the murine and human CDKLS5 protein, the
absence of spontaneous seizures observed in our Cdkl5™ mice
may reflect a distinct function or modification of CDKLS in
humans that is absent in lower organisms. Moreover, the C57BL/
6 genetic background is known to confer increased seizure re-
sistance (27), thus potentially occluding spontaneous seizures in
our CdkI5™ mice.

Event-Related Potential Deficits in Cdk/5™ Mice. The absence of
spontaneous seizures in CdkI5™ mice, however, allowed us to
examine neural circuit deficits that are mediated by CdkI5 loss-
of-function rather than the secondary consequence of seizures.
Sensory information processing measured as an event-related
potential (ERP) has recently been proposed as a biomarker to
monitor neural circuit function in ASD and RTT animal models
(19, 28, 29). We therefore recorded auditory-evoked ERPs in
adult WT and CdkI5™ mice, as these ERP assessments can be
performed on nonanesthetized, freely mobile mice and are not
confounded by the motor and cognitive deficits observed in
Cdki5™ mice. Compared with the characteristic amplitude and
latency of the P1 (positive), N1 (negative), and P2 polarity peaks
in WT mice, Cdkl5™ mice display an aberrant ERP waveform
(Fig. 34). We observed a significant decrease in the amplitude of
the N1 and P2 peaks and a significant increase in latency of the
P2 peak (Fig. 3 A-C). Importantly, auditory brainstem record-
ings detected no hearing impairments in either genotype. As the
amplitude and latency of these polarity peaks are believed to
reflect the strength and timing of cognitive processes, these data
indicate that Cdkl5 loss-of-function disrupts neural circuit com-
munication. Notably, patients with ASD and RTT have alter-
ations in both amplitude and latencies of ERPs (30, 31).
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Disruption of Low-Frequency Event-Related Neuronal Oscillations in
Cdki5™ Mice. Circuit communication is composed of neuronal
oscillations over a range of frequencies. We therefore also per-
formed time—frequency analysis of the ERPs to examine fre-
quency-specific changes in instantaneous power and phase
locking in response to the auditory stimuli. Cdk/5™ mice demon-
strated reduced oscillatory strength specifically at low frequencies,
showing attenuated event-related depression in the low-frequency
delta (5, 2-4 Hz), theta (0, 4-8 Hz), and alpha («, 8-12 Hz)
oscillations, but no difference in the high-frequency beta (f, 12—
30 Hz), low gamma (yow, 30-50 Hz), and high gamma (ypigp, 70—
140 Hz) oscillations relative to WT controls (Fig. 3 D and E and
Fig. S44). Similarly, event-related phase locking, which reflects
the reliability and sensitivity of circuit communication, and is
measured by the phase-locking factor (PLF), were also significantly
decreased in Cdki5™ mice exclusively in the low-frequency 8, 6,
and o oscillations relative to WT littermates (Fig. 3 F and G and
Fig. S4B). Given that oscillatory activity in low-frequency ranges
is associated with long-range neuronal circuit communication
and high-frequency oscillations with local circuit communication
(28, 32), our data suggest that ERP deficits in CdkI5 mice may
be mediated by impairments in long-range communication. No-
tably, EEG studies in ASD children have reported specific def-
icits in low-frequency 8, 6, and « oscillations (33, 34), indicating
that similar neuronal network defects exist in Cdkl5 " mice and
ASD patients.

Disrupted Kinome Profile in Cdk/5™ Mice. Given the highly con-
served S/T kinase domain in CDKLS5 (Fig. 1B), we reasoned that
Cdkl5 loss-of-function may disrupt phosphorylation of CDKLS5
kinase substrates and related signaling pathways, thereby medi-
ating deficits in neuronal network communication and autistic-
like behaviors in Cdkl5™ mice. Previous studies have reported
that CDKLS5 may mediate the phosphorylation of MeCP2 (7),
DNMTT1 (8), and NGL-1 (9) in vitro. The CDKLS substrates in
vivo, however, remain unknown. Therefore, to investigate the
signaling networks affected by the absence of CDKLS in vivo in
an unbiased manner, we surveyed the S/T kinome profile in
Cdkl5 knockout mice, assessing the consequence of Cdkl5 loss-
of-function on overall S/T phosphorylation events. Because
CDKLS5 expression is enriched in the forebrain regions of the
striatum, cortex, and hippocampus (Fig. S5), we probed brain-
region—specific lysate from WT and Cdkl5™ mice with multiple
antibodies developed against a large set of well-characterized
S/T phosphorylation motifs (35, 36). We identified a range of
phosphorylation profiles affected by the loss of CDKLS5 (Fig.
44). Of these, the phosphorylation of adenosine monophosphate-
activated protein kinase (AMPK), protein kinase A (PKA), and
AKT substrates were strongly decreased in Cdkl5™ mice (Fig. 4
B and C and Fig. S6), whereas other phosphorylation profiles
were moderately or mildly affected [e.g., mitogen-activated
protein kinase (MAPK), ataxia-telangiectasia mutated/ataxia-
telangiectasia and Rad3-related (ATM/ATR), and cyclin-de-
pendent kinase (CDK) substrates] (Fig. 44 and Figs. S7 and
S8). Importantly, changes in phosphorylation profiles were
clearly evident in forebrain regions including the striatum,
somatosensory cortex, and hippocampus where CDKLS is
enriched and less pronounced in hindbrain regions including
the brainstem where CDKLS5 expression is low (Fig. 4 B and C
and Figs. S5-S7), supporting a role of CDKLS in the regulation of
these pathways.

