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SuMMARY

Purpose: Genetic mutations of the cyclin-dependent
kinase-like 5 gene (CDKL5) have been reported in patients
with epileptic encephalopathy, which is characterized by
intractable seizures and severe-to-profound developmen-
tal delay. We investigated the clinical relevance of CDKL5
alterations in both genders.

Methods: A total of 125 patients with epileptic encepha-
lopathy were examined for genomic copy number aberra-
tions, and 119 patients with no such aberrations were
further examined for CDKL5 mutations. Five patients with
Rett syndrome, who did not show methyl CpG-binding
protein 2 gene (MECP2) mutations, were also examined
for CDKLS5 mutations.

Key Findings: One male and three female patients
showed submicroscopic deletions including CDKLS, and

two male and six female patients showed CDKL5 nucle-
otide alterations. Development of early onset seizure
was a characteristic clinical feature for the patients
with CDKLS alterations in both genders despite poly-
morphous seizure types, including myoclonic seizures,
tonic seizures, and spasms. Severe developmental
delays and mild frontal lobe atrophies revealed by brain
magnetic resonance imaging (MRI) were observed in
almost all patients, and there was no gender difference
in phenotypic features.

Significance: We observed that 5% of the male patients
and 14% of the female patients with epileptic encephalop-
athy had CDKLS5 alterations. These findings indicate that
alterations in CDKL5S are associated with early epileptic
encephalopathy in both female and male patients.

KEY WORDS: CDKLS5, Epileptic encephalopathy, Geno-
mic copy number aberration, Mutation, Gender.

Epileptic encephalopathies are a group of conditions in
which neurologic deterioration results mainly from epileptic
activity. The clinical and electroencephalography (EEG)
characteristics depend on the age of onset and may change
over time (Zupanc, 2009). An underlying genetic back-
ground has been suggested in patients with epileptic enceph-
alopathy (Nabbout & Dulac, 2008). An X-linked gene
coding for cyclin-dependent kinase-like 5 gene (CDKLS5;
MIM #300203) is one of the genes responsible for epileptic
encephalopathy. Kalscheuer et al. (2003) identified de novo
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balanced X autosome translocations in two female patients
with infantile spasms, in whom CDKLS5 was disrupted.
Since then, the phenotypic spectrum of CDLKS5 abnormali-
ties has expanded to include features resembling Rett syn-
drome (RTT; MIM #312750) with early onset seizures
(Evans et al., 2005; Mari et al., 2005). Now, phenotypic
features of CDLKS5 abnormalities are widely recognized as
early infantile epileptic encephalopathy-2 (EIEE-2; MIM
#30062) and are characterized as severe epileptic encephalo-
pathy associated with early onset and refractory seizures
(Archer et al., 2006; Pintaudi et al., 2008).

Although the consequence of CDKLS alterations has also
been attributed to X-linked dominant infantile spasm syn-
drome-2 (ISSX2), mutations have been identified not only
in female patients but also in some male patients with severe
mental retardation and early onset intractable seizures
(Elia et al., 2008; Fichou et al., 2009; Sartori et al., 2009).
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Therefore, we performed a comprehensive analysis for
CDKLS5 in both female and male patients with epileptic
encephalopathy.

METHODS

Patients

After obtaining approval of the study protocol by the eth-
ics committee of the institution and informed consent from
the families of the patients, peripheral blood samples of 125
patients (59 male and 66 female) with epileptic encephalop-
athy of unknown etiology were collected, together with their
clinical information, including neuroimaging findings. Epi-
leptic encephalopathies are defined as disorders in which
there is a temporal relationship between deterioration in
cognitive, sensory, and motor function and epileptic activ-
ity, which includes frequent seizures and/or extremely fre-
quent interictal paroxysmal activity (Nabbout & Dulac,
2003). Five female patients with RTT who did not show
methyl CpG-binding protein 2 gene (MECPZ) mutations
(which are often associated with RTT) were also included in
the cohort study for CDKL35 mutations.

Microarray-based comparative genomic hybridization
(aCGH) analysis

The genomic copy numbers of the patients with epileptic
encephalopathies were determined using the Human Gen-
ome CGH Microarray 105K (Agilent Technologies, Santa
Clara, CA, U.S.A.) as described previously (Shimojima
et al., 2010).

Validation of the genomic copy number aberrations

Fluorescent in situ hybridization (FISH) analysis was
performed for the large chromosomal deletion by using
bacterial artificial chromosome (BAC) clones as probes,
RP11-106N3 and CTD-2335C24 including CDKLS as a
target, and RP11-1051J20 as a marker (Fig. 1, Table S1).
The deletion identified in Patient 1 was too small to be
detected by a BAC clone; therefore, multiplex polymerase
chain reaction (PCR) analysis was used for validation. Two
DNA fragments, exon 1B (421 bp) and exon 2 (350 bp) of
CDKLS5, were amplified in the same PCR reaction tube,
separated by agarose gel electrophoresis, and visualized by
ethidium bromide staining.

Cohort study for CDKLS5

Samples from 119 patients (58 male and 61 female) that
showed no genomic copy number aberrations at the first
screening by microarray-based comparative genomic
hybridization (aCGH) in this study were included in the sec-
ond cohort. Five samples obtained from female patients
with RTT who did not show MECP2 mutations were also
included. The genomic sequences of all 23 exons of CDKLS
were analyzed by the standard PCR direct-sequencing
method using primers listed in Table S2. A recently
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Figure I.
Results of aCGH. The CDKL5 region was expanded in Gene
View with Agilent Genomic Workbench software (Agilent
Technologies). The x and y axes indicate chromosomal posi-
tions and log, ratios of intensity, respectively. Moving averages
are shown in blue and red lines in male and female patients,
respectively. Dots indicate the positions and log, ratio of the
probes. Rectangles and bars with arrows in both edges indicate
the locations of the genes and BAC clones used for FISH,
respectively. All patients show genomic copy number aberra-
tions in the CDKLS region.
Epilepsia © ILAE

identified exon 16B, which if included in the mature mRNA
produces as a new CDKLS5 isoform, was also analyzed in
this study (Fichou et al., 2010). When nucleotide changes
were identified in samples for which parental samples were
available, trio analyses were performed to test whether the
mutation was de novo or familial. DNA samples collected
from 100 healthy Japanese volunteers (50 male and 50
female) comprised the control cohort.

