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Purpose: Mutations in the CDKL5 gene have been associated with an
X-linked dominant early infantile epileptic encephalopathy-2. The clin-
ical presentation is usually of severe encephalopathy with refractory
seizures and Rett syndrome (RTT)-like phenotype. We attempted to
assess the role of mosaic intragenic copy number variation in CDKL5.
Methods: We have used comparative genomic hybridization with a
custom-designed clinical oligonucleotide array targeting exons of se-
lected disease and candidate genes, including CDKL5. Results: We
have identified mosaic exonic deletions of CDKL5 in one male and two
females with developmental delay and medically intractable seizures.
These three mosaic changes represent 60% of all deletions detected in
12,000 patients analyzed by array comparative genomic hybridization
and involving the exonic portion of CDKL5. Conclusion:We report the
first case of an exonic deletion of CDKL5 in a male and emphasize the
importance of underappreciated mosaic exonic copy number variation
in patients with early-onset seizures and RTT-like features of both
genders. Genet Med 2011:13(5):447–452.
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The cyclin-dependent kinase-like 5 (CDKL5) gene (also
known as seronine-threonine kinase 9) encodes a protein of

1030 amino acids with highly conserved serine-threonine kinase
domain in the N-terminal region and a large C-terminal region
involved in either the catalytic activity or the subcellular local-
ization.1 CDKL5 is particularly expressed in the brain and has
homology to the mitogen-activated protein kinase and CDK
families.2

Mutations in CDKL5 (OMIM# 300203) are X-linked domi-
nant and have been described in females with severe neurode-
velopmental disorders characterized by early-onset seizures,

infantile spasms and severe psychomotor impairments, and Rett
Syndrome (RTT)-like phenotypes.3 The phenotypic resem-
blance to Rett syndrome is likely related to similar function of
the CDKL5 and MeCP2 proteins in the molecular pathways and
regional pattern of expression during neurodevelopment.4,5 Re-
cently, copy number variations (CNVs) involving the CDKL5
gene have been reported in girls with severe epilepsy and a
RTT-like phenotype. The increasing availability of array com-
parative genomic hybridization (CGH) has led to several pub-
lications describing different deletions in CDKL5 in females.6–9

These data emphasize that deletion CNVs involving CDKL5 are
more common than first appreciated, especially in females.

CDKL5 mutations have been found very rarely in males,
suggesting that nullisomy might be incompatible with life.
To date, only two frameshifts and four missense mutations
have been reported in males with severe encephalopathy and
early-onset intractable epilepsy.10–13 In addition, an approx-
imately 2.8-Mb deletion involving CDKL5 and 15 other
genes has been reported in a boy with severe encephalopathy,
tetralogy of Fallot, and bilateral cataracts.14 Also, an approx-
imately 136-kb deletion disrupting exons 17–20 of CDKL5
and the RS1 and PPEF1 genes has been described in a male
with retinoschisis and epilepsy.15

We report in this study the first cases of mosaic exonic
deletions of CDKL5 identified in a boy with severe develop-
mental delay and refractory seizures (Patient 1), in a girl with
Rett-like phenotype (Patient 2), and in a girl with severe devel-
opmental delay and intractable seizures (Patient 3). Our report
emphasizes the importance of array CGH as a diagnostic tool in
children with developmental delay and seizures. Moreover, it
sheds light on the previously underestimated importance of
CDKL5 mosaic changes in males with refractory early-onset sei-
zures and developmental delay, and in females with variable phe-
notype due to a combination of mosaicism and X inactivation.

MATERIALS AND METHODS

Clinical description
We received DNA samples from probands with epilepsy and

their family members after obtaining their informed consent,
using protocols approved by the Institutional Review Boards for
Human Subject Research at Institute of Mother and Child and
Baylor College of Medicine (BCM).

