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Locationt

RefSeq Summary

Symbol Gene name

BCLI1IA B-cell CLL/lymphoma 11A

PAPOLG poly(A) polymerase gamma

REL v-rel reticuloendotheliosis viral
oncogene homolog

PUSIO pseudouridylate synthase 10

PEX13 peroxisomal biogenesis factor 13

KIAA1841

AHSA2 AHALI, activator of heat shock 90 kDa
protein ATPase homolog 2

USP34 ubiquitin specific peptidase 34

XPO1 exportin 1

FAMI61A family with sequence similarity 161

CCT4 chaperonin containing TCP1, subunit 4

COMMDI copper metabolism (Murrl) domain
containing 1

B3GNT2 UDP-GIcNAc:betaGal beta-1,3-N-
acetylglucosaminyltransferase 2

TMEM17 transmembrane protein 17

EHBPI EH domain binding protein 1

chr2:60,684,329-60,780,633

chr2:60,983,365-61,029,221

chr2:61,108,752-61,150,178

chr2:61,167,548-61,244,328

chr2:61,244,812-61,279,125

chr2:61,293,363-61,365,169
chr2:61,404,553-61,414,686

chr2:61,414,590-61,697,849
chr2:61,705,069-61,765,369

chr2:62,051,983-62,081,278

chr2:62,095,262-62,115,806

chr2:62,132,803-62,363,205

chr2:62,423,262-62,451,866

chr2:62,727,356-62,733,604
chr2:62,900,986-63,273,621

The corresponding mouse gene may
function as a leukemia disease gene.

This gene encodes a member of the
poly(A) polymerase family.

Mutation or amplification of this gene
is associated with B-cell
lymphomas.

Function as the most common
posttranscriptional nucleotide
modification found in RNA.

Related to peroxisome biogenesis
disorder 11A (Zellweger).

N/A

N/A

N/A

This cell-cycle-regulated gene encodes
a protein that mediates leucine-rich
nuclear export signal
(NES)-dependent protein transport.

Mutations in this gene cause autosomal
recessive retinitis pigmentosa-28.

The chaperonin containing the TCP1
ring complex.

A regulator of copper homeostasis,
sodium uptake, and NF-kappa-B
signaling.

This encodes a member of the
beta-1,3-N-
acetylglucosaminyltransferase
family.

N/A

The encoded protein may play a role
in endocytic trafficking.

+tGenomic locations are referred to build19. N/A, not available.

functional relevance of XPOI haploinsufficiency to the neurologi-
cal features of 2p15-p16.1 microdeletion syndrome is unclear.

USP34 and XPOI have functional relevance to cancer, but roles
for these genes in neurological functions have not been reported.
We checked the Human Genetic Variation Browser (HGVB, http://
www.genome.med.kyoto-u.ac.jp/SnpDB) to determine whether
gene variants leading to loss-of-function had been reported.
However, there were no such variants in the regions of USP34 and
XPOI.

The region neighboring the 2p15-p16.1 microdeletion does not
include genes with relevance to neurological functions (Table 4),
and the genes responsible for the neurological features of 2p15-
p16.1 microdeletion syndrome are unknown. Diagnosis of addi-
tional patients with 2p15-p16.1 microdeletion syndrome and

identification of pathogenic mutations in the 2p15-p16.1 region will
help elucidate genes that contribute to the neurological features of
this syndrome.
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Patients with microdeletions in the 19p13.2 chromosomal region

_show developmental delays, overgrowth, and distinctive features
with big head appearances. These manifestations are now recog-
nized as Sotos syndrome-like features (Sotos syndrome 2) or
Malan syndrome. We identified three fomale patients with
19p13.2 deletions involving NFIX, a gene responsible for Malan
syndrome. We compared the genotypic and phenotypic data of
these patients with those of the patients previously reported. The
maost of the clinical features were found to overlap; however,
Chiari malformation type [ was observed in two of the three
patients evaluated in this study. Because Chiari malformation
type I has never been reported in the patients with NSD -related
Sotos syndrome, this finding indicates the possible role of
19p13.2 deletion in patients with mimicking features of Sotos
syndrome but have negative NSDI testing results.

© 2015 Wiley Periodicals, Inc.

Key words: 19p13.2 microdeletion; developmental delay; Sotos
syndrome-like features (Sotos syndrome 2); Malan syndrome;
Chiari malformation type Iy NFIX

INTRODUCTION

Although chromosome 19 ranks 20th in size among 24 chromo-
somes in human genome (smaller than chromosome X), it has the
3rd highest number of genes, indicating that this chromosome is
extremely gene-rich [Nussbaum et al., 2007]. This may explain the
reason why deletions of chromosome 19 are rare. Chromosome 19s
also characterized with the absence of a distinguishable band in
either arm upon G-banding; the only dark band that is distinguish-
able by G-banding is the centromere. For these reasons, continuous
gene syndromes associated with chromosome 19 had rarely been
recognized previously. After the advent of chromosomal microarray
technologies, certain microdeletion syndromes of chromosome 19
have been reported because microarray technology does not require

© 2015 Wiley Periodicals, Inc.
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the recognition of banding patterns. Microdeletion syndrome of
19p13.2 is one of the newly identified conditions associated with
chromosome 19. Since 2009, several patients have been reported to
have deletions in this region [Auvin et al., 2009; Lysy et al., 2009;
Bonaglia et al., 2010]. In 2010, Dolan et al. reported four patients
with microdeletions involving 19p13.13 who shared a unique con-
stellation of phenotypic features; i.e., developmental disabilities,
overgrowth, macrocephaly, and ophthalmologic and gastrointesti-
nal findings [Dolan etal., 2010]. They also discussed that deletions in
this region may also be associated with patients who were initially
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diagnosed with Sotos syndrome but upon subsequent testing
showed no abnormalities in the nuclear receptor binding SET
domain protein 1 gene (NSDI) testing [Dolan et al., 2010]. Because
the smallest region of overlap (SRO) was narrowed down to the
smallest deletion region in one of the four patients [Dolan et al.,
2010], the generesponsible for such clinical features was suspected to
be located in SRO. In 2010, Malan et al. identified two additional
patients with small deletions that partially involved the nuclear
factor I/X gene (NFIX). Upon screening the NFIX sequence in 76
patients with manifestations mimicking Sotos syndrome-like fea-
tures or Marshall-Smith syndrome, a nonsense mutation was iden-
tified in a patient with Sotos syndrome-like features [Malan et al.,
2010]. Therefore, NFIX is considered to be a gene responsible for
Sotos syndrome-like features, although the functional linkage be-
tween NFIX and NSDI has never been revealed. Malan et al. [2010]
used the term “Sotos syndrome-like features” for the patients with
overgrowth and the distinct facial features similar to the patients
with NSDI related Sotos syndrome; i.e., a prominent forehead, high
anterior hairline, downslanting palpebral fissures and prominent
chin. At present, this clinical condition is proposed to be referred to
as Malan syndrome [Klaassens et al., 2014] and is classified into
Sotos syndrome 2 (OMIM#614753) by Online Mendelian Inheri-
tance in Man (http://www.omim.org/).