REsvuLTs

Genomic copy number aberrations

In Patient 1, an aberration was identified at Xp22.13,
indicating a nullisomy of this region (Fig. 1, Table S3).
This region corresponds to exon 1 of CDKL5. Subsequent
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multiplex PCR analysis using two sets of primers for exon
1B and exon 2 of CDKL5 showed no band for exon 1B
(Fig. 2A), thereby confirming the nullisomy of this region.
Both parents of Patient 1 declined trio analysis.

aCGH analysis identified chromosomal aberrations in the
CDKLS5 region in three female patients (Fig. 1, Table $3).
Because male reference DNA was used in this study, geno-
mic copy numbers of the normal female X chromosome
regions showed log, ratio of +1. Therefore, a log, ratio of
“0” indicates the same genomic copy numbers with the
male reference sample, indicating a partial monosomy of
this region in these patients. For Patients 2 and 3, identified
aberrations were confirmed by FISH by detecting only one
signal with RP11-106N3 and CTD-2335C24, respectively,
indicating deletions in this region (Fig. 2B,C). For Patient
4, one of the targeted signals of CTD-2335C24 was weaker
than the other, indicating a partial deletion of the targeted
region (Fig. 2D). For Patients 2 and 3, the deletion region
involved four genes: CDKLS; X-linked juvenile retinoschi-
sis protein gene (RST), which is responsible for X-linked

Figure 2.

Validations of genomic copy number aberrations. (&) Multiplex
PCR amplification indicates deletion of exon B in Patient 1.
The marker lane shows Haelll digested X174 DNA. (B, C)
FISH analysis indicates loss of the green signal on one of the X
chromosomes (arrows). For Patient 2 {B) and Patient 3 (C),
RPIT-106N3 and CTD-2335C24 are used for the targets,
respectively. Patient 4 (D) shows a week green signal labeled
on CTD-2335C24 (arrowhead), indicating a partial deletion
within CTD-2335C24 region. ‘
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juvenile retinoschisis (MIM #312700); protein phosphatase
with EF hand calcium-binding gene (PPEFI); and phos-
phorylase kinase alpha 2 gene (PHKAZ), which is responsi-
ble for X-linked hepatic glycogen storage disease (MIM
#300798). For Patient 3, the deleted region involved the
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Figure 3.

Electrophoresis of the direct sequencing. Alphabetic symbols
indicate amino acids. For Patients 5, 9, and 12, lines above the
sequences indicate reference amino acid sequences, and lines
below the sequences indicate amino acid changes caused by the
mutations.
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latter half of CDKLS5 after exon 4. Patient 4 also showed a
partial CDKLS5 deletion after exon 16, and RSZ, which was
encoded in the antisense direction. For Patients 2, 3, and 4,
both parents were negative for these deletions, indicating de
novo origin.

There were no other known pathogenic aberrations in
these four patients. In the other two patients, genomic copy
number aberrations in the region of the platelet-activating
factor acetythydrolase gene (PAFAH1BI), which is respon-
sible for lissencephaly, were identified (Shimojima et al.,
2010). The remaining 119 patients showed no genomic copy
number aberrations and were included in the cohort study
for CDKL5 mutations. '

CDKLS5 nucleotide alterations

In the 119 patients, eight pathogenic mutations were iden-
tified (including six novel and two recurrent mutations),
which consisted of three nonsense mutations, three frame-
shift mutations, and two missense mutations (Fig. 3,
Table 1). ‘Aristaless-related homeobox gene (ARX; MIM
#300382) was not found in any of the male patients. Five
patients with RTT who did not show MECP2 mutations also
did not show mutations in CDKL5. No control samples
showed any of the nucleotide alterations identified in this
study (Table 1). ,

Although Patient 10 showed a nonsense mutation
(p.5413X), an additional missense mutation (p.H467P) was
also identified in exon 12. Neither alteration was found in
parents, indicating de novo occurrence of both mutations.
Because a similar missense mutation (p.H467R) was
reported to be a nonpathogenic mutation, p.H467P is also
expected to be a nonpathogenic mutation (Evans et al.,
2005).

Clinical description

Brain magnetic resonance imaging (MRI) of the patients
with CDKLS5 alterations is shown in Fig, 4. Many patients
showed frontal dominant cerebral atrophy. All clinical data
including the findings of neuroimaging are summarized in
Table 1. The ability to sit autonomously was the maximum
gross motor development achieved by these patients, and
none of the patients acquired speech ability, indicating
severe developmental delay. Only the oldest patient (Patient
7: 4 years and 7 months old), who had a missense mutation,
showed seizure control after 3 years of age; all the other
patients had persistent seizures.

DiscussionN

Using aCGH analyses, Erez et al. (2009) identified par-
tial CDKL5 deletions in female patients with early onset
intractable epilepsy. Mei et al. (2010) identified four
patients who had total or partial deletions in CDKLS. How-
ever, those studies included only female patients. In com-
parison, the aim of our study was to identify candidate
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Figure 4.

Brain MR findings of the patients.
Ti- (up) and T,-weighted (bottom)
MRlindicates frontal atrophies in
many patients, except for Patient 7.
In Patient 6, spoiled gradient echo
(SPGR) is shown instead of T .
Epilepsia © ILAE

genetic causes of early epileptic encephalopathy, and thus
we recruited patients of both genders. Genomic copy num-
bers of whole chromosomes were comprehensively
analyzed and submicroscopic chromosomal abnormalities
of the CDKLS5 region were identified in both genders. The
male patient (Patient 1) showed a partial deletion of CDKLS.
Patients 2 and 3 showed large deletions in which the four
neighboring genes, CDKLS5, RSI, PPEFI, and PHKA?2,
were included. RSI and PHKAZ are responsible for
X-linked diseases, and the function of PPEF] is unknown.
The remaining Patient 4 showed partial deletions of CDKL5
and RSI. Therefore, phenotypic features of Patients 2, 3,
and 4 suggest a causal role for CDKLS5 deletions in early epi-
leptic encephalopathy. Despite the gender difference and
the deleted size differences, the clinical severities of the
patients with CDKL5 deletions were similar between gen-
ders and similar to those of patients previously reported to
have partial or total deletion of CDKL5 (Van Esch et al.,
2007; Erez et al., 2009; Bahi-Buisson et al., 2010; Mei
et al., 2010).