Disruption of AKT-mTOR Signaling in Cdk/5™ Mice. The changes in
the AMPK, AKT, PKC, and MAPK phosphorylation profiles
suggested a convergence on the downstream signaling of phos-
phatase and tensin homolog (PTEN). Notably, mutations and
dysfunction of components of this pathway, including PTEN,
AKT, tuberous sclerosis complex (TSC), and mTOR, have been
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Fig. 3. Cdk/5™ mice display impaired ERP waveform and decreased event-related power and phase locking. (4) Grand-average ERP waveform following
presentation of 250 85-dB white noise stimuli with 4-s interstimulus intervals in adult WT (CdkI5*Y) (n = 9) and Cdk/5™ mice (n = 9). Traces represent mean
amplitude + SEM. Characteristic polarity peaks P1, N1, and P2 in WT are labeled. [Scale bar, 100 ms (horizontal) and 20 mV (vertical).] (B) Amplitude and (C)
latency of ERP peaks. Bars represent mean + SEM; **P < 0.01, *P < 0.05, unpaired two-tailed Student t test with Bonferroni correction. (D) Time—frequency
plots showing changes in event-related power following an 85-dB auditory stimulus. Color represents mean power, where warmer colors correspond to
increased power and cooler colors correspond to decreased power relative to prestimulus baseline. (E) Changes in event-related mean power averaged across
8 (2-4 Hz), 6 (4-8 Hz), a (8-12 Hz), p (12-30 Hz), yiow (30-50 Hz), and yhign (70-140 Hz) oscillation frequencies. (Scale bars, length of a single § oscillation cycle.)
Insets show power traces on an expanded timescale, denoted by the length of a single oscillation cycle. Traces represent mean amplitude + SEM. (F) Time-
frequency plots showing changes in event-related phase-locking factor (PLF) following an 85-dB auditory stimulus. Color represents PLF, where warmer colors
correspond to a higher PLF or lower circular variance in EEG phase across trials. (G) Changes in event-related PLF averaged across frequencies described above.
(Scale bars, length of a single oscillation cycle.) Insets show traces on an expanded timescale. Traces represent mean PLF + SEM.

linked to ASDs, RTT, and epileptic encephalopathies (18, 37,
38). To validate the disruption of AKT-mTOR signaling in
Cdki5™ mice, we measured the phosphorylation of AKT S473
and mTOR S2448 and found decreased phosphorylation of both
AKT and mTOR in CdkI5™ mice, with no concomitant alteration
in total AKT or mTOR protein levels (Fig. 4 D-H). As phos-
phorylation of these residues promote AKT activation and mTOR
complex 1 (mTORCI1) assembly, respectively (39, 40), this finding
is consistent with the overall decreased phosphorylation of AKT
substrates in Cdkl5™ mice (Fig. 4C and Fig. S6 B and D) and likely
reflect decreased AKT and mTORCI activity upon Cdkl5 loss-of-
function. Together, we conclude that multiple signal trans-
duction pathways, including the AKT-mTOR cascade, are
disrupted upon the absence of CDKLS.

Wang et al.

Discussion

In this study, we show that loss of CDKLS in mice results in autistic-
like behavioral deficits, impairment in neuronal communication,
and disruptions in serine/threonine phosphorylation profiles. We
establish a unique causal relationship between Cdkl5 loss-of-
function and disease-related phenotypes.