Recently, we encountered three patients with 19p13.2 deletions
involving NFIX. Two of the three patients also showed Chiari
malformation type I which has never been reported in patients
with Sotos syndrome. Therefore, this complication may be a
noteworthy feature of 19p13.2 deletion, and a feature distinguish-
ing it from Sotos syndrome.

PATIENT REPORTS
Patient 1

A 5-year-old girl was born at 41 gestational weeks with a birth weight
0£3,710 g (90-97th centile), a length of 52 cm (75-90th centile), and
an occipito-frontal circumference (OFC) 0f38.4 cm (>97th centile),
indicating macrocephaly. She had a past history of febrile seizure, but
an electroencephalogram (EEG) showed no definite abnormality.
Developmental delay was noted from early infancy, and brain
magnetic resonance imaging (MRI) examined at her age of 3 years
showed a finding of Chari malformation type I (Fig. 1).

At present, she can walk with support. Her height is 122 cm
(>97th centile), and her weight is 19 kg (75-90th centile), with her
OFC of 55.8 cm (>97th centile), indicating overgrowth and macro-
cephaly. Distinctive facial findings such as frontal bossing, sparse
eyebrows, hypertelorism, downslanting palpebral fissures, low-set
ears, and long philtrum are noted (Fig. 1). From these features, she
was clinical diagnosed as having Sotos syndrome; however, cyto-
genetic testing with conventional G-banding and fluorescence in
situ hybridization (FISH) analysis showed no abnormality, and
direct sequencing for NSDI revealed no mutation.

Patient 2

A 2-year-old girl was born at 37 weeks and 2 days by an emergency
Caesarian due to fetal distress. The infant showed intra-uterine

growth retardation (IUGR) with a birth weight of 2,252 g (10-50th
centile), alength 0f 47 cm (10-50th centile), and an OFC 0f32.5 cm
(10-50th centile). The apgar score was 3 and 5 at 1 and 5 min,
respectively. Due to respiratory failure, she required intubation and
artificial respiration, and was admitted to the neonatal intensive
care unit (NICU). At 26 days after birth, she was weaned from
mechanical ventilation. She needed tube feeding until 8 months
after birth. A delay in development during infancy prompted the
examination by brain MRI at 18 months, which revealed Chari
malformation type I, mildly reduced volume of the white matter,
and the thin corpus callosum (Fig. 1).

At present, her length is 81.5cm (10-25th centile), weight is
8.7kg (<3rd centile), and OFC is 48.6cm (75-90th centile),
indicating that her head is large in comparison to her stature.
She showed frontal bossing, a flat nasal bridge, midface hypoplasia,
depressed eye orbits, telecanthus, low-set ears, and a tented mouth
(Fig. 1). She can roll over but could not sit up by herself. She could
not speak any meaningful words. Her psychomotor development
was evaluated by the Kyoto Scale of Psychological Development
(KSPD) and her developmental quotient (DQ) was determined to
be 20. Neurological examination revealed generalized hypotonia
and reduced deep tendon reflexes. Peripheral nerve conduction
velocities showed no abnormalities. Conventional G-banding and
subtelomere FISH analyses showed no abnormalities.

Patient 3

A 2-year-old girl was born at 40 gestational weeks with a birth
weight of 3,180¢g (90-97th centile), a length of 50 cm (75-90th
centile), and an OFC of 33.5 cm (50-75th centile). She had a past
history of epileptic seizure, but EEG showed no epileptic activity.
She showed developmental delay during early infancy, i.e. she could
hold up her head at 6 months, rolled over at 9 months, sat up by
herself at 10 months, and crawled at 13 months. At 11 months, brain
MRI was examined and revealed no abnormality (Fig. 1).

At present, she cannot walk unaided. Her height is 87.8 cm (75—
90th centile), weight is 10.4 kg (10-25th centile), and OFCis 49 cm
(75-90th centile). Distinctive facial findings with frontal bossing,
deep-set eye, sparse eyebrows, downslanting palpebral fissures, low
nasal bridge, low-set ears, high palate, and thin hair are noted
(Fig. 1). Her DQ of 45 was evaluated by KSPD. The otolaryngolog-
ical and ophthalmologic tests showed no abnormalities. Conven-
tional G-banding showed a normal female karyotype, and a targeted
FISH analysis for Sotos syndrome showed no deletion.

Information of the placental weights of these three patients was
unavailable.

METHODS AND RESULTS FOR GENETIC TESTING

This study was approved by the ethical committee of Tokyo
Women’s Medical University. After obtaining the written informed
consent from the patients’ families, chromosomal microarray
testing was performed on the three patients by using the Agilent
array (Agilent Technologies, Santa Clara, CA) as described previ-
ously [Shimojima et al., 2011]. After obtaining the patients’ pe-
ripheral blood samples, DNA was extracted by the QlAamp DNA
extraction kit (QIAGEN, Hilden, Germany). Metaphase spreads
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were prepared from peripheral blood lymphocytes by using stan-
dard methods. FISH analysis was performed using human bacterial
artificial chromosomes (BAC); RP11-95711 (19p13.2:12,564,614—
12,739,959) as a target probe and RP11-974H20
(19q13.12:35,866,875-36,070,229) as a reference probe. Those
were selected from the UCSC genome browser (http://www.gwe-
nome.ucsc.edu) (GRCh37/hg19). All of the genomic positions refer
to build19 in this study.