Previously, CDKL5 mutations were shown to affect
mainly female patients, and their frequency has been esti-
mated as approximately 9-28% in female patients with
early onset seizures (Bahi-Buisson et al., 2008b; Nemos
et al., 2009). However, those studies mainly included
female patients. Elia et al. (2008) identified CDKL5 muta-
tions in three male patients with early onset epileptic
encephalopathy. Male patients with CDKL5 mutations or
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deletions have also been reported by others (Fichou et al.,
2009; Sartori et al., 2009). In our study, initial identification
of CDKLS deletions in both male and female patients with
early epileptic encephalopathy prompted us to analyze
CDKLS5 nucleotide sequences of both genders, and the
results revealed nucleotide changes in two male patients
and six female patients. We observed that the clinical sever-
ity of the disease did not differ between males and females.
Therefore, male as well as female patients with early onset
epileptic encephalopathy should be tested for CDKLS
mutations.

Because CDKLS is located on Xp22.13, genetic traits of
CDKLS5 alterations have been considered to be X-linked
dominant, just as MECP2 mutations are responsible for the
majority of RTT cases, a neurologic disorder occurring
almost exclusively in females. The rare male patients with
MECPZ2 mutations showed severe mental retardation but no
RTT phenotype (Gomot et al., 2003). In comparison, there
are no phenotypic differences between male and female
patients with CDKLS5 mutations or deletions. Bahi-Buisson
et al. (2008b) suggested that phenotypic heterogeneity does
not correlate with the nature or the position of the mutations
or with the pattern of X-chromosome inactivation. Indeed,
no clear genotype—phenotype correlation between these fac-
tors has been established. Therefore, an important question
is why clinical severity is the same between the genders.
Based on previous reports, we know that the absence
of CDKLS5 protein is not lethal in males, and CDKLS5
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abnormalities result in severe neurodevelopmental delay
and early onset epilepsy in both genders (Castren et al.,
2011). In this study, the estimated frequencies of CDKLS5
abnormalities in patients with epileptic encephalopathy
were 5% in male and 14% in female patients. Therefore, the
observed difference in the frequency of CDKL5 mutations
between male and female patients may simply be a
consequence of the fact that female patients have two X
chromosomes.

Subjects in our study included five female patients with
RTT who did not show MECP2 mutations. However, these
female patients did not carry a CDKLS5 mutation. Some
researchers have found no CDKLS mutations in patients
with RTT (Huppke et al., 2005; Liet al., 2007). Previously,
CDKLS5 mutations were analyzed in patients with both clas-
sic and atypical variants of RTT. However, mutations were
identified only in patients with seizure onset before
6 months of age (Evans et al., 2005; Scala et al.,, 2005;
Artuso et al.,, 2010). In another study, all patients with
CDKL5 mutations showed early onset seizures that began
before 6 months of age (Erez et al., 2009). These findings
suggest that development of early onset seizures is an essen-
tial clinical feature in patients with CDKL5 mutations. The
onset of epileptic seizures in the first 6 months distinguishes
patients with CDKLS mutations from patients with typical
RTT caused by MECP2 mutations (Castren et al., 2011).

All previously reported CDKLS mutations were sporadic
and were identified as de novo. Only a small numbers of
mutations were recurrent (Castren et al.,, 2011). In this
study, we observed eight CDKLS5 mutations that included
six novel and two recurrent mutations. The phenotypic fea-
tures of the patients with recurrent mutations are similar to
those described previously (Sartori et al., 2009; Artuso
et al., 2010).

Consistent with the findings of previous studies, we
observed polymorphous seizures (i.e., myoclonic seizures,
tonic seizures, and spasms) in our study. The clinical course
of seizure development was also identical to the proposed
three stages reported by Bahi-Buisson et al. (2008a) [i.e.,
stage L early onset epilepsy (onset 1-10 weeks); stage I,
epileptic encephalopathy with infantile spasms and hypsar-
rhythmia; stage III, seizure-free in estimated 50% of
patients at late infantile period] because our Patient 7
showed good seizure control after 3 years of age. Artuso
et al. (2010) reported that patients with CDKL5 mutations
showed no abnormalities on brain magnetic resonance
imaging (MRI). However, our findings indicated mild fron-
tal lobe atrophy in almost all patients. Therefore, this may
be an additional clinical characteristic of patients with
CDKLS mutations.
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Sotos syndrome is a well-known overgrowth syndrome caused by
haploinsufficiency of NSD1I gene located at 5g35. There are two
types of mutations that cause NSDI haploinsufficiency: muta-
tions within the NSDJI gene (mutation type) and a 5935 submi-
croscopic deletion encompassing the entive NSD1 gene (deletion
type). We investigated detailed craniofacial, dental, and oral
findings in five patients with deletion type, and three patients
with mutation type Sotos syndrome. All eight patients had a high
palate, excessive tooth wear, crowding, and all but one patient
had hypedontia and deep bite. Hypodontia was exclusively
observed in the second premolars, and there were no differences
between the deletion and mutation types in the number of
missing teeth, Another feature frequently seen in common with
both types was maxillary recession. Findings seen more frequent-
ly and more pronounced in deletion-type than in mutation-type
included mandibular recession, scissors or posterior cross bite,
and small dental arch with labioclination of the maxillary central
incisors. It is noteworthy that although either scissors bite or
cross bite was present in all of the deletion-type patients, neither
of these was observed in mutation-type patients. Other features
seen in a few patients include enamel hypoplasia (two deletion
patients), and ectopic tooth eruption (one deletion and one
mutation patients). Our study suggesis. that Sotos syndrome
patients should be observed closely for possible dental and oral
complications especially for malocculusion in the deletion-type
patients. © 2011 Wiley Periodicals, Inc.

Key words: Sotos syndrome; NSDI; submicroscopic deletion;
small dental arch; malocclusion; mandibular recession

INTRODUCTION

Sotos syndrome is a congenital genetic disorder characterized by
overgrowth starting before birth, specific facial manifestations
(macrocephaly, prominent forehead, hypertelorism, downslanting
palpebral fissures, and pointed chin), advanced bone age, and
developmental impairment. Since its initial description by Sotos
et al. [1964] several hundred patients have been reported to date.