Core characteristics of CDKL5-related disorders include
early-onset seizures, severe intellectual disability, and autistic-
like features. In our behavioral analysis, we found that our Cdkl5
knockout mice mirror the latter features, but not early-onset
seizures. CdkI5™" mice display hyperactivity, motor defects, re-
duced anxiety, decreased sociability, and impaired learning and
memory. These phenotypes have been described in other ASD
and RTT mouse models (2, 16, 17, 19, 26) and may mimic the
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Fig. 4. Altered kinome profile and disrupted AKT-mTOR signaling in Cdk/5™ mice. (A) Summary of changes in kinome profile in Cdk/5™ mice relative to WT
littermates. Whole cell lysates from the cerebellum, striatum, somatosensory cortex, olfactory bulb, hippocampus, and brainstem of WT (n = 7) and CdkI5™”
mice (n = 8) were probed with antibodies raised against different phosphorylation motifs representing known S/T kinases. Western blots were quantified
using the Odyssey Infrared Imaging system and fold change in phosphorylation level between Cdk/5™ and WT mice across the six brain regions are expressed
as log, (phosphorylation level in WT over phosphorylation level in Cdk/5™). Color scheme indicates relative degree of phosphorylation reduction in Cdk/5™
mice: purple, strong; blue, moderate; and green, mild. (B and C) Whole cell lysate probed with an antibody specific for an RXRXX(s/t) phosphorylation motif
representing AKT kinase substrates (B) and an antibody specific for an LXRXX(s/t) phosphorylation motif representing AMPK kinase substrates (C) shows
a marked decrease in phosphorylation profiles in CdkI5™ mice (KO) relative to WT littermates in the striatum, somatosensory cortex (ss cortex), and hip-
pocampus, but moderate decrease in the brainstem, consistent with regions of high and low CDKL5 expression, respectively. (D) AKT S473 and mTOR 52448
phosphorylation is reduced in whole brain lysate from Cdk/5™ mice (KO) related to WT mice, whereas total levels of AKT and mTOR are unchanged. (€ and F)
Quantification of reduced AKT $473 (E) and mTOR 52448 (F) phosphorylation in Cdk/5™ mice. Phosphorylated protein levels are normalized to GAPDH
loading control and expressed relative to WT levels. *P < 0.05, unpaired two-tailed Student t test with Bonferroni correction. (G and H) Quantification of total
AKT (G) and mTOR (H) in WT and Cdk/5™7 mice. Protein levels are normalized to GAPDH loading control and expressed relative to WT levels. NS, not sig-

nificant; unpaired two-tailed Student t test.

absence of hand skills, intellectual disability, hyperactivity, and
poor response to social interactions that have been described in
CDKLS patients (12, 41).

While video-EEG monltormg revealed an absence of sponta-
neous seizures in Cdkl5™ mice, ERP analysis showed attenuated
and delayed ERP polarity peaks suggestive of impaired neuronal
connectivity, which is consistent with findings in ASD and RTT
patients (30, 31) and animal models (19, 28, 29). Importantly,
these behavioral and electrophysiological impairments are un-
likely the secondary effects of an epileptic neuronal network,
suggesting they are consequences of Cdkl5 loss-of-function.

Time—frequency analysis of ERPs identified a specific deficit
in event-related §, 6, and o low-frequency neuronal oscillations
in CdkI5™ mice. Interestingly, abnormalities in low-frequency
neuronal oscillations have been reported in ASD children (33,
34). In addition, impairments in o and y oscillations have also
been described in ASDs, as a is believed to function in attention
suppression of distracting stimuli and y in feature binding (42,
43). Alpha oscillations have also been proposed to mediate long-
distance coordination of y oscillations (44). Thus, our data sug-
gest that the oscillatory network of Cdkl5™” mice may resemble
that of ASD, where y oscillations themselves are not affected, but
rather, their a-mediated long-distance coordination. Moreover,
as 0 oscillations are proposed to support encoding and retrieval of
memory (45, 46), the impairment in event-related power and PLF
at the 0 frequency are consistent with the learning and memory
deficits in Cdkl5” mice and the prominent intellectual dis-
ability observed in patients with CDKL5-related disorders.
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Lastly, our S/T kinome study revealed that many signal trans-
duction pathways are disrupted in Cdkl5 knockout mice. Of
these, many pathway components, including the AKT-mTOR
pathway, have been implicated in the etiology of ASDs (18, 47).
Given that mTOR is a known regulator of cell growth, pro-
liferation, motility, and neural plasticity (48), one consequence of
reduced AKT-mTOR activity in the absence of CDKLS is the
disruption of neuronal development. Accordingly, RNAi-medi-
ated knockdown of CDKLS results in impaired dendritic out-
growth, neuronal migration (10), and spine maturation (9).
Together, these data suggest a mechanism by which CDKLS reg-
ulates AKT-mTOR-mediated cellular development, thus impli-
cating the AKT-mTOR pathway as a potential therapeutic target
for treatment of patients with CDKLS5-related disorders.