Genomic copy number losses were identified at the 19p13.2
region in all three patients; arr 19p13.2-p13.12(12,601,112—
13,865,390) x 1 (Patient 1), arr 19p13.2(12,721,305—
14,485,846) x 1 (Patient 2), and arr 19p13.2(12,527,157—
13,563,832) x 1 (Patient 3) (Fig. 2). FISH analyses confirmed the
deletion in all three patients (Fig. 2). Because their parents showed
no deletion in this region, all of the deletions identified in the
patients were confirmed to have de novo origins. The deletions
identified in the patients are depicted in the genome map and are
compared with previously reported deletions (Fig. 3).

Parental origins of the deletions were analyzed by use of the
Linkage Mapping Set v2.5 HD10 and GeneMapper (Life Technol-
ogies, Foster City, CA) (Supplemental Figure S1) as described
previously [Shimojima et al., 2011]. D19S221 was selected since
it was the only marker included in the deletion region. By this
analysis, the deletion identified in patient 3 was determined to be
occurred on the paternally derived allele. The result of the linkage
analysis in the family of Patient 2 showed no information due to the
overlapping of the marker size. Regarding Patient 1, we had only
carnoy’s sample for FISH analysis. Therefore, we could not analyze
the parental origins of the deletions.

DISCUSSION
In this study, we identified de novo 19p13.2 deletions in three
female patients. All the identified deletions included NFIX. The

three patients in this study showed mimicking features with Sotos
syndrome;i.e., the frontal bossing, deep set eyes, sparse eyebrows,
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downslanting palpebral fissures, low-set ears, and low nasal bridges.
Although macrocephaly was confirmed only in Patient 1, the big
head appearance was also noted in Patients 2 and 3 (Fig. 1).
Furthermore, all three patients were initially suspected as having
Sotos syndrome owing to these clinical features. Previously, 16
patients with 19p13.2 deletions including NFIX have been reported

Patient 3-

[Auvin et al., 2009; Lysy et al., 2009; Bonaglia et al., 2010; Dolan
etal., 2010; Malan et al., 2010; Nimmakayalu et al., 2013; Klaassens
etal.,2014; Natig etal., 2014] (Fig. 3). All patients other than Patient
3 reported by Bonaglia et al. [2010] were either macrocephalic or
relative macrocephalic with frontal bossing. Therefore, macro-
cephaly or abig head appearance resembling Sotos syndrome would
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be characteristic of patients with 19p13.2 deletions or Malan
syndrome.

Malan et al. {2010] identified frameshift and donor-splice site
mutations of NFIX in patients with Marshall-Smith syndrome
(OMIM#602535), another overgrowth syndrome with osteochon-
drodysplasia characterized by an accelerated skeletal maturation,
relative postnatal failure to thrive, respiratory difficulties, mental
retardation, and unusual facial features [Adam et al., 2005]. It is
suggested that the dominant-negative effects of the truncated NFIX
protein may cause Marshall-Smith syndrome [Malan et al., 2010].
Compared to that, NFIX missense mutations identified in two
patients reported by Yoneda et al. [2012] were proposed to result in
the loss of transcriptional regulation by the NFIX protein resulting
in a Sotos syndrome-like features (Malan syndrome). Priolo et al.
[2012] also reported another patient who showed the clinical
features of a Sotos syndrome-like feature and had a small in-frame
deletion in the N-terminal portion of the NFIX protein. All of the six
patients reported by Klaassens et al. [2014] showed clinical features
of Malan syndrome; four showed 19p13.2 deletion including NFIX
and two showed sequencing variants of NFIX leading to null
function. From these reports, it is suggested that the haploinsuffi-
ciency or loss-of-function mutation of NFIX are related to Sotos
syndrome-like features (Malan syndrome).

In this study, two of the three patients had Chiari malformation
type I, which has never been reported in patients with Sotos
syndrome. Patient 4 reported by Dolan et al. [2010] also showed
Chiari malformation type I, indicating the incidence of this finding
in patients with 19p13.2 deletions involving NFIX is 3/19 (15.8%).
Because Chiari malformation type I is a heterogeneous syndrome,
identifications of this finding may be just coincidental. However, if
the combination between 19p13.2 deletions and Chiari malforma-
tion type I was a specific finding, the presence of Chiari malforma-
tion type I may help differentiate the 19p13.2 deletion syndrome
from the Sotos syndrome related to NSD1. One of the explanations is
that allelicloss of NFIX per se may be related to Chiari malformation
type I, because NFIX has a role in the regulation of cerebellar
development [Piper et al.,, 2011]. Alternatively, the neighboring
genes to NFIX may be related to this. The deletion regions of
19p13.2, identified in patients manifesting both of Sotos syn-
drome-like features and Chiari malformation type I, included
some other neighboring genes that are expressed in the brain and
neural tissues, and represent candidate genes for clinical manifes-
tations. The microtubule associated serine/threonine kinase 1 gene
(MAST1I),located telomeric to NFIX (Fig. 3), belongs to a member of
a family of microtubule-associated serine/threonine kinase genes
that are highly expressed in the brain [Dolan et al., 2010]. Thus,
MAST]I, which is within the deleted region of 19p13.2 in both
Patients land 2 dysplaying Chiari malformation type I, may be
related to such additional brain malformations with low penetrance
because only the small number of the patients with 19p13.2 deletions
showed this finding.

The second common clinical manifestation described Dolan et al.
involves ophthalmologic abnormalities (particularly strabismus)
and optic nerve atrophy or hypoplasia, the latter being detected
by formal ophthalmologic examination and/or MRI [Dolan et al.,
2010]. The third finding in this triad is gastrointestinal symptoms,
particularly abdominal pain and vomiting. Klaassens et al. [2014]

reported skeletal abnormalities as recurrent complications. Howev-
er, the three patients in this study did not show such clinical findings.