© 2011 Wiley Periodicals, Inc.
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It may be accompanied by a variety of complications, including
cardiovascular, urinogenital, and ophthalmic malformations,
skeletal abnormalities, and seizures. Dental and oral findings have
been reported to include premature tooth eruption, hypodontia,
enamel hypoplasia, excessive tooth wear, maxillary and mandibular
recession, talon cusps, fused teeth, and expanded pulp cavity of
deciduous teeth [Welbury and Fletcher, 1988; Cole and Hughes,
1994; Inokuchi et al.,, 2001; Gomes-Silva et al., 2006; Takei et al.,
2007; Nishimura et al., 2008].

Kurotaki et al. [2002] reported that this syndrome is caused by
haploinsufficiency of the NSDI nuclear receptor SET domain
containing protein 1 gene located on 5q35. There are two main
types that cause NSDI haploinsufficiency: mutations within the
NSDI gene, and a submicroscopic deletion in the region that
contains the NSDI gene (constant deletion of approximately
2.2Mb including NSDI and around 20 neighboring genes)
[Kurotaki et al., 2002]. Nagai et al. [2003] investigated differences
in clinical manifestations between these two types, and reported
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that major anomalies such as central nervous, cardiovascular, and
urinogenital abnormalities are more common in the deletion-type.
Their only reference to dental findings, however, stated that
early tooth eruption occurred in both types with no significant
difference.

The first detailed investigation of dental and oral findings seen
in Sotos syndrome based on NSDI genetic diagnosis was carried
out by Kotilainen et al. [2009]. They analyzed dental and oral
findings from 13 patients with Sotos syndrome (all except one with
the mutation type), including panoramic imaging, and reported
the characteristic oral complications of Sotos syndrome, including
hypodontia of the second premolars. We here report on the
results of our investigation of detailed craniofacial, dental, and
oral findings in five patients with deletion-type, and three patients
with mutation-type Sotos syndrome.

MATERIALS AND METHODS
Patients

The eight patients comprised a group who underwent examination
at Saitama Children’s Medical Center. Five patients (three males,
two females; age, 6—13 years) were identified as having a submi-
croscopic deletion on 5q35 including the NSDI gene, and three (all
females; age, 6~10 years) were identified as having a mutation of the
NSDI gene. Deletions were identified by fluorescence in situ
hybridization (FISH) analysis of metaphase chromosomes from

peripheral blood, using a total of seven bacterial artificial chromo-
some (BAC) clones comprising the BAC clone that includes the
NSDI gene (RP11-99N22) together with those toward the centro-
mere (RP11-880A16, RP11-690I8, RP11-991B23) and toward
the telomere (RP11-147K7, RP11-45204, and RP11-158F10).
The results showed that the same ~2Mb deletion was present
in all five patients. Mutation analysis using genomic DNA
extracted from peripheral blood was performed by polymerase
chainreaction {(PCR) and direct sequencing of all translated regions
for exon 2—-23. The results identified mutations generating prema-
ture termination in both Patients 6 and 7, comprising a five base
deletion (2053—2057delAAGTA) and a base deletion (5431delC),
respectively, and a missense mutation (4991G>C) in Patient 8.
Details of clinical manifestations are shown in Table I. This
study protocol was approved by the Ethics Committee of Saitama
Children’s Medical Center and proper informed consents were
obtained from the legal guardians of the patients.

Oral and Dental Studies

Physical examination and dental cast studies were used to evaluate

- palatal morphology, tooth calcification, dental arches, occlusion,

tooth size, and tooth eruption status. Panoramic and lateral
cephalometric radiographs reconstructed from multi-detector row
computed tomography (MDCT) were also used to evaluate the
relationship of craniofacial, dental and skeletal structures, and
hypodontia [Hirai et al., 2010; Yamauchi et al., 2010]. Crown and
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dental arch sizes were measured using a caliper with a resolution
accuracy of 0.01 mm. Lateral cephalometric analysis was per-
formed based on the method developed by lizuka and Ishikawa
[1957] (Fig. 1). All data in this study (tooth size, dental arch form
size, and cephalometric findings) were compared with standard
values for Japanese individuals [Otsubo, 1957; Otsubo et al., 1964].

RESULTS

Oral and dental anomalies noted in eight patients are summarized
in Table II. All eight patients had a high palate, crowding, and
excessive tooth wear. All but one (Patient 1 with NSDI deletion) had

hypodontia exclusively in the second premolars. There were
no differences between the deletion-type and mutation-types in
the number of missing teeth (mean number of missing teeth was 2 in
the deletion-type and 2.6 in the mutation-type) (Fig. 2). The results
of cephalometric analysis showed that among the five deletion-
type patients, maxillary and mandibular recession was present in
three and maxillary recession alone in one, whereas among the
three mutation-type patients maxillary and mandibular recession
was present in one and maxillary recession alone in one. The
deletion-type was regarded as having a stronger tendency
for mandibular recession (Table HI). In terms of occlusion,
crowding was present in all patients, and deep bite was seen in all
but one (Patient 2 with NSDI deletion). It is noteworthy that
although either scissors bite (Patients 1, 3, and 4) or cross bite
(Patients 2 and 5) was present in all of the deletion-type patients,
neither of these was observed in mutation-type patients (Fig. 3).

Small dental arch was present in all the deletion-type patients and
one mutation-type patient (Table IV). In terms of morphological
categories of small dental arch, the maxilla exhibited a narrow
dental arch with labioclination of the central incisors in all five
deletion-type patients, with the mandible being saddle-shaped in
three patients and U-shaped in two, while the mutation-type
patient had U-shaped upper and lower dental arches (Fig. 4).
In terms of tooth size, both microdontia and macrodontia were
occasionally seen in both the deletion-type and mutation-types, but
no characteristic findings were present in either type (data not
shown). Enamel hypoplasia was present in two out of the five
deletion-type patients (Patients 2 and 3), but was not present in the
mutation-type. In addition, ectopic eruption of the first molar was
present in one deletion-type patient (Patient 4, right mandibular)
and one mutation-type patient (Patient 6, bilateral maxillary).
Some representative photographs of oral and dental anomalies
noted in patients studied are shown in Figure 5.