Patient 1
The proband is a 15-month-old male with a history of severe

developmental delay with possible regression. Family history is
negative for mental retardation and seizures. He was the product
of a full-term gestation, born to a 35-year-old G3, P2, mother
who had good prenatal care. Pregnancy complications included
pneumonia during the 7th month of pregnancy and treated
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maternal hypothyroidism. The patient was born by a C section:
the mother had two prior C sections. Birth weight was 4030 g,
birth length 49.5 cm, and occipitofrontal circumference was
normal. At the age of 6 weeks, he developed focal seizures. The
seizures gradually worsened up to 10–20 seizures per day with
no good response to multiple antiseizure medications, including
phenobarbital, levetiracetam, lamotrigine, folinic acid, and pyr-
idoxine sulfate. Currently, the patient is on a ketogenic diet, on
which he has 1–2 seizures per day lasting 10 seconds in dura-
tion. Significant findings in this patient’s interictal electroen-
cephalography (EEG) include abnormal slowing of the occipital
dominant rhythm, multifocal sharp waves, and left frontal and
central sharp waves. Seizures captured during video EEG mon-
itoring were classified as complex partial seizures with second-
ary generalization. He used to spontaneously grasp objects at
the age of 6 months but has since lost this developmental
milestone. On physical examination at the age of 15 months, the
boy was nondysmorphic, very floppy, hypotonic with poor deep
tendon reflexes. He had severe motor and speech delay as he
still did not sit, did not pass toys from hand to hand, and was
only able to roll over and track with his eyes. In addition, there
was also delay in his speech development; the patient could not
speak any words and was only able to make sounds. Brain
magnetic resonance imaging (MRI) and positron emission to-
mography-computed tomography scans were normal.

Patient 2
The proband is a 2-year-old girl, who was referred to the

genetics clinic due to psychomotor retardation and epilepsy. She
is the first child of a nonconsanguineous 36-year-old mother and
a 41-year-old father with no contributing family history. The
pregnancy was complicated by upper respiratory infection at 20
weeks of gestation. The proband was delivered without com-
plications at 39 weeks of gestation with normal body parame-
ters: birth weight 3900 g, birth length 56 cm, and occipitofrontal
circumference 37 cm. Apgar scores at 1 and 5 minutes were
10/10 points. Treatment with Gancyclovir was given because of
human cytomegalovirus identification in urine. The patient pre-
sented with focal clonic and tonic seizures at the age of 7 weeks,
and over time, her clinical seizure pattern evolved into complex
partial seizures and myoclonic seizures. The interictal EEG
demonstrated a slow occipital dominant rhythm for age, spike
waves in the left centrotemporal region and diffuse sharp waves
and spikes in the right centrotemporal region at 2 years of age
and multifocal spikes appeared thereafter in sleep. Therefore,
this patient’s epilepsy was classified as a medically intractable
symptomatic mixed epilepsy syndrome. On physical examina-
tion, she had global hypotonia and severe psychomotor and
speech delay. She was unable to sit and walk and did not control
her head. She had “amimic” face, poor eye fixation, open
mouth, protruding tongue, widely spaced teeth, full cheeks, and
limited hand use with long tapering fingers. Hand stereotypies
were periodically observed. Brain MRI was normal.

Patient 3
This 9-year-old girl was referred to the neurogenetics clinic

because of severe intellectual disability, autism, and intractable
seizures, which were diagnosed at age 16 months but were
probably present since birth. Family history was noncontribu-
tory. She was born after an unremarkable pregnancy and was
delivered by a repeat C section. The EEG showed nearly con-
tinuous bifrontal synchronous slow waves, frequent bursts of
high-voltage mixed multifocal sharp and slow activity, and

occasional generalized spikes. Previous treatments for her epi-
lepsy included oxcarbazepine, felbamate, levetiracetam, diaze-
pam and clonazepam, and vagus nerve stimulation, none of
which controlled her seizures. Therefore, this patient’s epilepsy
was classified as a treatment-refractory symptomatic epilepsy
syndrome. Head computed tomography scan and brain MRI
were normal. On physical examination, head circumference was
�1 SD above the mean for age, whereas the weight and length
were within the normal limits. Neurologic examination in in-
fancy was significant for decreased alertness, inability to follow
commands, mild hypertonia mainly in her legs, and hypore-
flexia. At the time, the encephalopathy was attributed to the
high doses of antiseizure medications that she was receiving, as
it had not been previously noted. At 9 years of age, she had the
developmental skills of a 1-year-old child. She could only
babble, walk, and run. She recently had surgery for G-tube
placement due to dysphagia. Formal psychological evaluation at
age 5 years resulted in a diagnosis of autism.

Methods

Microarray CGH
Genomic DNA was extracted from peripheral blood cells using

a Puregene DNA Blood Kit (Qiagen, Gentra Systems, Minneapo-
lis, MN) according to the manufacturer’s protocol.