The calcium channel alpha 1 A subunit gene (CACNAIA) enc-
odes the Cav2.1 domain, a pore-forming and voltage-sensing
subunit of a neuronal P/Q type calcium channel, and is expressed
throughout the central nervous system [Mori et al., 1991]. CAC-
NA1Ahave been related to episodic ataxia type 2 (OMIM #108500),
familial hemiplegic migraine 1 (OMIM #141500), familial hemi-
plegic migraine 1 with progressive cerebellar ataxia (OMIM
#141500), and spinocerebellar ataxia 6 (OMIM #183086). In
fact, haploinsufficiency of CACNAIA has been suggested to be
responsible for epilepsy and infantile spasms in a patient reported
by Auvin et al. [2009] and Patients 1 and 3 evaluated in this study
have had a history of seizures. Episodic ataxia was observed in
Patient 1 reported by Ninmakayalu et al. [2013]; however, the
patients reported by Dolan et al. [2010] and the three patients in this
study had never experienced episodes of ataxia, suggesting low
phenotypic penetrance of the dosage-effects of CACNAIA.

Patient 2 in this study showed a larger deletion involving
19p13.12 region (Fig. 3); several patients with deletions involved
19p13.12 have been reported [Engels et al., 2007; Jensen et al., 2009;
Vander Aaetal.,2010; Gallant et al., 2011; Marangi etal., 2012], and
Bonaglia et al. [2010] proposed the SRO that is responsible for
developmental delay, bilateral hearing impairments and behavioral
abnormalities. However, such additional phenotypic features have
never been observed in Patient 2 in this study.
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lp36 deletron syndrome is the most common subtelomeric deletron syndrome The o

~ Abstract ‘
. o - main clinical features are intellectual d|sab|llty, characterlstlc craniofacial features, and
eprlepsy Recent analy5|s revealed that aminimum deletlon 0f2.2 Mb from the telomere‘ .
s essential for full manifestations of 1p36 deletion syndrome. Generally, severity of
D neurologrcal symptoms in patients with 1p36 deletion syndrome correlates with the size e
o ~ of the deletion; however the incidence of epllepsy does not correlate with deletron size.
Keyvvords o Some patrents W|th minlmum deletions never show sym ptoms of epllepsy, but there are
ip36 deletion _ patients who manlfest intractable epllepsy, especrally epileptrc spasms. This evrdence
syndrome - {lndrcates that the respon51ble regron for eprlepsy is in the minimum deletion region, but
= epilepsy the penetrance of eprlepsy is not complete Prognosns of brain development in patients
= incidence k with lp36 deletlons is related to the outcome of epilepsy treatment. Careful follow-up
. »KCNABZ - . for infantile patrents W|th 1p36 delet|on syndrome would be recommended for early‘ .
-~ GABRD o dmgnosrs and rntervention for epilepsy -
Introduction hand, the severities of neurological features are considered to

1p36 deletion syndrome is the most common subtelomeric
deletion syndrome, and a previous study reported that the
incidence of this syndrome is approximately 1 per 50,000 to
100,000 births.! Shapira et al® were the first to delineate the
phenotype of pure 1p36 deletion syndrome; the most com-
mon features are intellectual disability, large anterior fonta-
nel, motor delay/hypotonia, vision and hearing problems,
seizures, and growth delay. Heilstedt et al* analyzed the
deletion sizes in patients and identified variable patterns of
chromosomal abnormalities, including pure terminal dele-
tions, unbalanced translocations, and interstitial deletions.
Although the identified deletion sizes were variable among
patients, critical intervals for orofacial clefting, hypothyroid-
ism, cardiomyopathy, hearing loss, large fontanel, and hypo-
tonia have been identified within 2.2 to 4.0 Mb.* On the other
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be correlated with the size of the deletion.” Generally, recog-
nition of the combination of clinical characteristics acts as a
preliminary clinical diagnosis in patients with chromosomal
abnormalities. The final diagnosis would then be made by
genetic testing—either of conventional chromosomal analy-
sis, fluorescence in-situ hybridization analysis, or microar-
ray-based comparative genomic hybridization (aCGH)
analysis. Previously, only the larger 1p36 deletions could be
detected by conventional G-banding. Now, we can detect
submicroscopic deletions by use of aCGH analysis. As a
consequence, many small deletions involving the 1p36 region
have been reported to date.® The constellation of the recent
results revealed that the minimum deletion involving ap-
proximately 1.7 to 1.9 Mb from telomere is essential for full
manifestations of 1p36 deletion.” All patients with deletions
of over 2.2 Mb manifest developmental delay and
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Fig. 1 The physical map of 1p36. The locations of the genes that may contribute to some clinical phenotypes in the 1p36 region are depicted,
referring to the February 2009 human reference sequence (GRCh37/hg19).

characteristic craniofacial features, but the incidence rate for
epilepsy is not 100%.3

In this review, we will discuss epilepsy in patients with
1p36 deletion syndrome.

Genes That May Contribute to Epilepsy

KCNAB2 (The Potassium Voltage-Gated Channel,
Shaker-Related Subfamily,  Member 2 Gene)

KCNAB2, located on chr1:6,086,073-6,158,621 (build19), has
been considered as the gene responsible for epilepsy in
patients with 1p36 deletion syndrome (~Fig. 1); however,
many patients with smaller 1p36 deletion not involving
KCNAB2 also show epilepsy. Therefore, KCNABZ is considered
a modifier gene rather than the gene directly contributing to
epilepsy. We have observed that patients with 1p36 deletion
larger than 5.5 Mb do not acquire walking ability.? This would
indicate that there is a modifier gene for neurological prog-
nosis around this location. Perkowski and Murphy'® analyzed
KCNAB2 knockout mice, which showed a reduction in the
slow after hyperpolarization following a burst of action
potentials and a concomitant increase in neuronal excitability
in projection neurons in the lateral nucleus of the amygdala,
suggesting a loss of function of the potassium channel, which
contributes to the cognitive and neurological impairments.
This supports the evidence that a KCNAB2 deletion would be a
modifier of the clinical manifestations in patients with 1p36
deletions.