DISCUSSION

The oral manifestations observed in common with both deletion
and mutation type Sotos syndrome patients noted here were a
high palate, excessive tooth wear, recession of maxilla, deep bite,
crowding, and hypodontia. Hypodontia has been previously
described by several authors [Inckuchi et al, 2001; Callnan
et al., 2006; Gomes-Silva et al., 2006; Nishimura et al., 2008].
Kotilainen et al. [2009] recently investigated 13 patients with Sotos
syndrome (12 patients with NSDI mutations and one with NSDI
deletion) and found one or more premolar teeth were absent in
9 outof 13 patients (8 out of 12 mutation patients and one deletion-
type patient). Based on the observation that the deletion patient
had the most severe phenotype of tooth agenesis, involving not
only the second premolars and the third molars, but also one
mandibular incisor, they noted the possibility that patient with
the NSDI deletion had the most severe tooth agenesis. In our
study, however, which included five deletion-type patients,
although similar high rates of hypodontia were observed in both
the deletion-type and mutation-type, we did not observe any
difference in severity in either the deletion-type or mutation-type.

One noteworthy difference between the deletion-type and
mutation-type was the fact that either scissors bite or cross bite
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was observed in all deletion-type patients, whereas neither was
present in the mutation-type. All of the deletion-type patients had
small dental arches, and in terms of morphological categories, the
maxilla exhibited a narrow dental arch with labioclination of the
central incisors in all five deletion-type patients, with the mandible
being saddle-shaped in three patients and U-shaped in two. Only
one single mutation-type patient had small dental arches with both
upper and lower dental arches being U-shaped. Narrowing of the
dental arch is more pronounced in the narrow-shape and saddle-
shape compared with the U-shape. It is possible that the degree of
narrowing of the dental arch in the deletion-type and the misalign-
ment in arch morphology between the maxilla and mandible causes
scissors bite or cross bite.

In addition, maxillary and mandibular recession has also
been reported as a dental manifestation of Sotos syndrome
[Welbury and Fletcher, 1988; Takei et al., 2007]. In our results,
there was a tendency toward maxillary and mandibular recession
in the deletion-type and maxillary recession in the mutation-type.
Based on these findings, there was a tendency for maxillary
recession to occur in both the deletion-type and mutation-type,
but there was also a tendency toward the occurrence of mandibular
recession in the deletion-type. Taken in conjunction with the
pronounced mandibular recession seen in the deletion-type
on cephalometric analysis, mandibular malformations, including
those of the dental arch, may be regarded as characteristic of
the deletion-type. The cause is unknown, but in the deletion-
type, minute genome imbalances, involving considerable number
of genes other than the NSDI gene, may either: (1) directly cause
deficient growth of the mandibular area; or (2) secondarily
cause malocclusion or abnormal dental arch morphology as a result
of dysfunction of the perioral muscles associated with more
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pronounced developmental impairment [ Grabowski etal., 2007a,b;
Stahl et al., 2007].

Enamel hypoplasia has also been reported as a dental manifestation
of Sotos syndrome [Inokuchi et al., 2001]. Kotilainen et al. [2009]
reported enamel hypoplasia in four out of 13 patients (all mutation
type). In our study, enamel hypoplasia was present in two out of five
deletion-type patients, but not in any mutation-type patients.
Enamel hypoplasia is thought to be a common manifestation that
can occasionally occur in both the deletion-type and mutation-type
rather than a manifestation that is prone to occur in either type.

As mild to moderate intellectual disability is common in Sotos
syndrome, conventional panoramic, and cephalometric studies
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were often difficult to perform in childhood. Thus, in this study,
MDCT was used as a substitute for cephalometric radiographs and
panoramic radiographs, and by which maxillofacial manifestations
could be accurately evaluated [Hirai et al., 2010; Yamauchi et al,,
2010].

Inview of oral and dental management, we would like to provide
recommendations as follows: periodic dental check up to prevent
dental caries or gingivitis should be started early after one or more
deciduous teeth have erupted. Around age 7 years, detailed oral
and dental evaluations, including dental cast studies and MDCT,
is recommended for possible hypodontia and malocclusion. If
the patient has hypodontia, preceding deciduous tooth (teeth)
should be maintained aslong as possible with proper care. Although
malocclusion like scissors bite and cross bite requires early
treatment, including expansion of upper or lower jaw, to prevent
craniofacial disabilities such as facial asymmetry and temporoman-
dibular joint dysfunction, the treatment should be carefully
decided based on consideration of capability of cooperation of
the patients.

In conclusion, features seen more frequently and more
pronounced form in deletion-type than in mutation-type were
small dental arch with labioclination of the maxillary central
incisors, mandibular recession, and scissors or posterior cross bite.
Sotos syndrome patients should be followed closely for possible
dental and oral complications especially for malocculusion in
the deletion-type.
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ABSTRACT

MRE11 and NBS1 function together as components of a MRE11/RAD50/NBS1 protein complex, how-
ever deficiency of either protein does not result in the same clinical features. Mutations in the NBN
gene underlie Nijmegen breakage syndrome (NBS), a chromosomal instability syndrome characterized
by microcephaly, bird-like faces, growth and mental retardation, and cellular radiosensitivity. Addition-
ally, mutations in the MRE11A gene are known to lead to an ataxia-telangiectasia-like disorder (ATLD), a
late-onset, slowly progressive variant of ataxia-telangiectasia without microcephaly. Here we describe
two unrelated patients with NBS-like severe microcephaly (head circumference ~10.2 SD and -12.8
SD) and mutations in the MRE11A gene. Both patients were compound heterozygotes for a truncating
or missense mutation and carried a translationally silent mutation. The truncating and missense muta-
tions were assumed to be functionally debilitating. The translationally silent mutation common to both
patients had an effect on splicing efficiency resulting in reduced but normal MRE11 protein. Their levels
of radiation-induced activation of ATM were higher than those in ATLD cells.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

tions to ataxia-telangiectasia-like disorder (ATLD [MIM# 604391])
[5,6]. A-T is an autosomal recessive disorder characterized by

The development of the central nervous system is highly sen-
sitive to DNA damaging agents and therefore several autosomal
recessive disorders with defective DNA damage repair exhibit
neurological abnormalities such as microcephaly and neurodegen-
eration [1,2].