In addition to the AKT-mTOR pathway, we found that the
phosphorylation profiles of kinases involved in synaptic plasticity,
including PKA, PKC, and protein kinase D (PKD), as well as
kinases involved in cellular metabolism, including AMPK, ATM/
ATR, and casein kinase (CK) (Figs. S6 and S7) were also de-
creased in CdkI5™ mice. Although many of these signaling
changes may be indirect effects of Cdkl5 loss-of-function, these
data suggest that CDKLS plays a critical role in coordinating
multiple signaling cascades. Indeed, CDKLS5 has been shown to
regulate brain-derived neurotropic factor (BDNF)-induced ac-
tivation of Rho family small GTPase Racl (10) and deficits in
synaptic plasticity are commonly described in ASDs (17, 49).
Consistent with these cellular functions, we found that CDKLS is
predominantly localized in the cytoplasm (Fig. S9). Notably, links
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between these signaling pathways have been previously de-
scribed, as CK regulates glutamatergic synaptic transmission (50),
ATM mediates AKT S473 phosphorylation (51), and mutations in
ATM cause the neurodegenerative movement disorder ataxis
telegiectasia (52). It is possible, therefore, that CDKLS may serve
to mediate cross-talk between these signaling pathways.

Our data support an increasing awareness that CDKL5-related
disorders are an independent clinical entity with an independent
pathogenic mechanism, rather than a subclass of RTT. Strikingly,
only less than one-quarter of individuals with CDKL5 mutations
meet the criteria for the early-onset seizure variant of RTT (53,
54). Its genetic link to neurodevelopmental disorders and recent
identification as an ASD hotspot for balanced chromosomal rear-
rangements (4) highlight the need to characterize CDKLS5 bi-
ological function, understand the mechanisms underlying CDKLS5-
related disorders, and identify effective therapies targeted toward
slowing or reversing disease progression. Our study, therefore,
provides a framework and an animal model for mechanistic and
therapeutic studies of CDKLS5-related disorders.
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Materials and Methods

All behavioral, EEG, ERP, and kinome studies were performed on adult mice
9-12 wk of age backcrossed onto a C57BL/6 background for at least six
generations, unless otherwise indicated. For ERP studies, tripolar electrodes
were implanted and ERP traces were obtained by averaging single trial
epochs of 250 white-noise stimuli of 10-ms duration, 85-dB sound pressure,
and 4-s interstimulus intervals.

Data are reported as mean + SEM, and statistical analysis was performed
using GraphPad Prism software.

Other materials and methods are presented in S/ Materials and Methods.
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S| Materials and Methods

Generation of Cdkl5 Knockout Mice. The targeting construct used
for homologous recombination in ES cells was cloned in two arms
by PCR amplification of sv129 genomic DNA. The 5’ arm was
amplified with GGAGAGGCTTCTGTTTGCTG and AATAT-
CTAATTTAAGTCTGGTATC primers, and the 3’ arm was am-
plified with CAATGCATGTTGTATATCAGCTG and AGTC-
GGTAATTTCTGAGCCG primers. Novel restriction sites at the
ends of each arm were created using nested primers for cloning
into a vector containing a floxed neomycin cassette (Neo) and
a diphtheria toxin-A negative-selection cassette. A second loxP site
was inserted 50 nucleotides downstream of exon 6 in the 3’ arm.

The targeting construct was confirmed by sequencing, linear-
ized using Notl and subsequently electroporated into mouse
sv129 ES cells. Two correctly targeted ES cell clones were in-
dependently injected into C57BL/6 blastocysts and subsequently
implanted into pseudopregnant females. The resulting chimeric
offspring were mated with C57BL/6 Ella-Cre mice (The Jackson
Laboratory) for embryonic deletion of the Neo cassette and exon
6, and the agouti offspring were screened by PCR genotyping
and Southern blot to confirm germ-line transmission of the tar-
geted Cdkl5 allele.

Excision of exon 6 caused a reading frame shift and a TAA stop
codon in the 5’ end of exon 7, resulting in the truncation of
CDKLS5 at the N-terminal kinase domain. As truncated CDKL5
protein is not detected by an antibody raised against the N-ter-
minal domain of CDKLS5 via Western blot, it is likely that the
resulting stop codon in exon 7 triggers nonsense-mediated mRNA
decay, leading to the loss of CDKLS protein. Therefore, the ex-
cision of exon 6 likely represents a loss-of-function mutation.

Animal Husbandry. Experiments were conducted in accordance
with the ethical guidelines of the National Institutes of Health
and with the approval of the Institutional Animal Care and Use
Committee of the University of Pennsylvania. All of the ex-
periments described were performed using mice on a congenic
sv129:C57BL/6 background with the mutation backcrossed to
C57BL/6 mice (Charles River) for at least six generations, unless
otherwise stated. Mice were genotyped using a PCR-based strategy
to detect the deletion of the Cdkl5 exon 6 sequence. The geno-
typing primers (5'-CCACCCTCTCAGTAAGGCAGCAG-3’ and
5-GTCCTTTTGCCACTCAATTCCATCC-3') give rise to a 653-
bp product from the wild-type allele and 305 bp from the Cdkl5
knockout allele.