GABRD (The Gamma-Aminobutyric Acid A

Receptor, Delta Gene)

GABRD is located on chr1:1,950,768-1,962,192 (build19)
(~Fig. 1). This gene encodes a ligand-gated chloride channel.
A heterozygous GABRD mutation was identified in two af-
fected members of a family with generalized epilepsy with
febrile seizures plus.'" Because the unaffected family member
also carried the mutation, GABRD has been considered as the
susceptibility gene to generalized epilepsy associated with
febrile seizures, rather than the directly responsible gene.
Although human variants of GABRD have not been identified,

GABRD is believed to be the main causative gene of epilepsy in
1p36 deletion syndrome.

Genotype-Phenotype Correlation for
Epilepsy

It is believed that there is a correlation between clinical
severities in patients with 1p36 deletion syndrome and the
size of chromosomal deletions, which is supported by the
evidence that the patients with larger deletions (>8 Mb)
show severe intellectual disability and epilepsy.® This sug-
gests the existence of genetic modifiers in the proximal
region of 1p36. Although the deletion of KCNAB2 had been
considered to be responsible for intractable seizures in the
1p36 deletion syndrome, this does not apply to all patients.?
Some patients with 1p36 deletion syndrome with small
deletion (<3 Mb) show no epilepsy, and the prognosis of
neurological development in such patients is better than that
in patients with larger deletions. On the other hand, there are
many patients with severe intractable epilepsy associated
with a severe delay in development, despite the fact that the
patients had deletions less than 3 Mb. In the following report,
unrelated two patients will be presented.

Patient 1
A17-month-old girl (patient 4 reported by Shimada et al®) was
born at 40 weeks of gestation. Her birth weight was 2,540 g.
There was no remarkable history during pregnancy. Her
parents were healthy and nonconsanguineous, and her youn-
ger sister was also healthy. She acquired head control at
6 months; however, she did not show turning over at 9 months.
She was then referred to our hospital. From her distinctive
facial features, 1p36 deletion syndrome was suspected. By
subtelomeric fluorescence in situ hybridization analysis, a
1p36 deletion was confirmed. Because both parents did not
have a deletion, the patient’s deletion was confirmed as de
novo in origin. Chromosomal microarray testing revealed the
deletion size as 2,239,497 bp from telomere (build19).

Just prior to turning 1 year old, she started to show head
nodding. This involuntary movement was observed at an
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Fig. 2 Electroencephalograms of the patients with 1p36 deletion syndrome. (A) Sleep electroencephalogram of patient 1. Normal background
activities are not observed. Bilateral occipital focal spikes are frequently expanded diffusely. (B) Sleep electroencephalogram in patient 2 also
shows bilateral occipital focal spikes associated with diffuse theta waves. There are no normal background activities.

outpatient clinic. An electroencephalogram (EEG) was exam-
ined, and high-voltage slow waves were recorded (~Fig. 2A).
Normal background activity could not be observed. During
record, a diffuse high-voltage burst with subsequent general
attenuation was observed with synchronization with invol-
untary movements, suggesting epileptic spasms. From these
finding, we diagnosed her with epileptic encephalopathy.
After prescribing valproic acid, the clinical seizures were
controlled.

At present, her height is 79.8 cm (+0.9 standard deviation
[SD]), weight was 11.0 kg (+1.6 SD), and occipitofrontal circum-
ference was 47.8 cm (+0.9 SD). She showed muscular hypotonia.

aCGH analysis identified a chromosomal deletion in 1p36
region with the size of 2.2 Mb. Because both parents showed
no aberration, this deletion was of de novo origin.

Patient 2
A 7-year-old boy (patient 7 reported by Shimada et al®) was
born with a birth weight of 3,360 g and alength of 50.5 cm. In
early infancy, he showed muscular hypotonia, poor sucking,
and dysphagia. When he was 1 month old, he started to show
tonic-clonic seizures and he was prescribed clonazepam. It
was changed to valproic acid. At the age of 8 months, a series
of epileptic spasms were noted. Although clonazepam was
changed into zonisamide, or nitrazepam, or topiramate, or
phenobarbital, there was no effect.

When the patient was 2 years old, he was referred to our
hospital. At that time, an EEG showed a continuous high-

voltage theta burst associated with spikes in the occipital
region (~Fig. 2B). Although this EEG finding did not indicate
hypsarrhythmia, his clinical course was suspected as that of
West syndrome. Therefore, we performed adrenocorticotropic
hormone therapy. After the second course of adrenocortico-
tropic hormone therapy, his clinical seizures had disappeared.

He showed severe developmental delay, as he only devel-
oped head control and rolling over at the age of 2 years and
6 months. Now, he can sit with support, but his speech
contains no meaningful words. Due to dysphagia, he requires
tube feeding. An auditory examination revealed mild deaf-
ness with 50 to 90 dB. He has straight eyebrows, deep-set
eyes, hypotelorism, a pointed chin, and low-set ears. Strabis-
mus and cryptorchidism are noted, and there was no cleft lip
or congenital heart defect.

aCGH analysis identified a chromosomal deletion in 1p36
region with the size of 2,553,982 bp from telomere (build19).
Parental examinations were declined by his parents.

Unknown Contributors for Epilepsy

The two patients described above had smaller deletions of 2.2
and 2.6 Mb in the 1p36 region. Generally, patients with
smaller deletion have a relatively good prognosis; however,
these two patients showed severe epileptic encephalopathy,
associated with spasms and severe EEG abnormalities. In
comparison, there are many patients with 1p36 deletion
syndrome who have never experienced epilepsy even if the

Table 1 Affected ratio of epilepsy in patients with 1p36 deletion syndrome

Deletion sizes (Mb) <3 <4 <5 <6 <7 <8 <9 <10 10<
Affected number 3 7 1 12 16 19 21 23 24
Total number 5 12 16 18 22 25 31 33 35
Affected ratio 60% 58% 69% 67% 72% 86% 68% 70% 69%

Note: The patients with pure terminal deletions of 1p36 are evaluated.’
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deletion sizes were larger than the others. In ~Table 1, the
correlation between the deletion size and the affected ratio by
epilepsy is shown. The subjects have been cited from our
previous reports, and only the patients who showed pure
terminal deletions were evaluated’ As can be seen
in =Table 1, the affected ratio by epilepsy does not correlate
with deletion sizes. Therefore, the manifestation of epilepsy
in patients with 1p36 deletion syndrome may be modified by
an unknown etiology, e.g., single nucleotide polymorphisms
in the remaining allele, epigenetic factors.