The MRE11/RAD50/NBS1 (MRN) protein complex and the
ataxia-telangiectasia mutated (ATM) protein, together play a cen-
tral role in DNA double strand break repair [3]. Mutations in the
ATM (MIM# 607585) and MRE11A (MIM# 600814) genes each give
rise to a progressive cerebellar ataxia syndrome: ATM mutations to
ataxia-telangiectasia (A-T [MIM# 208900]) [4], and MRE11A muta-

* Corresponding author. Tel.: +81 82 257 5809; fax: +81 82 256 7101.
E-mail address: shinya@hiroshima-u.ac,jp (S. Matsuura).

1568-7864/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.dnarep.2010.12.002

growth deficiency, progressive cerebellar ataxia, dysarthria, telang-
iectasia, frequent respiratory infections, and immunodeficiency.
ATLD is also characterized by cerebellar ataxia, but its onset is later
in life and its progression is slower than in A-T. In addition, there
is no telangiectasia and immunoglobulin levels are normal.
Mutations in two different genes involved in the
MRE11/RAD50/NBS1 complex are known to lead to a heredi-
tary disorder with severe microcephaly: the NBN gene (MIM#
602667) to Nijmegen breakage syndrome (NBS [MIM# 251260])
[7-9], and the RAD50 gene (MIM# 604040) to Nijmegen breakage
syndrome-like disorder (NBSLD [MIM# 613078]) [10]. NBS is
an autosomal recessive disorder characterized by microcephaly,
growth and mental retardation, immunodeficiency; radiosen-
sitivity, and cancer predisposition; NBSLD is a disorder with
microcephaly, mental retardation, bird-like face, and short stature,
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Fig. 1. Sagittal brain magnetic resonance imaging. (Left) Normal individual. (Right) Patient 1 at age 18 months with generalized cerebral hypodysplasia.

but without severe infections, immunodeficiency, or cancer
predisposition.

We here describe two unrelated patients with Nijmegen
breakage syndrome-like severe microcephaly and compound het-
erozygous mutations in the MRE11A gene.

2. Materials and methods
2.1. Clinical report

A 35-year-old woman was referred to us at 18 weeks of preg-
nancy forevaluation of intrauterine growth retardation. Ultrasound
scan showed a fetus with a small femora and a disproportionately
small head. Caesarian section was performed at 32 weeks of preg-
nancy, and a boy (Patient 1), was delivered. His birth weight was
966 g (—4.8 SD), length 35cm (—6.7 SD), and head circumference
22 cm (~8.1 SD). He had severe microcephaly, a bird-headed facial
appearance with receding forehead, and a prominent nose. Ante-
rior fontanel was not palpable. His parents and two elder brothers
were all healthy and phenotypically normal. There was no family
history of consanguinity. Brain magnetic resonance imaging at age

" 18 months demonstrated hypoplasia of the cerebrum, smooth gyri,
and enlarged lateral ventricles (Fig. 1). He had patent ductus arte-
riosus, which was surgically corrected at age 5 months. Bilateral
cryptochidism was operated on at age 3 years. He stood holding
onto a chair at age 30 months, sat alone with a stoop at age 3 years,
and walked at age 3 years. At age 3.5 years, he weighed 7.4 kg (—4.1
SD), measured 78.5 cm (~4.8 SD), and had a head circumference of
34 cm (—10.2 SD). G-banded chromosomes were 46, XY. He had no
severe or recurrent infections and his immunoglobulin levels were
normal. Now aged 8 years, he is toilet trained, speaks several mean-
ingful words, but does not speak a two-word-sentence. He attends
a primary school, and is affable and friendly. He is farsighted with
astigmatism. He is able to run with a slow pitch and kick a soccer
ball. He shows neither ocular apraxia nor cerebellar ataxia.

Patient 2, a boy, was born at 37 weeks of gestation to a 29-year-
old mother and a 28-year-old father, both healthy and unrelated.
The pregnancy was unremarkable. An older brother was healthy
without malformations. Birth weight was 1560 g (4.1 SD), length
39cm (-5.9 SD), and head circumference 25cm (-6.1 SD). At age
30 months, he sat alone but could not stand or walk. At age 5 years,
he shuffled while sitting, but was unable to stand. At age 13 years,
he weighed 9.2 kg (—4.2 SD), measured 97 cm (—7.0 SD), and had
a head circumference of 35cm (~12.8 SD). He had severe micro-
cephaly, a bird-like face with sloping forehead, a big nose, large

and simple ears, short palpebral fissures, a small mouth, and a small
and receding chin. His shoulders, elbows, hips, and knees exhibited
adecreased range of motion. Also noted were scoliosis, subluxation
of the left elbow joint, bilateral cryptorchidism, and bilateral talipes
equinus. His tendon reflexes were slightly exaggerated. G-banded
chromosomes were 46, XY. His immunoglobulin levels were nor-
mal. Now aged 33, he lives in an institution for handicapped
individuals. He does not speak meaningful words, but recognizes
people, communicates by gesture, and shows fondness by touching.
He is bedridden, is unable to roll over, and is handfed. He did not
develop secondary sexual characteristics. He does not show ocular
apraxia and had neither malignancy nor severe infections.

2.2. Immortalized skin fibroblast cells

Informed consent was obtained from Patients 1 and 2 and their
families prior to this study. Primary skin fibroblast cells cultured
from the two patients were immortalized by transfection with an
SV40 virus and phTERT retrovirus vector [11]. We used as refer-
ences immortalized fibroblast cell lines (designated as SVT) from
various related disorders: NBS (GM7166VA7) [12], A-T (AT5BIVA)
[13],and ATLD (D6807-SVT)[6,14]. A fibroblast cell line from a nor-
mal individual (SM-SVT) served as a control. A mouse hybrid cell
line A9(neo11)-1 containing human chromosome 11 was provided
by Dr. M. Oshimura, and microcell-mediated chromosome transfer
was performed as previously described [12]. Fibroblast cell lines
were maintained in D-MEM supplemented with 10% fetal bovine
serum (Hyclone, Logan, UT, USA).

2.3. EBvirus-transformed lymphoblastoid cell lines (LCLs)

LCLs were established from peripheral blood lymphocytes of the
two patients and their family members. We used LCLs from NBS
(94P247)[9],ATLD (200704L), and A-T as references, and a LCL from
anormal individual (96-007M) as a control. ANBS cell line (94P247)
was provided by Dr. K. Sperling. An ATLD cell line (200704L) was
established from a blood sample from a boy with ATLD [15], sup-
plied by Drs. S. Nonoyama and K. Imai. LCLs were cultured in RPMI
1640 with 20% fetal bovine serum.