Custom-designed exon-targeted clinical array CGH was per-
formed using 180K V8.0 OLIGO (Patient 1) and 105K V7.4
OLIGO (Patients 2 and 3) microarrays designed by Medical Ge-
netics Laboratories at BCM (http://www.bcm.edu/geneticlabs/
cma/tables.html) in cooperation with Department of Medical Ge-
netics at Institute of Mother and Child and manufactured by Agi-
lent Technology (Santa Clara, CA). V7.4 OLIGO (105K) covering
the whole genome at an average resolution of 30 kb with increased
coverage (10–20 kb) at known disease loci16 has the additional
exon coverage for selected 24 genes (including CDKL5), with
10–15 oligos per exon. V8.0 OLIGO (180K) has similar genome-
wide coverage and the exon coverage for over 1700 genes (includ-
ing CDKL5), with on an average 4.2 oligos per exon and intronic
gaps no larger than 10 kb. Digestion, labeling, and hybridization
were performed following the manufacturer’s instructions. The
BCM web-based software platform was used for genomic copy
number analysis.

Multiplex ligation-dependent probe amplification
Multiplex ligation-dependent probe amplification (MLPA)

experiments (Patients 1 and 2) were performed according to the
manufacturer’s instruction with the kits P015 and P189 (MRC
Holland) in the thermal cycler (Applied Biosystems, Foster
City, CA). Both kits provide probes for the CDKL5 exons and
control fragments for X chromosome and autosomes. Informa-
tion regarding the probe sequence and ligation sites can be
obtained at www.mlpa.com. Probes were analyzed using
ABI3100 sequencer with size standard GeneScan 500 Rox
(Applied Biosystems). Data analysis was done with Gen-
eMarker v8.1 software from Softgenetics.

Fluorescence in situ hybridization analysis
Confirmatory fluorescence in situ hybridization (FISH) anal-

yses were performed in the phytohemagglutinin-stimulated pe-
ripheral blood lymphocytes using standard procedures in Patient
1 with the bacterial artificial chromosome (BAC) clones RP11-
558P14, specific for chromosome Xp22.13, and RP11-
1017D24, specific for chromosome 3p26.1, and in Patient 3
with the BAC clone RP11-106N3, specific for chromosome
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Xp22.13. In Patient 3, FISH analysis was performed also on all
nucleated cells from blood smears.

Long-range polymerase chain reaction and sequence
analysis

Genomic sequence based on the oligonucleotide coordinates
from the array CGH experiment was downloaded from the
University of California Santa Cruz (UCSC) genome browser
(Build 36, March 2006, [hg18]) and assembled using Se-
quencher software (Gene Codes Corporation, Ann Arbor, MI).
Long-range polymerase chain reaction (LR-PCR) was per-
formed in Patients 1 and 3 to amplify the junction fragments of
the deletions according to manufacturer’s instructions (Takara
Bio Inc., Japan). PCR products were visualized on 1% agarose
gel, purified with the ExoSAP Clean-up kit (USB Corp., Cleve-
land, OH), and sequenced (Lone Star, Houston, TX).

Real-time quantitative PCR
Real-time quantitative PCR was performed using primers

specific for exon 4 of CDKL5 and �-tubulin (reference gene)
and SYBR Green Master Mix (Patient 2).

X-inactivation studies
X-inactivation studies were performed as described previously.8

RESULTS

The three exonic mosaic deletions harboring CDKL5 have
been found in more than 12,000 patients screened in the Med-
ical Genetics Laboratories at BCM using chromosomal microar-
ray analysis (CMA) Versions 7 OLIGO and 8 OLIGO, in which
CDKL5 has been exon targeted. In this cohort, we also identi-
fied two nonmosaic constitutional deletion CNVs involving
exons of CDKL5. Our collection of subjects referred for CMA
includes mostly children with various combinations of devel-
opmental delay/mental retardation, autism, birth defects, and
rarely isolated seizures. In this cohort, V7 OLIGO yielded a
15.4% detection rate.

Patient 1
CMA (V8.0 OLIGO) revealed a loss in copy number in the

Xp22.13 region spanning a minimum of 105-kb and a maximum of
128-kb interval and encompassing exons 1–3 of the CDKL5 gene.
The distal breakpoint was mapped between 18,331,857 and
18,343,025 and the proximal breakpoint between 18,447,902 and
18,460,326. The Cy5/Cy3 fluorescence log 2 ratios of the interro-
gating probes indicated a mosaicism (Fig. 1B). Additionally, CMA
analysis revealed a 765-kb gain in copy number in 3p26.1.