Treatment for Epilepsy in Patients with 1p36
Deletion Syndrome

The clinical features of epilepsy in patients with 1p36
deletion syndrome are variable. Knight-Jones et al'? de-
scribed four patients with epilepsy associated with 1p36
deletions in details. In their study, child 1 started to have
hemiconvulsions at the age of 3 months and later man-
ifested Lennox-Gastaut syndrome, Child 2 started to show
epilepsy during the first year of life and had both absence
and grand mal seizures. Child 3 started to show myoclonic
jerks during the second year of life. Child 4 also displayed
myoclonic jerks but the manifestations resembled epileptic
spasms. Saito et al’ 3 reported a patient with a 1p36 deletion
over 8 Mb in size who showed epileptic spasms associated
with polymicrogyria. From these evidences, it is easy to
understand that there are various patterns of epilepsy in
patients with 1p36 deletion syndrome. Therefore, we have
to thoroughly evaluate patients’ epilepsy and should select
a suitable treatment strategy for each patient. Consequent-
ly, there is no golden standard treatment for epilepsy in
patients with 1p36 deletion syndrome. Because epileptic
spasms are a poor prognostic factor, it is important to know
that patients with 1p36 deletion syndrome are prone to
epileptic spasms during the first year of life. Once the
occurrence of epileptic spasms in patients with 1p36 dele-
tion syndrome is observed, we should not hesitate to starta
medical check-up and treatment for an improved
prognosis.

In conclusion, patients with the 2.2 Mb minimum deletion
of 1p36 can show severe epileptic encephalopathy, but some
patients with larger deletion do not show epilepsy. This
indicates that penetrance or clinical impact for epilepsy by
haploinsufficiency of the gene causative for epilepsy may not
be high. Therefore, the real genetic cause of epilepsy in
patients with 1p36 deletion syndrome remains unknown. It
is important to follow up carefully for infantile patients with
1p36 deletion syndrome, because patients with 1p36 dele-
tions frequently show epileptic spasms.
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"‘AbSt’:ract; ,k 7 Xq28 duphcatrons mcludlng the MECPZ (Methyl CpG-blndrng proteln 2) cause an X—l

linked recessive neurodegeneratrve disorder that presents symptoms such as earfyt:_‘ ;
f:"developmental delay progressrve detenoratlon and intractable epilepsy. Submlcro-f‘_‘ -
"scoplcmterstltlalduphcatlon in the MECP2 region is one of the mostfrequently observed: o

submlcroscoprc chromosomal aberratrons in patlents with intellectual disability. This
~ high prevalence is denved from the genomic rnstabrhty charactenstlc of thrs region due
o ,to segmental dupllcatlons that are densely located in thrskregron WhICh are prone to"‘

_cause nonallehc homologous recomblnatlon dunng ‘melosrs Patlents ‘with MECP2 -
- duplrcatrons generally begm to show epllepsy after 6 years of age Therefore lnCIdence L
t of eprlepsy is hrgh in adolescents Although many types of selzures have been reported‘ - i

. :n patrents the most frequently observed seizure types were absence seizure and

,“generahzed tonrc—clonrc seizures. Because drop attacks are frequently seen, such"fkf o
k‘jeprleptrc attacks are sometlmes Irfe-threatenlng ‘We encountered a patient who
"'showed eprleptrc spasms dunng mfancy with a relatlvely Iarger duphcatron that}fk ‘

' _Keywords . . - encompasses MECP2 and GDI1 (GDP d]SSOCIatIOI'I |nh|b|tor-1) This Ied us to speculate”;

= Xq28 dupllcatlon - gk_that the combrnatory dupllcatlon that mcludes MECP2 and GDI1 may cause severe -
= epilepsy o eprleptrc features however most of the prevrously reported patlents with combrnedi .
- mtellectual drsabrlltyf‘: dupllcatrons of MECPZ and GDIT drd not showed early occurrence of epllepsy Therefore .
- MECP2 . further mformatlon would be requrred to conf’rm if the comblnatory duphcatron ofk‘ o .
- GDH, S - MECPZ and GDH exerts any mﬂuence on the seventy of eprlepsy ~
Introduction responsible for Rett syndrome (MIM 312750), which is a

female-specific neurological disorder that manifests severe
In 1999, the methyl-CpG-binding protein 2 (MECP2) gene intellectual disability, seizures, and autistic features.! The
located on chromosome Xq28 was identified as the gene = MECP2 mutations identified in typical female patients with
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Rett syndrome have yet to be found in male patients, suggest-
ing male lethality and X-linked dominant effects.” Neverthe-
less, the unique MECP2 mutations have been identified in
male patients with nonspecific intellectual disability.3 This
indicates that MECP2 mutations may have different genetic
mechanisms and different clinical impacts in male and female
patients, respectively.

Compared with mutations in MECP2, genomic copy num-
ber gains of MECP2 are associated with entirely different
clinical manifestations. In 2005, chromosomal duplications of
Xq28, including MECP2, were identified in male patients with
severe neurological impairments; this clinical presentation
has previously been recognized as the Lubs-type X-linked
mental retardation syndrome (MIM 300260).% This condition,
now known as the MECP2 duplication syndrome, inherits as
an X-linked recessive trait, and most of the patients’ mothers
having Xq28 duplications are nonmanifesting carriers.” Male
patients with Xq28 duplications including MECP2 show early
developmental delay during infancy.® In addition, patients
begin to present symptoms such as seizures and progressive
deterioration in accordance with their growth. In most of the
cases, seizures are intractable and refractory.

Here, we review patients with Xq28 duplications who
manifest epilepsy and review the association between the
symptoms and duplication size.