2.4, Mutational analysis
PCR primers for MRE11A gene (GenBank NM_005591.3) were

synthesized to amplify all coding exons and intron-exon bound-
aries [16]. PCR products were directly sequenced using an ABI
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PRISM 3130 Genetic Analyzer (Applied Biosystems, Foster City,
CA). RT-PCR primers were synthesized to amplify the MRET1A
cDNA spanning exons 1-8 (5'-CGAAAAGAAGACAGCCTTGG-3 and
5'-TCCAAAAATTGTTCTGGAATGA-3') (GenBank NM_005590.3). RT-
PCR products were visualized following electrophoresis on a 2%
NuSieve agarose gel. PCR primers for RAD50 (GenBank Z75311.1)
and NBN cDNAs (GenBank AF058696.2) were synthesized to
amplify the open reading frame with several overlapping segments.

Transcript levels of the MRE11A-c.338A and MRE11A-¢.338G
alleles in LCLs from a normal individual, Patient 2 and the par-
ents were determined by the cycleave quantitative real time PCR
assay (Cycleave-qPCR, TaKaRa Co. Ltd.) carried out in triplicate.
Transcripts from the HPRTT allele were used as a quantification con-
trol. RNaseH sensitive fluorescent probes that specifically recognize
the MRET1A-c.338A and MRE11A-c.338G alleles were used for the
assay. The qPCR results were analyzed by the A ACT method. gPCR
primers and probes used for the assay are listed below.

MRE11A-F: 5-ACGTTTGTAACACTCGATGAA-3';

MRE11A-R: 5'-CTGGAATTGAAATGTTGAGG-3;

MRE11AC.338A: (Eclipse) 5'-dAdAdG(A)dTdGAGdCdAdA-3’
(FAM);

MRE11Ac.338G: (Eclipse) 5'-dAdAdG(G)dTdGdGdCdA-3" (ROX);
HPRT1-F: 5-CAGGCAGTATAATCCAAAGATG-3';

HPRT1-R: 5-ACTGGCGATGTCAATAGGA-3';

HPRT1-probe: (Eclipse) 5'-dCdAdGdCdA(A)dGdCAT-3' (FAM).

2.5. Western blot analysis

Western blotting was performed as described previously [17].
Primary antibodies used were: mouse anti-MRE11 monoclonal
antibody (MRE11-12D7, 1:1000, GeneTex, Irvine, CA); mouse anti-
RADS50 monoclonal antibody (13B3/2C6, 1:1000, GeneTex, Irvine,
CA); rabbit anti-NBS1 polyclonal antibody (NB100-142, 1:500,
Novus Biologicals, Littleton, CO); mouse anti-GAPDH monoclonal
antibody (6C5, 1:1000, Santa Cruz Biotechnology, Santa Cruz,
CA); and mouse anti-B-tubulin monoclonal antibody (1:2000,
Sigma-Aldrich, St. Louis, MO).

2.6. Radiation-sensitivity analysis

Clonogenic analysis was performed on fibroblast cell lines to
learn of their radiosensitivity as previously described [12]. Chro-
mosome breakage analysis of LCLs was carried out as follows. Cells
were irradiated with 2 Gy X-ray and harvested 24 h after irradiation.
Giemsa-stained chromosome slides were prepared, and chromatid
or chromosome breaks and quadriradials were counted.

2.7. ATM autophosphorylation after y-irradiation

Immortalized fibroblast cells or LCLs were irradiated with 0.5 Gy
of vy ray. At 15min and 30min after irradiation, the cells were
analyzed with Western blotting using rabbit anti-ATM-p1981 mon-
oclonal antibody (1:1000, Epitomics Inc., Burlingame, CA) and
mouse anti-ATM monoclonal antibody (2C1, 1:1000, GeneTex,
Irvine, CA). Band intensities were estimated using a densitometer
and are presented as means = standard deviation. The statistical
differences were analyzed with Student’s ¢t-test. Statistical signifi-
cance was assumed for p<0.05.

2.8. DNA damage response assay

ATM-dependent G2/M checkpoint arrest was performed accord-
ing to the methods described previously [18].

2.9. p53 phosphorylation after y-irradiation

Lymphoblastoid cells were irradiated with 0.5Gy of vy ray. At
15 min and 30 min after irradiation, the cells were analyzed with
Western blotting using rabbit anti-phosphorylated p53 (Ser15)
polyclonal antibody (1:1000, Cell Signaling Technology, Beverly,
MA) and mouse anti-p53 monoclonal antibody (1:1000, Oncogene
Research Products, CA).

2.10. Caspase 3 activation after y-irradiation

Immortalized fibroblast cells were irradiated with 0 or 10 Gy of
yray. At 72 hafterirradiation the cells were analyzed with Western
blotting using rabbit anti-cleaved caspase 3 monoclonal antibody
(#9664, 1:1000, Cell Signaling Technology, Beverly, MA).

3. Results
3.1. Identification of MRE11A mutations

Several studies have demonstrated that microcephaly, as was
present in the two patients we described, is a common feature
in a variety of DNA damage repair defective disorders [2]. There-
fore, we examined DNA damage repair proteins including ATM,
ATR, MRE11, RAD50, and NBST1 in the two patients. Western blot
analysis showed normal levels of ATM and ATR (data not shown)
and reduced levels of MRE11, RAD50, and NBS1 in both patients
(Fig. 2a). We, therefore, sequenced all the MRE11A, RAD50, and
NBN coding sequences in both patients and found only the MRETIA
mutations c.658A>Cand ¢.659+1G>Ain Patient 1,and ¢.658A>Cand
¢.338A>G in Patient 2 (Fig. 2b). In Patient 1, c.658A>C was derived
from the father, and ¢.659+1G>A from the mother. Two broth-
ers were a heterozygote for ¢.659+1G>A. RT-PCR and sequencing
analysis demonstrated that c.659+1G>A resulted in exon 7 skip-
ping leading to a premature termination codon (p.Ser183ValfsX31)
(Fig. 2c). The c.658A>C substitution located within exon 7 did not
alter amino acids but affected splicing efficiency that resulted in
exon 7 skipping (Fig. 2¢). RT-PCR analysis of exons 1-8 of MRE11A
cDNAfrom Patient 1 detected a reduced but considerable amount of
correctly spliced transcripts in addition to the exon-skipped tran-
script (Fig. 2c). Western blot analysis of fibroblasts from Patient
1 detected a reduced amount of normal-sized MRE11 protein
(Fig. 2a). No smaller-sized protein corresponding to the predicted
truncated form was detected in both lymphocytes and fibroblasts.
The c.658A>C substitution was not found in 100 normal Japanese
individuals. These results indicated that the ¢.658A>C mutation
leads to exon 7 skipping but that some of the RNA is correctly
spliced.