Primary Neuronal Culture. Cortical neurons were prepared from
E16.5 mouse embryos as previously described (1) and maintained
in Neurobasal with B27 supplement (Invitrogen), 1 mM L-glu-
tamine, 6 mM glucose, and 100 units/mL penicillin/streptomycin.
Cells were typically seeded at a density of 1 x 10° cells/4 mm? on
dishes coated with polyornithine and lysed in NuPAGE LDS
Sample Buffer at 5 days in vitro (DIV) for Western blot analysis.

Western Blot. Whole cell lysate for kinome profiling and AKT-
mammalian target of rapamycin (mTOR) activity was isolated
following a protocol developed by Cell Signaling Technology.
Briefly, tissue was homogenized in lysis buffer containing 20 mM
Hepes pH 8.0, 9 M urea, 1 mM sodium orthovanadate, 2.5 mM
sodium pyrophosphate, 1 mM p-glycerophosphate. Tissue lysis
was sonicated and cleared by centrifugation. Protein concentra-
tion was measured using the Bradford assay and a total of 30 pg
protein was loaded for each lane.

Wang et al. www.pnas.org/cgi/content/short/1216988110

For nuclear lysate preparation, mouse brains were homoge-
nized in 10 mM Hepes pH 7.9, 25 mM KCI, 1 mM EDTA, 10%
glycerol, 2 M sucrose, 150 pM spermine, 500 pM spermadine,
protease inhibitors. Nuclei were isolated by ultracentrifugation
with SW28 rotor (Beckman Instruments) at 25,000 rpm for 1 h at
4° and nuclei pellet was resuspended in 20 mM Hepes pH 7.9,
1.5 mM MgCl,, 10 mM KCJ, 0.2 mM EDTA, 1 mM Na,VOy, 10
mM NaF, protease inhibitors, 1 mM DTT, 10% glycerol and
then incubated in the presence of 1 M KCl for 1 h at 4°. Nuclear
extract was then isolated by ultracentrifugation with TLA 100.3
rotor (Beckman Optima TL) at 4° for 30 min.

Cytoplasmic lysate was prepared from mouse brain homoge-
nized in 10 mM Hepes pH 7.9, 1.5 mM MgCl,, 10 mM KCl, 1 mM
DTT, protease inhibitors, and 0.2% Nonidet P-40 and then cleared
by centrifugation with A-4-62 rotor (5810 R Eppendorf) at 2,000
rpm for 5 min at 4°.

The primary antibodies used in this study are N terminal of
CDKLS (generated in this study), C terminal of CDKLS5 (gen-
erated in this study), CDKLS (Abcam; ab22453), Sin3A (Thermo;
PA1-879), MeCP2 (Sigma; M6818), Tau (Chemicon; 3420),
GAPDH (Abcam; ab9482), AKT (CST9272), pAKT S473
(CST4060), mTOR (CST2983), and p-mTOR S2448 (CST5536).
Antibodies used for kinome profiling are from KinomeView
Profiling kit (CST9812). The secondary antibodies are rabbit
IRDye 680LT and mouse IRDye 800CW (Licor). Western blots
and quantification of protein expression levels were carried out
following Odyssey Infrared Imaging System protocols.

Animal Behavior. All animal behavioral studies were carried out
blinded to genotype. Mice were allowed to habituate to the testing
room for at least 30 min before the test and testing was performed
at the same time of day. All animal behaviors were performed on
adult male Cdkl5™ mice and WT littermates at 9-12 wk of age,
unless otherwise indicated.

Locomotor assay. Locomotor activity was measured by beam breaks
in a photobeam frame (Med Associates). Mice were placed into
a clean home cage-like environment lined with bedding and
resting within a photobeam frame. The number of beam breaks
as a measure of locomotor activity was quantified over 60 min
in 5-min bins.

Accelerating rotarod. Mice were placed on an accelerating rotarod
apparatus (Med Associates) for 25 trials (5 trials a day on 5 con-
secutive days) with at least 15 min of rest between the trials. Each
trial lasted for a maximum of 5 min, during which the rod accel-
erated linearly from 3.5 to 35 rpm. The amount of time and rpm
for each mouse to fall from the rod was recorded for each trial.
Elevated zero maze. The elevated zero maze (Stoelting) consists of
acircular-shaped platform elevated above the floor. Two opposite
quadrants of the maze are enclosed (wall height, 12 inches),
whereas the other two are open (wall height, 0.5 inches). Mice
were placed in one of the closed quadrants and their movement
traced over the course of 5 min. Analysis was performed with
TopScan software (Clever Systems).