Variable Patterns of Xq28 Duplications

Xqg28 duplications are the most frequently observed chro-
duplications

mosomal in patients with intellectual

. ;Xq‘?.‘SiD’Llp\li‘c‘atidn”s and Epile‘b’sy’ kY‘ér‘r‘ika‘mQ’to et al.

disability of unknown etiology.” These duplications occur
by variable mechanisms, including interstitial duplications
mediated by segmental duplications in this region as well as
terminal duplications derived from translocation with oth-
er chromosomes. The most commonly observed pattern is
the interstitial duplication that includes MECP2, which is
due to regional genomic instability caused by segmental
duplications that are densely located in this region. Varia-
tion in the sizes of the interstitial duplications is dependent
on the breakpoints brought about by nonallelic homologous
recombination. Therefore, some patients with MECP2 du-
plications have larger duplications with expanded genomic
regions. In such cases, the neighboring genes, such as the
GDP dissociation inhibitor 1 (GDI1) gene and the inhibitor of
kappa light polypeptide gene enhancer in B-cells, kinase
gamma (IKBKG) gene, are included in the duplicated seg-
ment (=~Fig. 1).

GDI1 is related to X-chromosome inactivation and its loss-
of-function mutations cause nonspecific intellectual disabili-
ty.® Moreover, duplications of GDIT alone result in moderate
intellectual disability and microcephaly.® Therefore, com-
bined duplications with MECP2 and GDI1 may show more
severe manifestations.

incidence of Epilepsy in Xq28 Duplications

In 2005, Van Esch et al'® identified Xg28 duplications,
including MECP2, as a frequent cause of severe intellectual
disability and progressive neurological symptoms in males.
They identified four large families with Xq28 duplications and
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Fig.1 The genome map around Xq28 region. Schematic representation and the genome map are downloaded from the University of California,
Santa Cruz Genome Browser (https://genome.ucsc.eduf). MECP2 is included in the minimum duplication region among three patient, whereas
GDI1 is included in the duplicated regions in patients 2 and 3. There are many segmental duplications in this region.
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analyzed the clinical data of affected patients. The result
showed that the frequency of seizures was 44% (4/9). In
addition, Meins et al* identified a patient with an MECP2
duplication that has a minimum size and limited to the MECP2
region. This patient started to show generalized epilepsy with
absences, as well as myotonic-astatic and tonic seizures. The
electroencephalogram (EEG) showed hypersynchronic activ-
ity and a very slow basal rhythm in the EEG of the awake state.
Furthermore, Friez et al'’ identified six families with Xq28
duplications and analyzed the clinical features of the patients.
It was found that the frequency of seizures was 65% (15/23).
Therefore, the authors of this report concluded that no
specific EEG patterns associated with the cases can be identi-
fied. In addition, Echenne et al'? reported five patients from
two families harboring minimum sizes of Xq28 duplications,
including MECP2. Among them, three of the patients (3/5)
showed epilepsy, which started at 8 to 19 years of age.
Another similar study was also performed by Ramocki
et al,’3 in which eight families with Xq28 duplications were
analyzed, and results demonstrated that epilepsy was ob-
served in four out of nine patients (4/9). The authors reviewed
the incidence of epilepsy in 110 previously reported patients,
in which 52% of the patients showed epilepsy. However, these
analyses did not take into account the age of the patients at
the point of examination and patients from different age
brackets were included.

Vignoli et al'* reported eight unrelated patients with
MECP2 duplications. Among them, all patients age over
10 years showed seizures; the results found that the ages of
seizure onset were between 9 and 24 years. Therefore, it was
concluded that the variability in seizure incidence found in
different studies depends on the age of the patient at the time
of recruitment. They further mentioned that seizure onset in
early childhood before 3 years is a rare event (5/41, 12%).
Fukushi et al'® reported a family consisting of five affected
male patients with typical MECP2 duplications, who started
to show seizures between the ages 6 and 12 years. Further-
more, Caumes et al'® reported eight patients with MECP2
duplications, who started to have seizures at a median age of
6 years (range: 2.5-17 years); half of these patients exhibited
. late-onset epileptic spasms, while the other demonstrated
either focal epilepsy or unclassified generalized epilepsy.
However, no unique EEG pattern was found.

As described above, patients generally begin to show
epilepsy after 6 years of age. Therefore, incidence of epilepsy
is highest in adolescents.

Seizure Types in Patients with Xq28
Duplications

Van Esch et al'? described four families with MECP2 duplica-
tions. In one of the families, absence seizures were observed
in a patient (L36; IV-1) since 2 years of age, whereas general-
ized tonic-clonic seizures were observed in another patient
(L36; 111-4) since 24 years of age, indicating clinical heteroge-
neity. Although the duplication was large in a family (T33) and
included GDI1 in the duplicated region, the affected patients
in this family show no epilepsy.
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Friez et al'! reported six families with MECP2 duplica-
tions. Seizure types and ages of onset were varied in
patients with atonic seizures that began at 7 years
(K8315; 1I-2), myoclonic seizures that began at 9 years
(K9227; 1lI-6), and complex partial seizures at 5 years
(K9228; II-2). It is noticeable that one patient (K9244;
II-3) started to show seizures from 6 months of age. Smyk
et al'’ reported three male patients with MECP2 duplica-
tions; one of them developed recurrent tonic-clonic seiz-
ures at 9 years of age. Five patients reported by Echenne et
al'? were from two families with a minimum size of Xq28
duplication, including MECP2. Three patients started to
show epilepsy at 8 to 19 years of age. Seizure types included
atypical absence, grand mal, generalized tonic-clonic, par-
tial motor, myoclonic, and myoclonic-astatic seizures. Their
EEG patterns were generalized and sometimes presented
focalized theta and delta waves. Spike waves were rare and
polyspike-wave activity was absent.

As described above, many types of epilepsy have been
reported in patients. The most frequently described seizure
types were absence seizure and generalized tonic-clonic
seizures. Descriptions of drop attacks were also frequently
seen. In comparison, focal seizures and complex partial
seizures are relatively rare. This indicates generalized seizures
are the main type of epilepsy. Patients easily lose conscious-
ness during such attacks and often fall onto the grand.
Therefore, the patient’s safety can be seriously impaired
during daily drug-resistant seizures when atonic seizures or
drop attacks occur, and such epileptic attacks cause injuries
that are sometimes life-threatening.'*

In a previous report, drug resistance was found in almost
half of published results. Caumes et al'® described that half of
the patients show late-onset epileptic spasms, while 75% of
the patients had refractory epilepsy.