FISH studies confirmed the deletion in Xp22.13 and the
duplication in 3p26.1 and revealed that deletion in Xp22.13 was
present in 24% of cells analyzed. Parental FISH analyses re-
vealed that the deletion of Xp22.13 occurred de novo; the
duplication 3p26.1 was inherited from the phenotypically nor-
mal father and, therefore, most likely represents nonpathogenic
familial copy number variant.

A junction fragment of the deletion was amplified using
LR-PCR with primers F: GTGAGTGCATACACTGGCTACT-
GCATCATA and R: CCCTAGAACTACTTGAGCATGGTT-
TACAGAAGG and sequenced. The distal breakpoint was
mapped at 18,334,623 and proximal at 18,449,201, thus the
deletion is 114,579 bp in size. DNA sequence analysis of PCR
product that spans the junction revealed no microhomology.

The distal deletion breakpoint mapped within unique sequence,
and the proximal deletion breakpoint mapped within a LINE
element type L1MB5. The deletion removed exons 1–3 in both
isoforms of CDKL5.

The MLPA analysis with a SALSA kit P189 (CDKL5,
NTNG1, and ARX genes) showed an approximately 23% de-
creased signal for probes specific for exons 1–3 of the CDKL5
gene and confirmed the mosaicism detected by array CGH and
FISH analyses (Fig. 1B).

Patient 2
CMA (V7.4 OLIGO) revealed a loss in copy number in the

Xp22.13 region spanning a minimum of 1-kb and a maximum
of 11-kb interval and encompassing only exon 4 of the CDKL5
gene (included in Ref. 17). The distal breakpoint was mapped
between 18,492,177 and 18,492,235 and the proximal break-
point between 18,492,821 and 18,503,003 (Fig. 1C). Similarly,
the Cy3/Cy5 fluorescence log 2 ratios indicated a mosaicism.
The MLPA analysis using SALSA kit P189 (CDKL5, NTNG1,
and ARX genes) showed an approximately 35% decrease of signal
intensities for probes specific for exon 4 of CDKL5 gene, support-
ing the finding of a mosaicism (Fig. 1C). The presence of this
deletion was also confirmed by real-time quantitative PCR (data
not shown). Parental real-time quantitative PCR analyses revealed
that the deletion occurred de novo. As predicted by conceptual
translation, this deletion results in a premature truncation of
CDKL5. The patient had a random X-inactivation pattern.

Patient 3
CMA (V7.4 OLIGO) revealed a loss in copy number in the

Xp22.13 region spanning a minimum of 172-kb and a maximum of
178-kb interval and encompassing exons 1–15 of the CDKL5 gene.
The distal breakpoint was mapped between 18,369,992 and
18,370,016 and the proximal breakpoint between 18,541,598 and
18,547,638. The Cy5/Cy3 fluorescence log 2 ratios of the interro-
gating probes also indicated a mosaicism (Fig. 1D).

FISH studies revealed that deletion in Xp22.13 is present in
30% (59/200) of stimulated lymphocytes T and in 28% (56/200)
of cells from the whole blood smear. Parental FISH analyses
showed that this deletion occurred de novo (Fig. 1D). The
patient had a random X-inactivation pattern.

A junction fragment of the deletion was amplified using
LR-PCR with primers F: CCTCCAGACACCTTTAATCT-
GCTCGAAGTAT and R: GACACTAGGTTCCTATAGC-
CGGGAAGAATC and sequenced. The distal breakpoint was
mapped at 18,365,835 and the proximal breakpoint at
18,545,735, thus the deletion is 179,900 bp in size. DNA
sequence analysis of the junction fragment revealed a “TC”
microhomology.

DISCUSSION

More than 50 missense, nonsense, and frameshift point mu-
tations have been described in CDKL5.18 Mutations affecting
the aminoterminal domain of CDKL5 are thought to result in a
more severe phenotype in infancy followed by myoclonic epi-
lepsy. The vast majority of these mutations have been identified
in females manifesting three phases in epilepsy phenotype:
frequent early-onset seizures starting before the age of 3
months, followed by epileptic encephalopathy, and later by
myoclonic refracted epilepsy.19 The phenotypes of girls with
deletion CNVs disrupting CDKL5 have been demonstrated to be
very similar to those with point mutations and include early-
onset epilepsy refractory to drug treatment. CDKL5 mutations
or deletions in males are thought to be lethal, and there are only
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a handful of reported surviving cases with a more severe phe-
notype, including severe intellectual disability and intractable
seizures, suggesting that some amino acid changes of CDKL5
may be tolerated.10,12 Two larger sized genomic deletions dis-
rupting CDKL5 have been published in males with severe
encephalopathy and epilepsy.10,12