Three-chambered social approach assay. The social approach assay
was performed as described in Sankoorikal et al. (2) and Fairless
et al. (3). The social choice test was carried out in a three-
chambered apparatus that consisted of a center chamber and two
end chambers. Before the start of the test and in a counter-
balanced sequence, one end chamber was designated the “social
chamber,” into which a stimulus mouse would be introduced,
and the other end chamber was designated the “nonsocial
chamber.” Two identical clear, Plexiglas cylinders with multiple
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holes to allow for air exchange were placed in each end chamber.
In the habituation phase of the test, the test mouse was placed in
the center chamber and allowed to explore all three chambers
for 10 min. During this acclimation period, baseline meas-
urements of how much time the mouse spent in each of the
three chambers and how many times the test mouse moved be-
tween chambers (transitions) as a measure of locomotor activity
were collected.

In the social choice phase of the test, a stimulus mouse (adult
gonadectomized A/J mice; The Jackson Laboratory) was placed
in the cylinder in the social chamber while a novel object
was simultaneously placed into the other cylinder in the non-
social chamber. During the 5-min social choice period, chamber
times and numbers of transitions among chambers were again
recorded.

In the direct social interaction test, the cylinders were removed

simultaneously following the social choice test, and the amount
of time test and stimulus mice spent in direct contact (sniffing,
allogrooming) was measured. If fighting persisted for more than
several seconds, the mice were excluded from the study.
Olfactory test. Mice were tested for whether they could detect and
differentiate odors in a protocol modified from Yang and Crawley (4).
Mice were presented with cotton-tipped wooden applicators dipped
in water, vanilla, or swiped across the bottom of an unfamiliar social
cage. Each stimulus was presented for 2 min with a 1-min intertrial
interval. Time spent sniffing was defined as when the animal was
oriented with its nose 2 cm or closer toward the cotton tip.
Nesting. Nesting behavior was calculated as proposed by Deacon
(5). Four- to 5-wk-old mice were assessed for amount of cotton
material used after 20 h and for the height and shape of the nest.
Fear conditioning. Mice were placed in individual chambers
(Med Associates) for 2 min followed by a loud tone (85 dB, 2
kHz) for 20 s, coterminating with a 2-s, 0.75-mA foot shock. Mice
were left undisturbed for 1 min, after which a second pairing
of sound cue and shock was delivered. Mice were returned
to their home cage 90 s after the second shock. Freezing be-
havior, defined as no movement except for respiration, was
determined before and after the tone-shock pairings and scored
by FreezeScan NI version 2.00. To test for context-dependent
learning, we placed mice back into the same testing boxes 24 h
later without a tone or shock for 5 min. The mice were placed into
a novel chamber 1 h later and tested for cued fear memory. The
cue tone (85 dB, 2 kHz) was played for 1 min, 2 min after entering
the chamber.

Video-EEG Monitoring. Four-mo-old mice were anesthetized
with isoflurane [4% for induction (vol/vol), 1.5-2% for surgery
with 1 L-min™" O,] and placed in a stereotaxic frame for cortical
screw, hippocampal depth electrode, and cerebellar ground and
reference electrode placement. Two cortical screws were in-
serted into the frontal cortex at 0.5 mm anterior and 1.5 mm
lateral relative to Bregma and a silver recording electrode
was wrapped around each cortical screw. Two hippocampal
depth electrodes (stainless steel) were inserted bilaterally
2.2 mm posterior and 2 mm lateral from Bregma. A silver
electrode was wrapped around a cerebellar ground screw and
a stainless steel reference electrode was inserted into the cer-
ebellum. Electrodes connected with a delran pedestal (Plastics
One) and kept in place with dental cement. Mice were ad-
ministered with buprenorphine (buprenex, s.c., 0.1 pg per gram
of body weight) and monitored for 7 d for further administra-
tion as needed. Mice were allowed to recover for 7 d before
EEG recordings.

All animals were continuously video EEG (VEEG) monitored
for at least 72 h (range 72-240 h) at 4 mo and 8 mo of age. The
EEG was reviewed by an observer blinded to genotype for
spontaneous seizure activity and correlation with the video por-
tion of the recording. The EEG was screened for sudden change
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in the background brain wave patterns, with repetitive, evolving
waveforms with a definite beginning, middle, and end, to ensure
that EEG changes were not secondary to grooming or feeding
behaviors.