Patient 2 was another compound heterozygote with c.658A>C,
the same single-base substitution as the one found in Patient 1, and
¢.338A>G, a single-base substitution in exon 5. The ¢.658A>C substi-
tution was inherited from the mother while ¢.338A>G was derived
from the father. ADNA sample from the older brother was not avail-
able. Cloning and sequencing of the RT-PCR products of Patient 2
revealed two kinds of mRNA from the ¢.338G allele; normal sized
transcripts carrying the c.338A>G substitution and intermediately
sized transcripts resulting from exon 5 skipping (Fig. 2¢). The nor-
mal sized products lead to an amino acid substitution of Asp to Gly
at the 113th residue (p.Asp113Gly). The 113th residue is located
within the highly conserved phosphoesterase domain, which is
essential for endonuclease activity [19]. On the other hand, the
intermediately sized transcripts resulting from exon 5 skipping
lead to a premature termination codon (p.Phe106GInfsX10). We
then examined the levels of the transcripts from the ¢.338A and
€.338G alleles by quantitative RT-PCR analysis. The correctly spliced
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Fig. 2. MRE11 deficiencies associated with MRE11A mutations. (a) Western blot analyses of MRE11, RAD50, and NBS1 in lymphoblastoid cell lines (LCLs) from Patients 1
and 2 and their family members. Nijmegen breakage syndrome (NBS) cells were used as an NBS1-deficient reference, and anti-GAPDH antibody for equal loading. Levels of
MRE11, RAD50, and NBS1 were reduced in both patients. Right panel shows a reduced MRE11 protein band of normal size in fibroblasts from Patient 1. (b) MRE11 protein
structure and MRET1A mutations in Patients 1 and 2 as determined by genomic DNA sequencing. Patient 1 was a compound heterozygote with c.658A>C, a single-base
substitution in exon 7, and ¢.659+1G>A, a substitution at an exon~intron junction of the splice donor-site. Patient 2 was a compound heterozygote with c.658A>C, the same
single-base substitution in exon 7, and ¢.338A>G, a single-base substitution in exon 5. (¢) RT-PCR analyses of exons 1-8 of MRET1A cDNAs from Patients 1 and 2 and their
family members. RT-PCR of Patient 1 yielded two bands of 866 bp and 751 bp. The 866 bp band corresponds to the correctly spliced transcripts, and the 751 bp band to exon
7-skipped transcripts. The arrow on the left margin indicates the transcripts from the c.658A>C mutant allele. Analyses in the parents yielded two bands of 866 bp and 751 bp.
RT-PCR of Patient 2 showed three bands of 866 bp, 778 bp, and 751 bp. The 866 bp band corresponds to the correctly spliced transcripts from the ¢.658A>C allele and the
€.338A>G allele. The 778 bp band corresponds to exon 5-skipped transcripts, and the 751 bp band to the exon 7-skipped transcripts. (d) Quantitative RT-PCR analysis of the
transcript levels from the ¢.338A and the c.338G alleles of Patient 2 and their family members. Transcripts from the HPRTT allele were used as a quantification control. The

correctly spliced transcripts from the ¢.338G allele of Patient 2 showed 25% of the normal level. By contrast, the transcript levels from the ¢.338G allele of the father were
not affected.
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Fig. 3. Clonogenic survival curves for X-ray-irradiated fibroblasts. (a) Radiosensitivity was measured by counting colonies surviving radiation doses of 0-6 Gy. Colony survival
was expressed as a logarithm, ATLD, ataxia-telangiectasia-like disorder; A-T, ataxia-telangiectasia. A-T cells were highly sensitive to radiation. Cells from Patients 1 and
2, and ATLD all showed intermediate levels of sensitivity. Microcell-mediated transfer of a human chromosome 11 (including the MRET1A locus) into the cells from Patient
2 restored radiation sensitivity. (b) Formation of MRE11 and NBS1 radiation-induced nuclear foci, Cells were analyzed by immuno-staining at 24 h after 6 Gy irradiation.
Normal cells served as a control, and NBS cells served as an NBN-deficient reference. MRE11 and NBS1 formed nuclear foci after irradiation in normal cells. In contrast, cells

from Patients 1 and 2 showed only very faint signals.

transcripts from the c.338G allele of Patient 2 showed 25% of the
normal level (Fig. 2d). By contrast, the transcript levels from the
€.338G allele of the father were not affected. The ¢.338A>G substi-
tution was not detected in 100 normal Japanese individuals.

3.2. Cells from Patients 1 and 2 exhibit radiation-hypersensitivity

Aclonogenic radiation sensitivity assay was performed on fibro-
blast cells from Patients T and 2 on ATLD and A-T cells as references,
and on normal cells as a control. The cells from Patients 1 and 2,
and ATLD were hypersensitive to X-ray irradiation, as measured by
the share of surviving fractions after irradiation (Fig. 3a). A-T cells

showed more marked radiation-hypersensitivity than in Patients
1 and 2, and ATLD. We introduced chromosome 11 (containing
the MRET1A locus) into the cells from Patient 2 through microcell-
mediated transfer [12]. Two microcell-hybrid clones obtained and
both showed restoration of radiation-sensitivity (Fig. 3a).

Next, we studied MRE11 and NBS1 radiation-induced nuclear
foci formation 24 h after exposure to 6 Gy. MRE11 and NBS1 formed
nuclear foci after irradiation in normal cells. In contrast, cells from
Patients 1 and 2 showed only very faint signals of NBS1 and MRE11.
It is noteworthy that a few NBS1 foci were present in Patient 1.
These findings are likely to be compatible with the level of the
protein in the cells (Fig. 3b).
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