In all three presented cases, the deletions disrupted only
CDKL5, thus enabling their better correlation with the pheno-

typic features. The mosaic deletions of exons 1–3 in Patient 1
and exons 1–15 in Patient 3 likely result in loss of transcription
start sites of both CDKL5 isoforms, whereas removal of exon 4
in Patient 2 is predicted by conceptual translation to cause
protein truncation and its subsequent removal by RNA surveil-
lance mechanisms, such as nonsense-mediated decay. The re-
sidual CDKL5 protein activity is likely insufficient for the
normal function of the proposed MeCP2-CDKL5 pathway and

Fig. 1. Schematic representation of three exonic CNV deletions involving CDKL5 (A). CMA Versions 7 OLIGO and 8 OLIGO
have 11 and 6 oligos per CDKL5 exon, respectively. The array CGH (aCGH) plots (B–D) and results of confirmatory studies
using MLPA in Patients 1 and 2 (B, C) and FISH in Patient 3 (D). Note the log 2 ratios in array CGH plots and peak ratios
in MLPA results, indicating mosaicism.
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Fig. 1. Continued from previous page.
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is responsible for the epileptic phenotype. In general, a geno-
type-phenotype correlation in patients with CDKL5 deletion or
mutation is difficult, especially in females, in whom the ratio of
deletion mosaicisms and X-inactivation patterns can signifi-
cantly vary between the brain and the peripheral blood. Sup-
porting this notion, Erez et al.8 identified random and extremely
skewed X-inactivation patterns in two females with CDKL5
deletions who despite the skewing had similar phenotypes,
suggesting haploinsufficiency of CDKL5 in the brain. In addi-
tion, different translation initiation sites associated with other
ATG codons can lead to alternative CDKL5 peptides, which can
have either a dominant negative effect or partially rescue the
phenotype. 8 Specifically for Patient 2, it is hard to assess the
direct consequences of CDKL5 deletion as the patient was also
diagnosed with congenital human cytomegalovirus infection,
which may also cause seizures and developmental delay. How-
ever, the patient was treated with Gancyclovir immediately after
birth, and brain imaging did not show any calcifications, sug-
gesting that his seizures and developmental delay most probably
result from CDKL5 deletion.

DNA sequence analysis of the junction fragment in Patient 3
revealed two base pair (TC) microhomology. Exonic rearrange-
ments, such as exon shuffling, have been recently shown to
result from DNA replication error mechanisms fork stalling and
template switching/microhomology-mediated break-induced
replication,20 thus are expected to occur in early postzygotic
stage and be mosaic. In support of this hypothesis, Vanneste et
al.21 have demonstrated a high frequency of chromosome rear-
rangements, including segmental deletions, duplications, and
amplifications, in human cleavage-stage embryos. Recently, it
has been shown that single-nucleotide polymorphism arrays can
detect mosaicism as low as 5%22; however, given that the
majority of single-nucleotide polymorphism probes map out of
exons, these arrays are unlikely to detect exonic CNVs. Simi-
larly, BAC clone arrays, estimated to have a potential to detect
10% mosaicism,23 cannot identify copy number changes smaller
than approximately 50–100 kb. Conversely, oligonucleotide
array CGH can be custom designed exon targeted and detect
20–30% mosaicism of small (exonic) CNVs.17,24,25

Our data reinforce the previously described genotype-phenotype
correlation in patients with CDKL5 disruption. These patients may
present with an initial relatively normal development, followed by
early-onset infantile spasms, and subsequent medically intractable
epilepsy with developmental delay. Although most of the pub-
lished data focus mainly on heterozygous female patients, as
male fetuses carrying a mutation or deletion have been thought
to die in utero, our results demonstrate that the mosaic deletion
CNV can be a more common occurrence than previously
thought, even in male patients. Hence, we recommend array
CGH testing for CDKL5 not only in patients of both genders
with intractable epilepsy but also in those with unexplained
intellectual disability, developmental delay, and mild dys-
morphic features. Moreover, we highlight the capability of
custom-designed exon-targeted array CGH to diagnose ex-
onic mosaicism.17,26
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