Event-Related Potentials. ERP surgeries, recordings, and analyses
were performed as previously described in Goffin et al. (6).
Surgery. Mice underwent stereotaxic implantation of tripolar
electrode assemblies (PlasticsOne) for nonanesthetized recording
of auditory ERPs. Mice were anesthetized with isoflurane [4%
for induction (vol/vol), 1.5-2% for surgery with 1 L-min™" O,].
Three stainless steel electrodes, mounted in a single pedestal
were aligned to the sagittal axis of the skull. A stainless steel
recording electrode was placed 2.0 mm posterior, 2.0 mm left
lateral relative to bregma and 1.8-mm depth. Ground and
reference electrodes were placed anterior of the hippocampal
electrode at 1.0 mm and 2.0 mm distances, respectively. The
electrode pedestal was secured to the skull with ethyl cyanoac-
rylate and dental cement. Postoperative analgesia was supplied
using the opioid analgesic, buprenorphine (buprenex, s.c., 0.1 pg
per gram of body weight). Mice were allowed to recover for 7 d
before EEG recordings.

Recordings. EEG recordings were performed on freely mobile,
nonanesthetized mice in their home cage environment after
a 20-min acclimation to the recording room. Recordings were
performed using Spike2 software connected to a Power 1401 II
interface module (CED) and high impedance differential AC
amplifier (A-M Systems). Signals were acquired at 1,667 Hz and
band-pass filtered between 1 and 500 Hz with a 60-Hz notch filter
and gain of 1,000.

Event-related potentials (ERPs) were recorded by presentation
of auditory stimuli consisting of a series of 250 white-noise clicks
of 10-ms duration, 85-dB sound pressure, and 4-s interstimulus
intervals. Stimuli were presented through speakers on the re-
cording chamber ceiling (model 19-318A, 700-10,000 Hz fre-
quency response; Radio Shack) connected to a digital audio
amplifier (RCA model STAV3870; Radio Shack). ERP traces
were generated by averaging across single trial epochs centered
att = 0 + 2 s. Single trials were baseline corrected by subtracting
the temporal mean at ¢ = —1 s to ¢ = 0.5 s. Altering the baseline
closer to sound presentation had no effect on the results shown.
The mean ERP amplitudes were subsequently calculated across
250 trials.

Time-frequency analysis of EEG. For each recording in which mice
were presented with 250 white-noise clicks (10-ms duration, 85-
dB sound pressure, 4-s interstimulus intervals), we computed
event-related power and phase as a function of frequency and
time. Time—frequency calculations were performed as described
previously (6).

Basal EEG power measurement. Basal EEG power was determined
across a 60-s period during a period of wakefulness, as assessed by
behavioral monitoring of mice. For each 60-s recording, we
computed the power as a function of frequency and time with
frequency varying between 2 and 140 Hz using 1-Hz increments.
To measure the power at frequency f, we filtered the data be-
tween f + 1 Hz, then calculated power using the Hilbert trans-
form as described above. The power for each 60-s recording was
calculated as the mean power across individual 1-s epochs during
this 60-s period. The relative power at each individual frequency
was presented as a fraction of the sum of powers at all fre-
quencies. These relative powers were then separated into fre-
quency bins and calculated as the area under the curve. Relative
power measurements for CdkI5™ were then expressed as a per-
centage of wild type.