Case Presentation

Here, we demonstrate three unrelated patients with MECP2
duplications.

Patient 1

A17-year-old boy was previously reported as patient 2 by us.”
Initially, he was diagnosed as having autism of unknown
etiology, because he showed developmental delay and autis-
tic features from his infancy. When he was 13-year-old, he
started to show epileptic seizures. Various types of seizures
have been observed, including drop attacks and generalized
tonic-clonic seizures. The frequencies of these seizure attacks
increased gradually. The drop attacks were life-threatening
and he frequently injured his tongue. EEG showed general-
ized theta wave activity associated with polyspikes (~Fig. 2A).
At present, combinatory use of antiepileptic drugs, including
1,000 mg of valproic acid (VPA), 700 mg of ethosuximide
(ESM), 300 mg of topiramate, and 100 mg of lamotrigine, is
administered, but his seizures are still intractable. Micro-
array-based comparative hybridization analysis identified an
Xq28 duplication which contained MECP2 but not GDI1
(~Fig. 1).
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Fig. 2 Electroencephalogram (EEG) findings of the present patients. (A) Sleep EEG of patient 1. Front-central dominant theta bursts associated
with polyspikes and waves are noted. (B) Sleep EEG of patient 2. Front-central dominant polyspikes and waves are shown. (C) Sleep EEG of patient
3. Periodic appearance of polyspikes and theta wave complexes is noted.

Patient 2

A 7-year-old boy who was previously reported by us as patient
5 showed poor sucking and recurrent vomiting since his early
infancy.’” Early developmental delay and axial hypotonia were
also noted. He was frequently admitted to the hospital due to
recurrent pneumonia. Since the age of 1 year, he began having
daily spasms with flexion of both the arms. After prescription
of VPA, the frequency of the spasms decreased. Although he
had been able to sit alone and eat independently, poor oral
intake and swallowing difficulty started to show after the
inception of drop attacks since the age of 4 years. Subsequently,
he lost the ability to sit alone by himself. Phenobarbital,
zonisamide, clonazepam, and ESM were administered but
the frequency of the myoclonic spasms was gradually in-
creased. At present, he shows partial seizures associated
with extension of his upper extremities and series of epileptic
spasms. Now, he is prescribed with VPA, ESM, and also
lamotrigine. EEG demonstrated front-central dominant poly-
spikes and waves (~Fig. 2B). This patient harbors chromosom-
al duplication involving MECP2 and GDI1 (~Fig. 1).

Patient 3

A 14-year-old boy, who was previously reported by us as
patient 11, was born at 36 weeks of gestation.” His birth
weight was 2,294 g (<3rd percentile), length was 48 cm (25~
50th percentile), and occipitofrontal circumference was
32 cm (10-25th percentile). He showed developmental delay
since early infancy; he could only walk independently at
18 months. During his early infancy, there were many occur-
rences of infection. When he was 10-year-old, he suffered
myoclonic seizures. Thereafter, clustering of epileptic spasms
and myoclonic twitches were observed. These seizures were
intractable against VPA, levetiracetam, and clorazepate dipo-
tassium. EEG demonstrated periodic appearance of poly-
spikes and theta wave complexes (~Fig. 2C). At present, his
height is 165 cm (50-75th percentile), weight is 60 kg

(75-90th percentile), and occipitofrontal circumference of
60 cm (>97th percentile), indicating macrocephaly. He shows
distinctive features, including frontal bossing and thick ver-
milions. Microarray-based comparative hybridization analy-
sis identified an Xq28 microduplication, including MECP2 and
GDII (~Fig. 1).

Genotype-Phenotype Correlation Regarding
Epilepsy in Xq28 Duplication

Patients 1 and 3 described above showed typical clinical
course for the MECP2 duplication syndrome. In contrast,
patient 2 showed severe epileptic features with epileptic
spasms in infancy. Because patient 2 showed larger duplica-
tion in the MECP2 region and that included GDI1, we sus-
pected that the additional duplication of GDIT may exert an
effect in this case. However, patient 3 also showed combina-
tory duplication with MECP2 and GDI1, same as patient 2. To
analyze the impacts of the additional GDI1 duplication, we
conducted a comprehensive review of previously reported
patients with combined duplications with MECP2 and GDI1.
Clayton-Smith et al'® reported 10 families affected with
Xq28 duplications including MECP2. Among them, three
families (Family 3, 6, and 10) showed larger duplications,
which included GDI1 in the duplicated regions. The probands
in family 3 showed recurrent respiratory problems and died
in infancy consequently. The proband in family 6 showed
severe delay in development and epilepsy from his early
infancy; however, detailed information regarding this mani-
festation is unavailable. The proband in family 10 showed
seizure disorder, which began at the age of 13 years.
Lugtenberg et al'® reported six families with Xq28 dupli-
cations including MECP2. Among them, one family (Family F)
showed inclusion of GDI1 in the duplicated region. One of the
probands showed typical phenotypic features of MECP2
duplication syndrome and manifested epilepsy that started
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at the age of 8 years. The other proband showed no epilepsy
until the age of 6 years.

Reardon et al?° reported three families with Xq28 dupli-
cations, which included both of MECP2 and GDI1. There were
seven affected males in the families. Among them, four
patients showed epilepsy, which began to manifest between
the ages of 4 and 7 years.

Despite comprehensive review of the literature, we were
not able to obtain all of the detailed genotypes of the reported
patients, and the information we did acquire as described
above was limited. However, the majority of patients with
combined duplications with MECP2 and GDI1 show similar
courses of epilepsy as patients having the typical MECP2
duplications. Therefore, we could not demonstrate that the
severity of epilepsy is affected by larger duplications that
include GDI1. Further information would be required to
confirm genotype-phenotype correlation for the MECP2 du-
plication syndrome.
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