Auditory brainstem response recordings. Auditory brainstem response
(ABR) recordings were performed using the same equipment
and electrode placement as other recordings, except that EEG
signals were acquired at 15,625 Hz. Auditory stimulation con-
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sisted of 4,000 white-noise clicks of 3-ms duration with a 125-ms
interstimulus interval at seven sound pressures, decreasing from
85 to 55 dB. The EEG signal was digitally filtered between 100
and 500 Hz and EEG amplitudes averaged across trials centered
at t = 0 s, representing sound presentation. The average ABR
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dependent Bdnf transcription, dendritic growth, and spine maturation. Neuron 52(2):
255-269.
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Biol Psychiatry 59(5):415-423.
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Fig. S1. Western blot analysis of CDKL5 expression and examination of brain morphology in Cdk/5 knockout mice. (A) Western blot of cortical neurons (5 DIV)
isolated from WT (Cdk/5*¥) and knockout Cdk/5™ male embryos (E16.5) probed with antibodies raised up against the N or C terminus of CDKLS5. Full-length
CDKL5, denoted by an arrow, is absent in Cdk/5™ neurons. Nonspecific bands detected by both antibodies are present in both WT and Cdk/5™ lysate.
Nonspecific band running at the same size as full-length CDKL5, denoted by an asterisk, is detected by the C-terminal antibody. Additional truncated CDKL5 is
not detected in Cdk/5™ mice by either antibody. (B) Western blot of cortical neurons (5 DIV) isolated from WT female (Cdk/5*"*) and heterozygous female
CdkI5~"*embryos (E16.5) probed with antibodies raised up against the N or C terminus of CDKL5. Full-length CDKL5 is denoted by an arrow. CDKL5 protein
levels are reduced in female heterozygous mice (CdkI5~") relative to female WT mice, indicative of typical X-linked mosaic expression. (C) Brain size of CdkI5™
mice is comparable to that of WT littermates. (D) Nissl staining of coronal brain sections reveals comparable cortical thickness in WT and Cdk/5™ mice.
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Fig. S2. Behavioral characterization of Cdk/5 knockout mice. (A) CdkI5™ mice (n = 14) travel a greater distance relative to WT (CdkI5*7) littermates (n = 12) in
a zero maze assay. *P < 0.05, unpaired two-tailed Student t test. (B) Locomotor activity during three-chambered social approach test is increased in Cdk/5™
mice (n = 17) during both habituation and testing phase of social choice assay relative to WT littermates (n = 15). Two-way ANOVA with Bonferroni correction,
P < 0.05 (interaction); **P < 0.01, ****P < 0.0001. (C) Hindlimb clasping in CdkI5™ mice. (D) Both WT (n = 15) and Cdk/5™ mice (n = 17) explore both L (Left)
and R (Right) chambers equally during the habituation phase of social approach assay, before introduction of novel object or stimulus mouse into either
chamber. C, center. Two-way ANOVA with Bonferroni correction, P > 0.05 (main effect of chamber); NS, not significant. (E) CdkI5™ mice (n = 17) and WT
littermates (n = 15) show similar olfactory response in distinguishing neutral scents (water, vanilla) from social scents (swab from another cage). Two-way
ANOVA, P > 0.05 (interaction). All data are presented as mean + SEM.
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Fig. S3. Basal EEG activity in Cdk/5™ mice is similar to that of WT littermates. (A) Representative EEG trace under basal conditions in awake, freely mobile
mice. [Scale bar, 1 s (horizontal); 200 pA (vertical)]. (B) Basal EEG power in WT (Cdk/5™) (n = 9) and Cdk/5™ mice (n = 9). Frequency bands are represented as
follows: 5 (2-4 Hz), 6 (4-8 Hz), a (8-12 Hz), p (12-30 Hz), yiow (30-50 Hz), and yhigh (70-140 Hz). Data are presented as mean + SEM; NS, not significant, unpaired
two-tailed Student t test with Bonferroni correction.
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Fig. S4. Decrease in event-related power and phase locking factor (PLF) in Cdk/5™ mice are primarily found in low-frequency oscillations. (4) Quantification of
event-related power changes relative to prestimulus baseline in WT (CdkI5*") (n = 9) and Cdk/5™ mice (n = 9). Frequency bands are represented as follows: § (2—
4 Hz), 6 (4-8 Hz), a (8-12 Hz), B (12-30 Hz), ylow (30-50 Hz), and yhigh (70-140 Hz). CdkI5™ mice show decreased event-related power relative to WT in low-
frequency §, 6, and « oscillations. **P < 0.01, *P < 0.05, NS, not significant, unpaired two-tailed Student t test with Bonferroni correction. (B) Quantification of
event-related PLF changes following 85-dB auditory stimulus. Cdk/5™ mice have decreased event-related PLF power relative to controls in low-frequency 3, 6,
and « oscillations. Data are presented as mean + SEM; *P < 0.05, NS, not significant, unpaired two-tailed Student t test with Bonferroni correction.
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Fig. S5. Enrichment of CDKLS5 in forebrain regions. Western blot of whole cell lysate prepared from indicated brain regions from WT mice probed with
a polyclonal antibody raised against the N terminus of CDKL5. CDKL5 (107 kDa) is enriched in the striatum, somatosensory cortex, olfactory bulb, and hip-
pocampus relative to the cerebellum and brainstem. *Cross-reacting bands.
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Fig. S6. Strongly altered kinome profiles in Cdk/5™ mice. (A) Description of lane contents for B-F. WT: Cdk/5*; KO: CdkI5™. (B-E) Western blot of whole cell
lysate isolated from indicated brain regions probed with an antibody specific for an RXRXX(s/t) phosphorylation motif representing AKT kinase substrates (B),
an antibody specific for an LXRXX(s/t) phosphorylation motif representing AMPK kinase substrates (C), an antibody specific for an RXX(s/t), phosphorylation
motif representing AKT kinase substrates (D), and an antibody specific for a (K/R)(K/R)X(s/t) phosphorylation motif representing PKA kinase substrates (E). (F)
Commassie stain showing equal protein loading of all gels.
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Fig. S8. Mildly altered kinome profiles in Cdk/5™ mice. (A-F) Western blots of whole cell lysate isolated from different brain regions probed with antibodies
specific for phosphorylation motifs as indicated. Brain regions 1-14 are described in Fig. S6A.
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Fig. S9. Enrichment of CDKLS5 in the cytoplasm. CDKLS5 is predominantly found in the cytoplasm. As controls, Sin3a and MeCP2 are predominantly in the

nucleus, whereas Tau and GAPDH are predominantly in the cytoplasm.
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